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Abstract

In this work, the novel TPA@C-NiZr-MOF catalyst is synthesized by the impregnation of tungstophosphoric acid (TPA) on the  

NiZr-based metal-organic framework (NiZr-MOF) followed by calcination up to 300  °C. The as-prepared catalyst materials were 

structurally, morphologically, and texturally characterized by XRD, FTIR, temperature programmed desorption of NH3 ( TPD-NH3 ), 

N2 physisorption, SEM, TEM, and XPS. The prepared catalyst can be used as an efficient heterogeneous catalyst for biodiesel production 

from oleic acid (OA) with methanol. The results indicated that, in comparison to TPA@NiZr-MOF, the TPA@C-NiZr-MOF catalyst calcined 

at 300 °C exhibits excellent catalytic performance probably owing to the synergistic effect between TPA and metal oxide skeletons, 

high acidity, as well as larger surface area and pore size. Additionally, the TPA@C-NiZr-MOF catalyst can be reused in up to six cycles 

with an acceptable conversion. This study showed that the bimetallic MOF-derived composite materials can be used as an alternative 

potential heterogeneous catalyst toward biorefinery applications.
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1 Introduction
Energy sources like fossil energy are an essential factor 
in the twenty-first century. However, these resources are 
limited due to the depletion of fossil fuel resources and 
the massive utilization of fossil energy leads to increased 
environmental concerns [1, 2]. Then, biodiesel (fatty acid 
methyl esters, FAME) has been recognized as an appro-
priate alternative to fossil fuel owing to their renewability, 
biodegradability, and low emission profiles [3, 4]. In gen-
eral, biodiesel is derived by esterification/transesterifi-
cation of free fatty acids (FFAs), plant oils, animal fats, 
waste cooking oils, and microalgae and triglyceride with 
short-chain alcohols in the presence of homogeneous/het-
erogeneous catalysts [5]. Although the usage of homoge-
neous catalysts can achieve a high percentage of conver-
sion rates, it also causes some salient problems such as 
expensive separation stages and large amounts of chemical 
wastewater [6]. Therefore, heterogeneous catalysts have 
just been developed for various applications due to their 
less hazardous, ease of separation, and recyclability [7–9]. 

Currently, keggin-type heteropolyacids like tungsto-
phosphoric acid (TPA) are widely used for various acid-cat-
alyzed reactions [10]. Unfortunately, the low surface area 
and the solubility nature of heteropolyacids in polar sol-
vents make them less useful [11, 12]. Thus, the use of 
porous oxide materials with acidic character that would 
provide large specific surface area and pores for incorpo-
ration of heteropolyacids and enhance catalytic activity 
has been suggested. 

Metal-organic framework (MOF) is porous coordination 
materials with attractive properties, including regulatable 
pore size, large surface areas, and highly ordered architec-
tures [13, 14]. In literature, it has been studied that MOF/
bimetallic MOF can be converted to relatively stable metal 
oxide materials with maintaining the porosity of original 
MOF through thermal transition process [15–18]. However, 
there are few attempts to use bimetallic MOF-derived 
mixed metal oxides supported heteropolyacids for biodiesel 
production. On this basis, in this work, TPA impregnated 
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on NiZr-based metal-organic framework (NiZr-MOF) deri-
vates (TPA@C-NiZr-MOF) was prepared and used to syn-
thesize biodiesel from oleic acid. The obtained catalyst was 
characterized by using different methods to investigate 
the physical and chemical properties. Moreover, various 
esterification reaction parameters were optimized. Finally, 
the stability of as-prepared catalyst was also researched 
in detail. This study may provide new insights into the 
design and synthesis of bimetallic MOF-derived compos-
ites for biorefinery in industries.

2 Materials and methods
2.1 Chemicals
The chemicals of nickel (II) nitrate hexahydrate 
(Ni( NO3 )2 · 6H2O, AR), Zirconium (IV) chloride (ZrCl4 , 
AR), Nickel nitrate hexahydrate (Ni( NO3 )2 · 6H2O, AR), 
tungstophosphoric acid (H3PW12O40 · nH2O, TPA, AR), tere-
phthalic acid (H2-BDC, AR), and oleic acid (C18:1, OA, AR) 
are commercially available and used without further puri-
fication. Deionized water was used in all the experiments.

2.2 Catalyst preparation
TPA@C-NiZr-MOF was prepared by hydrothermal syn-
thesis followed by calcination at 300 °C based on previ-
ous literature [19]. Typically, Ni( NO3 )2 · 6H2O (0.5 mmol, 
0.145 g) and ZrCl4 (0.5 mmol, 0.117 g) were dissolved into 
18 ml of N, N-dimethylformamide (DMF), and then TPA 
(0.40 g) and H2-BDC (1.5 mmol, 0.249 g) was added and 
stirred for 60 min. Then, it was transferred to a 25 mL 
polytetrafluoroethylene-lined reaction kettle at 150 °C 
for 6 h. Once the reaction kettle had cooled, the resultant 
slurry was filtered, washed with water and DMF, dried 
overnight at 60 °C, and marked as TPA@NiZr-MOF pre-
cursor. Subsequently, the obtained TPA@NiZr-MOF was 
calcined at 300 °C for 180 min in air, and the heating 
rate was 5 °C/min. The obtained composite catalyst was 
denoted as TPA@C-NiZr-MOF, and these procedures are 
displayed in Fig. 1. Similarly, NiZr-MOF was synthesized 
by following the same procedure without the use of TPA.

2.3 Characterization
Wide-angle X-ray diffraction (XRD) was performed using 
a Bruker D8 Advance with Cu-Kα (1.5406 Å) radiation 
source. Fourier transform infrared (FTIR) spectra were 
measured using a PerkinElmer spectrum100 spectrometer 
using KBr pellets in 400–4000 cm−1. The morphological 
images were probed by the scanning electron microscope 
(SEM, Hitachi S4800) at 15 kV and transmission electron 

microscope (TEM, FEI Tecnai G2 20) at an accelerating 
voltage of 200 kV. N2 physisorption measurements were 
taken on a Quadrasorb EVO instrument (Quantachrome, 
USA), and the catalyst was ventilated at 150 °C for 12 h 
before the measurements. The acidity of the catalysts 
was measured by temperature programmed desorption 
of NH3 ( TPD-NH3 ) using an Auto TP-5080B instrument, 
the analysis is carried out from 50 to 750 °C at a heating 
rate of 10 °C/min in the flow of He. X-ray photoelectron 
spectra (XPS) were carried out on an Thermo ESCALAB 
250XI X-ray photoelectron spectrometer.

2.4 Reaction procedure
The catalytic esterification of OA with methanol was per-
formed in a sealed Teflon autoclave (autogenous pressure, 
1.0–1.2 MPa) containing 3 g of OA, a certain amount of 
methanol (methanol:OA molar ratio from 5:1 to 30:1), and 
TPA@C-NiZr-MOF catalyst (0.03–0.27 g) at 140 °C with 
magnetic stirring for a desired time (1–5 h). After the com-
pletion of reaction, the reaction mixtures are transferred 
in centrifuge to separate the catalyst. Next, the liquid mix-
ture was further purified for water and excess methanol 
removal. The acid value of the product was tested accord-
ing to the ISO 660:2020 standard [20], and the OA conver-
sion was calculated to use up below equation:

Conversion %� � � �� ��� ���A A Af0 0
100%,  

where A0 is the acid value before reaction and Af is the acid 
value after reaction. 

3 Results and discussion
3.1 Catalyst characterization
The X-ray diffraction patterns of TPA, NiZr-MOF, TPA@
NiZr-MOF, and TPA@C-NiZr-MOF catalysts are given in 
Fig. 2 (a). From the XRD pattern, the diffraction peaks of the 

Fig. 1 Schematic illustration of the synthesis process for the  
TPA@C-NiZr-MOF
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parent TPA matched well with the JCPDS database of TPA 
(No. 50-1857) [21]. For NiZr-MOF, the peaks at 7.4°, 8.4°, 
and 25.7° were matched well with the characteristic peaks 
of Zr-MOF [22], suggesting that the structure of NiZr-MOF 
may be similar to that of Zr-MOF. Moreover, two weak dif-
fraction peaks at 14.6° and 16.9° can be indexed to (010) and 
(020) planes of Ni-MOF [23]. With TPA being introduced 
into NiZr-MOF, it exhibits a similar XRD pattern com-
pared with NiZr-MOF although the intensity of the major 
diffraction peaks decreased, which verified that the intro-
duction of TPA did not influence the structural change of 
NiZr-MOF. Moreover, the major diffraction peaks of TPA 
could not be observed from TPA@NiZr-MOF, which was 
due to the uniform distribution of TPA. After the calcina-
tion, in the pattern of TPA@C-NiZr-MOF, the peak at 8.1° 
and the weak broad peaks at 15–30° can be observed, and 
other characteristic diffraction peaks of NiZr-MOF cannot 
be detected, which was probably due to the decomposition 
of the NiZr-MOF to bimetallic oxides. 

The FTIR spectrum of as-prepared catalysts is shown in 
Fig. 2 (b). Peaks at 982 cm−1, 892 cm−1, and 807 cm−1 could 
be attributed to the Keggin structure (PW12O40

3−) [24]. 
In addition, it is interesting to note that, a similar FTIR 
pattern is observed for NiZr-MOF, TPA@NiZr-MOF, 
and TPA@C-NiZr-MOF, suggesting that these catalysts 
have the same layered topology. Obviously, the intensi-
ties of the NiZr-MOF peaks are considerably decreased 
for TPA@C-NiZr-MOF, implying that organic ligands 
have been decomposed after the thermal transition process, 
the same as previous reports [25]. Moreover, in the spec-
trum of TPA@C-NiZr-MOF, only one broad peak appeared 
at 450–550 cm−1, which confirmed the formation of metal 
oxides. Interestingly, it should be noted that the characteris-
tic absorption peak of TPA (982 cm−1) in Ni-Zn MOF shifts 
to lower values, implying the existence of the interaction 
between TPA and metal oxide skeletons. Therefore, the 
above results clearly showed that the TPA@C-NiZr-MOF 
hybrids have been successfully prepared.

Also, TPD-NH3 was performed for the acidic prop-
erty of as-obtained TPA@NiZr-MOF and TPA@C-NiZr-
MOF catalysts, and the results are illustrated in Fig. 2 (c). 
From the TPD-NH3 profiles, both catalysts revealed that 
two desorption peaks at 176 °C and 553 °C, referring weak 
and strong acid sites, respectively [26]. Meanwhile, the 
weak acid sites are associated with the center of metal 
ions and the strong acid sites are associated with the 
TPA groups. More importantly, the total acidity of the 
TPA@C-NiZr-MOF catalyst (8.82 mmol/g) was better 

Fig. 2 (a) XRD patterns of TPA, NiZr-MOF, TPA@NiZr-MOF, TPA@C-
NiZr-MOF catalysts; (b) FTIR spectra of TPA, NiZr-MOF, TPA@
NiZr-MOF, TPA@C-NiZr-MOF catalysts; (c) TPD-NH3 profiles of 

TPA@NiZr-MOF and TPA@C-NiZr-MOF catalysts; (d) N2 adsorption/
desorption isotherm curves of TPA@NiZr-MOF and TPA@C-NiZr-MOF 

catalysts, the inset is the pore size distributions
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than TPA@NiZr-MOF catalyst (7.52 mmol/g), showing 
that there was a synergistic effect between TPA and metal 
oxide skeletons after pyrolysis, which could lead to the 
enhancement of the esterification.

N2 physisorption isotherms and pore size distributions 
for TPA@NiZr-MOF and TPA@NiZr-MOF calcined at 
300 °C are shown in Fig. 2 (d). According to the IUPAC 
classification, the materials all exhibited transient between 
types II and IV isotherms, indicating mesoporous charac-
teristics [27]. Moreover, TPA@NiZr-MOF had a high BET 
surface area ( SBET ) of 441 m2/g, and the total pore vol-
ume ( Vtotal ) and average pore diameter were measured to 
be 0.30 cm3/g and 2.72 nm, respectively. N2 physisorption 
calculation was conducted by a Quadrasorb EVO instru-
ment (Quantachrome, USA), and N2 physisorption calcula-
tion come from the Trina Scientific Research Cooperation 
Center. After calcination, the SBET and Vtotal of the TPA@C-
NiZr-MOF catalyst (233 m2/g and 0.16 cm3/g) were reduced 
due to the NiZr-MOF structure shrinking and collapsing. 
Additionally, the corresponding average pore diameter of 
TPA@C-NiZr-MOF (2.80 nm) was shown to increase to 
some extent, which was possibly because the impregnation 
of TPA could lead to the slight expansion of the pore diam-
eter. From this data, the prepared TPA@C-NiZr-MOF cat-
alyst still retained the mesoporous structure and occupied 
high SBET , resulting in increased rates of esterification.

The surface morphologies of TPA@NiZr-MOF and 
TPA@C-NiZr-MOF catalysts were studied by SEM and 
TEM images and have been displayed in Fig. 3 and Fig. 4. 
As observed in Fig. 3 (a), (b), the TPA@NiZr-MOF shows 
many spherical shape structures with the size of about 

500 nm with the agglomeration of the particle due to their 
high SBET . Interestingly, the morphology of the TPA@C-
NiZr-MOF was maintained that of the TPA@NiZr-MOF 
(Fig. 3 (c), (d)), suggesting that the basic morphology of 
the TPA@NiZr-MOF would not be affected by thermal 
treatment. However, in TPA@C-NiZr-MOF, an obvious 
decrease in particle size was observed due to the shrink-
age of the NiZr-MOF framework. Additionally, as depicted 
in Fig. 4 (a), (b), it is clearly observed from TEM images 
that TPA@C-NiZr-MOF presents a spherical shape with 
relatively uniformly sized particles, and it is also observed 
that the generation of many pores due to the accumulation 
of particles, resulting in provided the available active sites 
for the catalytic reaction [28], and these results were con-
sistent with those observed from SEM analysis. 

XPS was employed to analyze the chemical state of 
as-obtained TPA@C-NiZr-MOF (Fig. 5). As shown in 
Fig. 5 (a), the peak observed at 182.6 eV and 184.9 eV sup-
ports the presence of Zr4+ in TPA@C-NiZr-MOF cata-
lyst corresponding to Zr 3d state [29]. It can be seen from 
Fig. 5 (b) that the peak at 874.1 eV and 856.2 eV refers 
to Ni 2p1/2 and Ni 2p3/2 states, respectively. Moreover, 
the satellite signals at 880.0 eV and 861.0 eV were also 
observed [30]. Fig. 5 (c) shows the XPS spectrum of W 4f. 
The peaks with binding energies at 37.8 eV and 35.8 eV 
are attributed to W 4f5/2 and W 4f7/2 of W6+ in TPA [31]. 
Surprisingly, an additional weak energy peak appeared at 
29–33 eV, which was probably due to the partial decompo-
sition of TPA leading to the formation of a lower chemical 
valence [32]. This demonstrated that the introduced TPA 
groups have been loading on the framework, in agreement 
with XRD and FTIR results.

3.2 Catalytic performance of different catalysts
The esterification was evaluated with the prepared  
TPA@NiZr-MOF and TPA@C-NiZr-MOF catalysts. 
As shown in Fig. 6, the higher conversion of OA on 
TPA@C-NiZr-MOF than on TPA@NiZr-MOF (95.7% 
versus 41.1%) at 140 °C for 5 h, and this is likely to be 

Fig. 3 SEM images of TPA@NiZr-MOF ((a) scale bar: 10 μm,  
(b) scale bar: 1 μm) and TPA@C-NiZr-MOF ((c) scale bar: 10 μm, 

(d) scale bar: 1 μm) catalysts

Fig. 4 TEM images of TPA@C-NiZr-MOF catalyst  
((a) scale bar: 200 nm, (b) scale bar: 50 nm)
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attributed to TPA@C-NiZr-MOF has a larger pore size 
and high acidity (calculated by TPD-NH3 results). Hence, 
TPA@C-NiZr-MOF was used in the subsequent study.

3.3 Effects of various parameters on the esterification
Reaction time and temperature influence were analyzed 
by fixing the TPA@C-NiZr-MOF catalyst, and the results 
are shown in Fig. 7 (a). It can be seen that the conversion 
of OA rose with temperature, and the reaction conversion 
was optimal at 140 °C, moreover, the oleic acid conver-
sion of 98% was obtained using MoO3 / B-ZSM-5 cata-
lyst with temperature of 160 °C [33], suggesting that the 

Fig. 5 XPS spectrum of prepared TPA@C-NiZr-MOF catalyst (a) Zr 3d 
spectra, (b) Ni 2p spectra, (c) W 4f spectra

Fig. 6 The catalytic performance of TPA@NiZr-MOF and  
TPA@C-NiZr-MOF catalysts for esterification. Reaction conditions: 

Methanol/OA = 20/1, Temperature = 140 °C, Catalyst amount = 0.15 g

Fig. 7 Influence of (a) reaction time and temperature (Reaction conditions: 
Methanol/OA = 20/1, Catalyst amount = 0.15 g), (b) catalyst amount 
(Reaction conditions: Methanol/OA = 20/1, Temperature = 140 °C, 
Time = 4 h), and (c) Methanol:OA molar ratio (Reaction conditions: 

Temperature = 140 °C, Time = 4 h, Catalyst amount = 0.15 g)
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temperature in this work are relatively lower than or com-
parable to previous studies. Similarly, the OA conversion 
rose with time, however, the conversion stayed almost con-
stant after 4 h due to the reversible esterification reaction. 
Accordingly, the favorable reaction time and temperature 
were found to be 4 h and 140 °C, respectively.

The influence of catalyst amount on OA conversion 
was also estimated. As exhibited in Fig. 7 (b), when a low 
amount of the catalyst (0.03 g) was applied, the OA con-
version was attained only at 54.3%, this might be ascribed 
to few available acidic sites within the reaction system. 
However, the OA conversion was increased from 54.3% 
to 91.9% by increase in loading of catalyst from 0.03 g to 
0.15 g. Moreover, further increase in amount of catalyst 
does not significantly affect the conversion, which is prob-
ably due to too high catalyst amount would make the reac-
tant mixture more viscous [34]. By drawing on the results, 
the optimum catalyst amount was considered to be 0.15 g. 
Additionally, the effect of methanol:OA molar ratio from 
5:1 to 30:1 on the OA conversion is shown in Fig. 7 (c). 
The OA conversion increases with the molar ratio metha-
nol:OA from 5:1 to 20:1. But, the conversion decreased with 
further increasing the methanol:OA molar ratio above 25:1 
is probably due to excessive methanol leading to a dilution 
effect in the reaction system [35]. According to these obser-
vations, the suitable methanol:OA molar ratio was 20:1.

3.4 Catalyst recycling
Catalyst reusability is an important parameter for hetero-
geneous catalysis. Thus, the recyclability of TPA@C-NiZr-
MOF was assessed under the above optimal conditions. 
After each cycle, the TPA@C-NiZr-MOF was recovered 
by centrifugation, after which directly reused for the next 
reaction cycle. According to Fig. 8 (a), it can be seen that 
the TPA@C-NiZr-MOF catalyst demonstrated appreciable 
catalytic activity in its reutilization for esterification, and 
the OA conversion close to 80% could still be reached at 
the sixth cycle. Besides, the hot filtration experiment is also 
presented in Fig. 8 (b). It was noticed that the conversion 
of OA was not significantly increased after the removal 
of the catalyst, indicating the heterogeneous character of 
the catalyst. Whereas, the slight increase in conversion 
might be due to a low leaching of the TPA active phase. 
Interestingly, the analysis of the XRD and FTIR spectrum 
(Fig. 8 (c), (d)) revealed that the characteristic peaks of the 
TPA@C-NiZr-MOF catalyst before and after esterification 
still exist, suggesting the good structural stability of the 
catalyst. Based on the above results, the reduction in the 

Fig. 8 (a) Recyclability of TPA@C-NiZr-MOF for the esterification, 
reaction conditions: Methanol/OA = 20/1, Temperature = 140 °C, 
Time = 4 h, Catalyst amount = 0.15 g; (b) the hot filtration test of 
TPA@C-NiZr-MOF, reaction conditions: Methanol/OA = 20/1, 

Temperature = 140 °C, Catalyst amount = 0.15 g; (c) XRD patterns of 
the fresh and spent TPA@C-NiZr-MOF after the sixth cycle; (d) FTIR 
spectra of the fresh and spent TPA@C-NiZr-MOF after the sixth cycle.
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OA conversion might be attributed to the leaching of part 
of active species during the transfer between reaction runs, 
and the deposition of reaction substrates and product inter-
mediate on the active site of the catalyst [36].

4 Conclusion
In summary, the TPA loaded on NiZr-MOF-derived 
bimetal oxide was successfully synthesized, and the 
bimetallic MOF-derived TPA@C-NiZr-MOF show excel-
lent activity and durability for catalyzing esterification of 
OA with methanol because of their high acidity, larger 
BET surface area and pore size, and the synergy between 
TPA and metal oxide skeletons. Under the optimized 
conditions of methanol to OA molar ratio (20:1), catalyst 
amount of 0.15 g, 140 °C for 4 h, the OA conversion was 
91.9%. Noticeably, the TPA@C-NiZr-MOF showed good 

catalytic stability with an acceptable conversion. This 
study provides the novel bimetallic MOF-derived com-
posite with good activity and suitable reusability, which 
may find useful applications for the green production of 
biofuels in the industry.
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