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A highly efficient and reusable catalyst QA-HPMV was successfully prepared by the reaction 
of quinoline-2-formic acid (QA) with molybdovanadophosphoric heteropolyacid (H4PMo11VO40, 
HPMV) for the nitration of benzene. The physical and chemical properties of the sample was 
characterized by X-ray diffraction analysis (XRD), Fourier transform infrared spectroscopy 
(FTIR), UV-Vis and thermogravimetric analysis (TG). The characterization results showed that 
the formed QA-HPMV retained the Keggin structure of HPMV. As a catalyst for benzene nitration, 
QA-HPMV showed good catalytic performance and the yield of nitrobenzene was 82.5% under 
the optimized reaction conditions. As a heterogeneous catalyst, QA-HPMV can be easily recycled 
from the reaction medium by filtering and remained highly catalytic performance even after five 
runs of recycling.
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Introduction

Nitrobenzene is an important organic chemical material. 
It can be used as an intermediate for organic synthesis. 
In addition to being used as raw material to synthesize 
aniline, nitrobenzene can also be used to synthesize some 
dyes, spices, explosives and so on.1-5 The synthesis of 
nitrobenzene generally use the nitration of benzene and 
nitric acid, which can be divided into liquid phase nitration, 
gas-liquid phase nitration and gas phase nitration according 
to the physical state of the reaction material.2,6,7

The typical liquid phase nitration not only takes benzene 
and nitric acid as raw materials, but also sulfuric acid is 
used as catalyst. Although sulfuric acid has remarkable 
catalytic activity, it causes corrosion problems and is not 
environment-friendly. A large amount of waste acid is 
produced in the nitration process, which inevitably results 
in a high cost of recovery and generates environmental 
hazards. In order to overcome these shortages of sulfuric 
acid as catalyst, solid acid catalysts were developed for 
nitration of benzene.7,8

As an alternative to sulfuric acid, solid acid catalysts 
have attracted wide attention because of their advantages 
such as easy separation from products, convenience for 

recycling, and environmental friendliness.6,8-10 In recent 
years, some solid acids such as zeolite,11,12 WO3/ZrO2,13 
Pt–Cu/TiO2

14 have been applied as catalyst in the nitration 
of benzene.

As a kind of environmentally friendly material, 
heteropolyacids with Keggin structure have been widely 
studied as catalyst for many reactions, including the 
catalytic synthesis of heterocyclic compounds,15,16 nitration 
reaction,3,17 oxidation reaction,18 and so on. For example, 
Romanelli et al.19 reported the two-step synthesis of 
6-cyano-2,2-dimethyl-2-H-1-benzopyran with 3-methyl-
2-butenal as starting material and Keggin heteropoly 
acid H4PMo11VO40 (PMo11V) or (PyH)3HPMo11VO40  

(Py3 PMo11V) as catalyst, with a yield of 35%. You et al.20 
once reported that the supported HPW (H3PW12O40)/
MCM-41 has obvious catalytic performance in the vapor 
phase nitration of benzene and the 50% HPW/MCM-41 
catalyst can make benzene conversion rate of 73.4%. 

In this work, a novel heteropoly acid salt QA-HPMV 
was obtained by the reaction of quinoline-2-formic acid 
(QA) with molybdovanadophosphoric heteropolyacid 
(H4PMo11VO40, HPMV). It was found that QA-HPMV 
has good catalytic activity in the liquid phase nitration of 
benzene to nitrobenzene. In addition to the higher yield, 
the better advantage of QA-HPMV was that can be easily 
recovered and reused for many times.
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Experimental

Catalyst preparation

All the reagents were of analytical reagent (AR) grade 
and used as received without further purification. The 
synthesis of HPMV was based on the method reported in 
the literature.21 Na2HPO4·12H2O (0.005 mol, Tianjin Damao 
Chemical Reagent Factory, Tianjin, China) was dissolved in 
deionized water at room temperature. NaVO3 (0.005 mol, 
Aladdin Industrial Corporation, Shanghai, China) was 
dissolved in deionized water under boiling condition. After 
the two solutions were mixed together and cooled to room 
temperature, the mixed solution was acidified to red with 
concentrated sulfuric acid. Then, the aqueous solution 
containing Na2MoO4·2H2O (0.055 mol, Aladdin Industrial 
Corporation, Shanghai, China) was added with stirring. 
The sulfuric acid was added dropwise until the pH of the 
mixture was equal to 1. When the mixture was cooled to 
room temperature, it was extracted with anhydrous ether 
and collected the intermediate layer. Finally, HPMV was 
obtained when the intermediate layer ether was removed 
and dried at 50 ºC in oven.

QA-HPMV was obtained by the reaction of HPMV 
and quinoline-2-formic acid (QA) in aqueous solution. In 
a typical procedure, the QA (0.004 mol) aqueous solution 
was added dropwise to the HPMV (0.001 mol) aqueous 
solution with stirring at room temperature. Then, the 
resultant mixture was further stirred for 5 h. Finally, the 
solid sample was obtained by filtration and dried at 80 ºC, 
which was abbreviated as QA-HPMV and was evaluated 
directly as catalyst. At the same time, similar method was 
used to prepare other control samples by changing QA 
to nicotinic acid (NA) or dodecyl trimethyl ammonium 
bromide (DTAB), respectively. These obtained samples 
were named as NA-HPMV and DTAB-HPMV.

Catalyst characterization

The X-ray diffraction analysis (XRD) of the catalyst 
was carried out on the SmartLab 9 kW X-ray diffractometer 
(Rigaku, Tokyo, Japan) using Ni-filtered Cu Kα radiation 
(λ  =  0.15418 nm) at voltage and current of 45 kV and 
200 mA, respectively. The powder XRD pattern in the 2θ 
range of 5-80° was recorded at speed of 20 degree min-1. 
The infrared spectrum (IR) analysis was performed on 
a Nicolet 6700 FT-TR spectrometer (Thermo Fisher 
Scientific, Waltham, USA), the infrared spectrum of the 
sample in the range of 4000-400 cm-1 was collected using 
KBr pellet. The ultraviolet-visible spectrum (UV-Vis) was 
recorded on an UV-Vis-NIR spectrophotometer (Agilent, 

Palo Alto, USA), using ethanol as the background and 
scanning range of 200-500 nm. Thermogravimetric analysis 
(TG) was performed on STA449 thermogravimetric 
analyzer (Netzsch, Germany). About 10 mg of sample were 
subjected to thermogravimetric analysis at 50 mL min-1 
N2 with a heating rate of 10 ºC min-1, and the temperature 
range was 25-800  ºC. Scanning electron microscopy 
images (SEM) were obtained with a JSM6380LV (JEOL, 
Tokyo, Japan) instrument to observe the morphology of 
the prepared samples.

Catalytic nitration of benzene 

The catalytic nitration of benzene was carried out in a 
100 mL three-mouth bottle. In a typical experiment, a certain 
amount of catalyst, benzene and nitric acid were placed in 
a bottle successively. The reaction mixture was then placed 
in an oil bath and heated to the desired temperature under 
continuous stirring. After the reaction, the mixture was 
cooled to room temperature. Solid catalyst was separated 
from the product by filtration. The organic phase was 
analyzed by gas chromatography-mass spectrometry 
(GC-MS, HP-5MS capillary column) to determine the 
product composition and nitrobenzene yield. The detailed 
GC-MS analysis conditions were: the temperature was 
kept at 50 ºC for 1 min, then the temperature was increased 
to 180 ºC at a rate of 15 ºC min-1, finally held at 180 ºC 
for 1 min. Two peaks appeared at retention time 2.1 and 
6.6 min, which correspond to benzene and nitrobenzene, 
respectively. 

Results and Discussion

Catalysts characterization 

The XRD patterns of HPMV, QA and the prepared 
QA-HPMV are shown in Figure 1. HPMV has obvious 
characteristic diffraction peaks at 2θ = 7.2, 9.1, 20.2 
and 25-30º, which was consistent with the spectrogram 
of H4PMo11VO40 with Keggin structure reported in the 
literature.22-24 QA exhibits a highly crystalline structure 
and these diffraction peaks mainly appeared in the range 
of 5-30º. QA-HPMV shows some diffraction peaks at 
2θ = 5-10, 18.4, 21.2 and 27.5º. It could be found that the 
XRD pattern of QA-HPMV was not a simple superposition 
of these diffraction peaks of HPMV and QA, indicating 
that QA-HPMV was not the mixture of QA and HPMV, 
but a new crystalline phase. These peaks of QA-HPMV 
and HPMV are all mainly presented in the four similar 
regions, so it is speculated that QA-HPMV possesses the 
same symmetry as parent HPMV.25 
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The XRD patterns of NA-HPMV and DTAB-HPMV 
are also shown in Figure 1. It indicated that new crystalline 
phase is formed after the reaction of HPMV and QA or 
DTAB. However, compared with QA-HPMV and NA-
HPMV, DTAB-HPMV has poor crystallinity.

The Fourier transform infrared spectroscopy (FTIR) 
spectra of HPMV, QA and QA-HPMV are shown in 
Figure  2. In the region from 1100 to 800 cm-1, HPMV 
clearly shows four characteristic absorption bands of 
Keggin structure at 1062, 962, 867, 786 cm-1. These bands 
could be attributed to v(P=Oa), v(Mo=Ot), v(Mo-Ob-Mo)  
and v(Mo-Oc-Mo), respectively (Oa: tetrahedron oxygen; 
Ot: terminal oxygen, Ob: bridged oxygen of two octahedral 
sharing a corner and Oc: bridged oxygen sharing an 
edge).22,26,27 For QA-HPMV, also, four characterisitic 
bands appear at 1047, 956, 861 and 781 cm-1, indicating 
that QA-HPMV retained the Keggin structure of HPMV. 
The red shift of the corresponding peak maybe due to the 
interaction between HMPV and QA. In the region from 
1700 to 1100 cm-1, some characteristic bands related to QA 
were observed in the spectra of QA-HPMV.28 Combined 
with the result of XRD, it obviously revealed the successful 
combination of QA and HPMV.29

The UV-Vis spectra of HPMV, QA and QA-HPMV 
are shown in Figure 3. The UV-Vis absorption spectrum is 
generated by valence electron transition, and the UV-visible 
absorption of polyoxometallate can occur at 200-400 nm.30,31 
The UV-Vis spectrum of HPMV shows absorption peaks 
at 221 and 308 nm, which is caused by the charge transfer 
O→Mo and O→V in [PMo11VO40]4- anion, respectively.14,23 
QA shows three adsorption peaks at 204, 232 and 287 nm, 
which can be attributed to the π→π* electron transition of 
quinoline ring. For the prepared QA-HPMV, these two 

absorption peaks related to the charge transfer O→Mo 
and O→V all move to higher wavelength and appear 
at 237 or 317 nm, which may be due to the electron 
interaction between QA and the Keggin unit of HPMV.

Thermal gravimetric analysis was used to study the 
thermal stability of QA-HPMV and the result is shown 
in Figure 4A. For comparison, the TG curves of HPMV 
and QA are also listed. HPMV has a weight loses about 
9.5% at 110 ºC, owing to the removal of free water on the 
surface of the sample. The subsequent slow weight loss 
process of HPMV is due to the thermal decomposition of 
[PMo11VO40]4- into oxides.27 QA shows a sharp degradation 
with about 50% weight loss between 140 and 210 ºC. 
QA-HPMV shows good stability at less than 200  ºC 
and only has a little weight loss, especially the sharp 
degradation similar to QA was not found. These results 

Figure 1. XRD patterns of (a) HPMV, (b) QA, (c) QA-HPMV, 
(d) NA-HPMV, (e) DTAB-HPMV.

Figure 2. FTIR (KBr) spectra of (a) HPMV, (b) QA, (c) QA-HPMV.

Figure 3. UV-Vis spectrum of (a) HPMV, (b) QA and (c) QA-HPMV.
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further confirmed the combination of QA and HPMV. 
However, when the temperature is higher than 200 ºC, 
QA-HPMV begins to have significant weight loss, which 
may be caused by the loss of organic ligand QA in the 
decomposition of QA-HPMV, and the later weightlessness 
may be caused by the decomposition of HPMV. To further 
verify the stability of QA-HPMV, XRD analysis was carried 
out after heating at different temperatures for 30 min and 
the result is shown in Figure 4B. It can be seen that the 
XRD pattern of the sample treated at 150 ºC has no obvious 
change except that the intensity of the corresponding peaks 
decreases. However, after treated at 200 ºC, the XRD 
pattern is completely different, indicating that the phase has 
changed. Therefore, combined with XRD and TG results, 
QA-HPMV has good thermal stability below 200 ºC.

The surface morphology of HPMV, QA and QA-HPMV 
was studied by SEM and the typical micrographs are 
shown in Figure 5. HPMV has no regular morphology, 
and it is clearly observed that the particles are large in size 
and agglomerate obviously. On the contrary, QA shows 
a regular strip shape. QA-HPMV is not a lumpy with 
obvious agglomeration phenomenon, nor a single regular 
strip, which indicates that their original morphology will 
change after the combination of QA and HPMV. When the 
magnification is small, QA-HPMV is a rose-like shape with 
petals stacked on top of each other. After magnification, it 
can be found that QA-HPMV has irregular flakes, some of 
which are similar to petals.

Catalytic activity assessment

In order to investigate the catalytic performance of 
these three samples, including QA-HPMV, NA-HPMV 
and DTAB-HPMV, the nitration of benzene was carried 
out under the condition that the catalyst dosage was 1% of 

the benzene mass, the molar ratio of nitric acid to benzene 
was 1.1:1, the reaction time was 6 h and the reaction 
temperature was 60 ºC. The reaction results are shown 
in Table 1. The nitrobenzene could be formed as the only 
product from benzene with nitric acid in the absence of 
any catalyst, however, the yield was only 27.8%. Soluble 
HPMV and NA-HPMV exhibit good activity, the yields of 
nitrobenzene were 55.8 and 60.3%, respectively. However, 
the complete dissolution results in homogeneous reaction 
bringing complicated process for catalyst recycling. QA-
HPMV and DTAB-HPMV are insoluble in the reaction 
system, they can be recycled through simple filtration 
and the recovery rate is 94 and 96%, respectively. This 
is conducive to sustainable development. Among them, 
QA-HPMV exhibits the best catalytic activity, the yield of 
nitrobenzene was 70.4% under the same conditions. 

The reaction performance of QA-HPMV was optimized 
by systematically exploring the influence of various 
reaction parameters including the reaction temperature, 

Figure 4. (A) TG patterns of (a) HPMV, (b) QA, (c) QA-HPMV and (B) XRD patterns of QA-HPMV catalyst at different temperatures.

Figure 5. SEM images of (a) HPMV, (b) QA, (c) QA-HPMV (2500×) 
and (d) QA-HPMV (10000×). 
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reaction time, nitration agent dosage, catalyst dosage, and 
the results are shown in Figure 6.

When the molar ratio of nitric acid to benzene was 
1.1:1, the amount of catalyst was 2% of the benzene mass, 
and the reaction time was 6 h, the influence of reaction 
temperature on nitration was investigated, as shown in 
Figure 6a. The yield of nitrobenzene rapidly increased from 
26.7 to 75.2% with the raised reaction temperature from 25 
to 60 ºC. However, from 60 to 75 ºC, the yield increased 
slowly, only by 0.4%, which may be due to the increase 
of temperature will accelerate the decomposition of nitric 

acid into nitrogen dioxide and then lead to the decrease 
of nitric acid concentration in reaction system. Then, the 
appropriate reaction temperature was set as 60 ºC for the 
following experiments.

The effect of reaction time on nitration was investigated at 
60 ºC with the molar ratio of nitric acid to benzene was 1.1:1, 
and the amount of catalyst was 2% of the benzene mass. 
It can be seen from Figure 6b that prolonging the reaction 
time is beneficial to the reaction. The yield of nitrobenzene 
increased from 40.8 to 75.2% when the reaction time was 
increased from 1 to 6 h. When the reaction time was increased 
to 8 h, the yield of nitrobenzene did not change significantly. 
Therefore, the optimal reaction time was 6 h. 

In this nitration process, generated water will dilute 
nitric acid and weaken its nitration ability, so the amount of 
nitric acid should be excessive. Figure 6c shows the effect 
of molar ratio of nitric acid to benzene on the nitration 
reaction, when the reaction temperature was 60 ºC, reaction 
time was 6 h and catalyst dosage was 2% of the benzene 
mass. The yield of nitrobenzene increased from 75.2 to 
78.8% with increasing the molar ratio of nitric acid to 
benzene from 1.1:1 to 2:1, and the yield reached 79.4% 
when the molar ratio of nitric acid to benzene was 2.7:1. 

Table 1. Nitration of benzene catalytic by different catalysts

Catalyst Catalyst solubility Yield / %

None 27.8

HPMV soluble 55.8

QA-HPMV insoluble 70.4

NA-HPMV soluble 60.3

DTAB-HPMV insoluble 58.9

HPMV: molybdovanadophosphoric heteropolyacid QA: quinoline-
2-formic acid; NA: nicotinic acid; DTAB: dodecyl trimethyl ammonium 
bromide.

Figure 6. Effects of reaction conditions on the nitration reaction over QA-HPMV catalyst (a) reaction temperature (2% catalyst amount, nitric acid/benzene 
molar of 1.1, 6 h); (b) reaction time (2% catalyst amount, nitric acid/benzene molar of 1.1, 60 °C); (c) amount of nitric acid (2% catalyst amount, 60 °C, 
6 h); (d) catalyst content (nitric acid/benzene molar of 2, 60 °C, 6 h).
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Despite some increase, a small amount of by-product 
dinitrobenzene was also detected. Therefore, in order to 
obtain a high yield and easy purification, the molar ratio 
of nitric acid to benzene was selected as 2:1.

Figure 6d shows the effect of QA-HPMV dosage on the 
nitration of benzene with nitric acid. Generally speaking, 
the appropriate increase of catalyst dosage will be beneficial 
to the reaction, which is also verified by the result of 
nitration of benzene catalytic by QA-HPMV. The yield 
of nitrobenzene increased from 71.9 to 82.5% when the 
amount of catalyst increased from 1 to 3% of the benzene 
mass. When the amount of catalyst is 4% of benzene by 
weight, the yield of nitrobenzene is almost unchanged, 
which may be due to the presence of excessive catalyst in 
the reaction system, leading to a decrease in the contact 
opportunity of benzene and nitric acid.25 

Therefore, based on the above results, these suitable 
reaction conditions were obtained: the reaction temperature 
was 60 ºC, reaction time was 6 h, the molar ratio of nitric 
acid to benzene was 2:1 and the amount of QA-HPMV 
catalyst was 3% of the benzene mass. Under these reaction 
conditions, a relatively high yield of 82.5% was obtained.

The reusability of QA-HPMV catalyst

After reaction, the QA-HPMV was conveniently 
recovered by filtration and reused for the next run to 
evaluate the catalytic reusability. Figure 7 displays the result 
of a five run test under these optimal reaction conditions. 
It can be seen that the QA-HPMV catalyst shows good 
reusability in the nitration reaction. After five times of 
use, the yield of nitrobenzene is still above 80%, there is a 
slightly decreased by 1.9% for the final run compared with 
that of the first run.

After reuse, the catalyst was collected to dry at 80 ºC, 
and then was characterized by FTIR. As shown in Figure 8, 

the recycled catalyst has a similar infrared spectrum to 
fresh QA-HPMV, indicating that the Keggin unit structure 
was well maintained during the reaction. These results 
show that QA-HPMV could be a promising new type of 
heterogeneous catalyst for the nitration of benzene.

Conclusions 

In this work, a novel organic salt of QA-HPMV with 
Keggin structure was prepared through the reaction of 
molybdovanadophosphoric heteropolyacid and quinoline-
2-formic acid in aqueous solution. This salt displayed 
an excellent catalytic performance for the nitration of 
benzene with nitric acid as nitration agent, including 
high nitrobenzene yield and good reusability. Under the 
optimized conditions, a relative high yield of 82.5% can 
be obtained. After reaction, the catalyst could be easily 
recycled by filtration, and its fine structure including the 
Keggin unit structure was not damaged during the reaction. 
Therefore, as a substitute for sulfuric acid, QA-HPMV may 
be an excellent environmentally friendly solid catalyst for 
nitration of benzene. 
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