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Abstract Various V/P mole ratios of vanadium substi-

tuted Keggin-type phosphomolybdic acids were synthe-

sized by the hydrothermal method. These materials were

characterized using several physico-chemical techniques

such as X-ray diffraction, FT-IR, N2-sorption, Raman

spectroscopy, 31P MAS NMR, SEM and NH3-TPD. FT-IR,

Raman spectroscopy and 31P NMR results confirm the

formation of the primary structure of the Keggin ion and its

crystalline nature is shown clearly by XRD. NH3-TPD

results reveal that the acidity of the materials systemati-

cally decreases with increasing vanadium content. The

Knoevenagel reaction carried out over vanadium substi-

tuted phosphomolybdic acid with various V/P mole ratios

indicate that the higher V/P mole ratio exhibits better

catalytic performance under solvent free conditions. The

catalytic properties correlate with the structural properties

and the acidity of the materials.
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1 Introduction

In recent years, there has been increasing emphasis on

the use and design of environment-friendly solid acid

catalysts to reduce the amount of toxic waste and by-

products arising from chemical processes prompted by

stringent environment protection laws. The challenge is

to perform heterogeneous catalysis reactions leading to

C–C bond formation which are widely employed in

organic synthesis in a solvent free system [1]. The

Knoevenagel reaction is an important C–C bond forming

reaction that is widely used in the synthesis of important

intermediates or end-products for perfumes, pharmaceu-

ticals, calcium antagonists and polymers [2, 3]. The

reaction is catalyzed by bases, acids or materials con-

taining both acidic and basic sites [4]. Bases such as

& Balaga Viswanadham

balagiav@ukzn.ac.za; visubalaga@gmail.com

1 Catalysis Research Group, School of Chemistry and Physics,

University of KwaZulu-Natal, Durban 4000, South Africa

2 Catalysis Division, Indian Institute of Chemical Technology,

Hyderabad 500007, India

123

Catal Lett (2016) 146:364–372

DOI 10.1007/s10562-015-1646-9

http://crossmark.crossref.org/dialog/?doi=10.1007/s10562-015-1646-9&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10562-015-1646-9&amp;domain=pdf


ammonia, the primary amines, secondary amines and

their salts, Lewis acids such as CuCl2, ZnCl2 and SmI2
and the ZnY zeolites are some of the examples that have

been employed in the Knoevenagel condensation reac-

tion [5–9]. Numerous types of heterogeneous catalysts

containing both acidic and basic sites have been reported

in the literature [10–15]. Activated Mg–Al hydrotalcite

was used for the first time in condensation reactions

producing excellent yields. However, all the reactions

were carried out using toluene and DMF as solvents [16].

Joshi et al. [17] studied the effect of incorporating other

alkali metals in NaX- type zeolites in deciding the

activity in the Knoevenagel condensation reaction. They

found that an increase in the cation kinetic diameter

improved activity by 50 %. In a number of studies

conducted by Corma and co-workers [18–21], solid base

catalysts such as zeolites, sepiolites and hydrotalcites

have been used to prepare prepolymers of malononitrile

with a series of ketones. In all the condensation reactions

studied, they proposed that the controlling step was not

the proton abstraction as assumed, but the attack of the

carbonyl group by the carbanion. In the studies men-

tioned, although some reactions are carried out in

heterogenous medium, all of the catalytic reactions

required the presence of solvents. To avoid the use of

organic solvents, water as a desirable solvent was

investigated [22, 23]. However, in the bulk phase pro-

duction of fine chemicals, large amounts of water are

required which needs purification post reaction for

environmental reasons. Thus, it has become imperative

to develop catalytic systems that are efficient in organic

reactions without the use of a solvent. Metzger [24] and

Tanaka and Toda [25] emphasized very emphatically in

their paper and review, respectively, the importance in

carrying out solvent free reactions. Pillai et al. [26]

studied the Knoevenagel reaction using iridium and

platinum hydroxyapatites. Hydroxyapatites (HAp) are

bifunctional materials with both acidic and basic sites in

the crystal lattice. Their results showed that the IrHAp

catalyzed reactions gave higher yields than PtHAp cat-

alyzed reactions, but both IrHAp and PtHAp catalyzed

reactions were very efficient in the Knoevenagel reaction

without the use of a solvent, with the overall production

of excellent yields.

In our work, we report the solvent free liquid phase

Knoevenagel condensation of benzaldehyde and sub-

stituted benzaldehydes with malononitrile over vana-

dium substituted phosphomolybdic acid catalysts with

various V/P mole ratios. The aim of this investigation

is to study the effect of V/P mole ratio of the catalyst

during the Knoevenagel condensation reaction and the

effect of substituent on the benzaldehyde on the

catalysis.

2 Experimental

2.1 Catalyst Synthesis

The solid acid catalysts containing vanadium, H4PMo11
VO40 (PMoV1), H5PMo10V2O40 (PMoV2) and H6PMo9
V3O40 (PMoV3) were prepared using V2O5 (Sigma

Aldrich), H3PMo12O40 (Sigma Aldrich), MoO3 (Fluka) and

H3PO4 (S.D Fine-Chem. Ltd.) according to the method

reported previously [27]. For the detailed synthesis of

PMoV1, 14.4 g of MoO3 and 0.91 g of V2O5 were placed

in 250 mL distilled water, refluxed at 100 �C with stirring,

followed by the drop wise addition of 1.15 g of 85 %

H3PO4. The resulting slurry was maintained at this tem-

perature, under reflux, for 24 h. The solid was collected

after evaporation of the slurry in a vacuum heater set at

60 �C. A similar procedure was followed for the synthesis

of PMoV2 and PMoV3.

2.2 Catalyst Characterization

Powder X-ray diffraction patterns of samples were obtained

with Bruker D8 Advance diffractometer, using Cu Ka
radiation (1.5406 Å) at 40 kV and 30 mA. The measure-

ments were recorded in steps of 0.045� with a count time of

Fig. 1 X-ray diffraction patterns of PMoV1, PMoV2 and PMoV3

catalysts

OH

R

+ H2C

CH

R

CN

CN
catalyst

70°C, solvent free

CN

CN

Scheme 1 Knoevenagel condensation of benzaldehyde with

malononitrile over heteropolyacids
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0.5 s in the range of 2–40�. BET surface area and NH3

temperature programmed studies of the catalysts were

conducted on a Micromeritics Auto Chem 2910 instrument.

For TPD studies, about 50 mg of sample was pretreated at

200 �C for 2 h by passing through helium at 50 mL/min).

After pretreatment, the sample was saturated with a mixture

of 10 % NH3 in helium at 80 �C for 1 h and subsequently

flushed with helium flowing at 50 mL/min to remove phy-

sisorbed ammonia. The entire TPD analysis was carried out

from ambient temperature to 700 �C at a ramp rate of 10 �C/
min. Ex-situ pyridine adsorbed FT-IR experiments spectra

of samples were carried out to investigate the nature of

acidity, such as Brønsted and Lewis acid sites present on the

catalyst. The spectra were recorded on a Perkin-Elmer ATR

spectrometer at room temperature. Prior to analysis, pyr-

idine adsorption experiments were carried out by placing a

drop of pyridine on a small amount of the catalyst followed

by evacuation in air for 1 h to remove the reversibly

adsorbed pyridine. FT-IR spectra of catalysts were recorded

on the Nicolet 670 spectrometer by the KBr disc method,

Fig. 2 FT-IR spectra of PMoV1, PMoV2 and PMoV3 catalysts

Fig. 3 Raman spectra of PMoV1, PMoV2 and PMoV3 catalysts

Table 1 Results of BET surface area and NH3-TPD analysis

Catalyst BET surface

area (m2/g)

Acidity (mmol/g) NH3

Weak

(A)

Moderate

(B)

Strong

(C)

PMoV1 8 0.6 0.3 1.7

PMoV2 4.5 0.7 0.5 1.2

PMoV3 2 0.4 0.6 0.9

Desorption temperature: A = 50–150 �C, B = 150–300 �C, C =

300–500 �C

Fig. 4 NH3 -TPD profile of PMoV1, PMoV2 and PMoV3 catalysts

Fig. 5 The pyridine adsorbed FT-IR spectrum of the PMoV3 catalyst
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whereas The Raman spectra were collected using a Horbia–

Jobin–Yvon LabRam high resolution spectrometer equip-

ped with a confocal microscope with 2400/900 grooves/mm

gratings and a notch filter. The visible laser excitation at

532 nm (visible/green) was supplied by a Yag double diode

pumped laser (20mW). The surface morphology of

materials was examined by scanning electron microscopy

(SEM) with a Hitachi S-4800 microscope. Solid state 31P

MAS NMR spectra were recorded at ambient temperature

using 4 mm diameter zirconia rotors with a spinning rate of

7 kHz on a Jeol ECA-500 NMR spectrometer.

2.3 Catalytic Activity

The Knoevenagel condensation of benzaldehyde and its

derivatives was carried out in a 25 mL reaction flask,

equipped with a condenser, at 70 �C without solvent

(Scheme 1). In typical reaction, 10 mmol of benzaldehyde,

10 mmol of malononitrile and 2 mol % of the catalyst were

placed in the flask and refluxed at 70 �C. The reaction was

constantly monitored by thin layer chromatography (TLC)

and after completion of reaction, the resulting mixture was

analysed by GC–MS using a HP 6890 Series Gas Chro-

matograph coupled with a mass selective detector. The

catalyst was then recycled and used for the same reaction.

3 Results and Discussion

3.1 Characterization Results

The XRD profiles the vanadium substituted phospho-

molybdic acid catalysts are shown in Fig. 1. The Bragg

Fig. 6 SEM images of a PMA, b PMoV1, c PMoV2 and d PMoV3 catalysts

Fig. 7 31P MAS NMR of PMoV1, PMoV2 and PMoV3 catalysts
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Table 2 Catalytic results over

PMA and different V/P mole

ratio of vanadium containing

PMA catalyst

Entry R Catalyst
(2 mol% )

Product Time
(min)

Con. (%) Sel. (%) Yield 
(%)

1 H - H CN

CN

50 8 100 8

2 OMe - H CN

CN

MeO

50 6 100 6

3 Cl - H CN

CN

Cl

50 7 100 7

4 NO2 - H CN

CN

O2N

50 10 100 10

5 H PMA H CN

CN

50 80 100 80

6 OMe PMA H CN

CN

MeO

25 70 100 70

7 Cl PMA H CN

CN

Cl

30 60 100 60

8 NO2 PMA H CN

CN

O2N

55 85 100 85

9 H PMoV1 H CN

CN

45 86 100 86

10 OMe PMoV1 H CN

CN

MeO

40 85 100 85

11 Cl PMoV1 H CN

CN

Cl

50 63 100 63

12 NO2 PMoV1 H CN

CN

O2N

45 90 100 90

13 H PMoV2 H CN

CN

30 90 100 90

14 OMe PMoV2 H CN

CN

MeO

45 88 100 88

15 Cl PMoV2 H CN

CN

Cl

40 76 100 76

16 NO2 PMoV2 H CN

CN

O2N

35
94 100 94

368 B. Viswanadham et al.

123



diffraction wide angle reflections at 2h = 8.3�, 9.0�, 27.8�
and 29.1� are observed and these peaks correspond to the

crystalline nature of the Keggin type heteropolyacid [27].

The characteristic diffraction peaks are retained with

increasing V/P mole ratios [28].

The pure and vanadium substituted PMA catalysts were

characterized by FT-IR spectroscopy in the range of

400–1500 cm-1 and the spectra are shown in Fig. 2. The

catalysts exhibit well defined IR bands in the range of

1100–700 cm-1. The bands are assigned to P–O, Mo=O

and Mo–O–Mo vibrations and are located at 1080–1060,

990–960 and 900–760 cm-1, respectively [29, 30]. There

is a slight shift in IR bands with increase of the V/P mole

ratio of V substituted PMA catalysts, indicating that

vanadium is incorporated in the Keggin ion structure of

PMA catalyst. These results agree well with the XRD

patterns obtained for the catalysts.

The structure of the Keggin ion in vanadium containing

PMA catalysts with various V/P mole ratios, characterized

by Raman spectroscopy, in the range 200–1200 cm-1, is

shown in Fig. 3. All the samples possess a Raman band at

1010 cm-1 which is characteristic for the Keggin structure.

Other bands at 849, 817, 656 and 286 cm-1 are assigned to

Mo–Ot, Mo–Ob–Mo, Mo–Oc–Mo and Mo–Oa, respectively

[31]. There is a significant shift in the characteristic Keggin

ion Raman bands towards the higher region with an

increase in the V/P mole ratio, suggesting that vanadium is

incorporated into the PMA catalysts.

The results of the BET surface area of the vanadium

substituted phosphomolybdic acid catalyst with different

V/P mole ratios are summarized in Table 1. From the

results, the surface area decreases as V/P mole ratio of the

catalyst is increased, probably due to bulk crystallite for-

mation. These catalysts appear to be more crystalline.

Figure 4 shows the ammonia TPD profile of the

PMoV1, PMoV2 and PMoV3 samples. All the samples

exhibit three types of acid sites, located between 50 and

150 �C, 150 and 300 �C and 300 and 500 �C. The peak

observed between 50 and 150 �C is attributed to weak

acidic sites, the peak located between 150 and 300 �C, to
moderate acidic sites and the peak between 300 and

500 �C, exclusively to strong acidic sites (Table 1). An

increase in V/P mole ratio in the vanadium substituted

phosphomolybdic acid catalysts shows a significant

decrease in acidity.

The nature of the acidic sites was evaluated by pyridine

adsorbed FT-IR spectroscopy on the PMoV3 catalyst

(Fig. 5). It is shown that most are Brønsted acidic sites with

a few Lewis acidic sites.

Scanning electron microscopy images of pure PMA and

the vanadium substituted phosphomolybdic acid catalysts

are shown in Fig. 6. The surface morphology of the PMA

and PMoV1 compounds appears as cylindrical particles,

whereas PMoV2 and PMoV3 have a cubic-like morphol-

ogy. In addition, a bulk-like structure formation is observed

for the PMoV3.

To understand the coordination and the chemical

environment of P in the catalysts, 31P MAS NMR was

studied. The results are shown in Fig. 7. With an

increase in the V/P mole ratio, a change in the chemical

shift from -3.9 d for PMoV1 catalyst to -2.5 d for

PMoV3 is observed, attributed to the change in the local

environment of 31P with an increase in the V/P mole

ratio of the catalyst [32–34]. When these catalysts were

compared to the acidity of PMA, PMoV1 was found to

be more acidic than PMA, whereas at higher loadings of

vanadium, the catalysts were less acidic than the pure

PMA catalyst.

Table 2 continued

17 H PMoV3 H CN

CN

10 96 100 96

18 OMe PMoV3 H CN

CN

MeO

55 94 100 94

19 Cl PMoV3 H CN

CN

Cl

30
85 100 85

20 NO2 PMoV3 H CN

CN

O2N

15 99 100 99

Entry R Catalyst
(2 mol% )

Product Time
(min)

Con. (%) Sel. (%) Yield 
(%)

Reactions were carried out with benzaldehyde (10 mmol), malononitrile (10 mmol) with catalysts

(2 mo%), solvent free, temperature = 70 �C. Yield based GC–MS analysis
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3.2 Catalytic Activity Studies

The catalytic properties of pure PMA and vanadium sub-

stituted phosphomolybdic acid samples with different V/P

mole ratios was tested for the liquid phase Knoevenagel

condensation reaction, without solvent at 70 �C. The blank
reactions gave up to 5 to 10 % yield towards the desired

product in 50 min. Aldehyde conversion increased signif-

icantly with increasing vanadium content in the

heteropolyacid (Table 2). The higher aromatic aldehyde

Table 3 Catalytic results of regenerated PMoV3 catalyst

Recycle 
entry

R Product Con. (%) Sel. (%) Yield (%)

1 H H CN

CN

99 100 99

OMe H CN

CN

MeO

96 100 96

Cl H CN

CN

Cl

84 100 84

NO2 H CN

CN

O2N

96 100 96

2 H H CN

CN

95 100 95

OMe H CN

CN

MeO

92 100 92

Cl H CN

CN

Cl

82 100 82

NO2 H CN

CN

O2N

93 100 93

3 H H CN

CN

92 100 92

OMe H CN

CN

MeO

90 100 90

Cl H CN

CN

Cl

78 100 78

NO2 H CN

CN

O2N

89 100 89
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conversion and yield towards the desired condensation

product are observed in the case of higher V/P mole ratio of

the PMoV3 catalyst. These results suggest that conversion

of a particular aldehyde and yield towards the desired

product can be controlled by changing the vanadium con-

tent, resulting in altering the acidity of the catalyst. The

results clearly show that the catalyst with a lower acidity

exhibits superior catalytic performance.

The Knoevenagel reaction was further studied with

compounds containing activating and deactivating groups

substituted on the benzaldehyde. The results, given in

Table 2, clearly show that higher conversions and yields

are obtained with benzaldehyde and 4-nitro benzaldehyde

than the methoxy and chloro substituted benzaldehyde.

This is mainly due to the withdrawing group decreasing the

electron density around the carbonyl group and therefore

enhancing the conversion in presence of the

heteropolyacid.

There was evidence no leaching of vanadium during the

reaction. This was confirmed by ICP-AES analysis on the

fresh and used catalyst. In both cases, the P/Mo/V atomic

ratio was determined to be 1.00/9.01/3.05. The used cata-

lyst was regenerated and studied for 3 cycles and the results

are reported in Table 3. There was a slight difference in the

activity and selectivity towards the desired products for all

3 cycles.

From Table 4, Ogiwara et al. [35] reported that com-

bination of a catalytic amount of InCl3 in acetic anhydride

remarkably promotes the Knoevenagel condensation of an

aldehyde with an activated methylene group, producing a

94 % yield. Oskooie et al. [22], on the other hand, showed

91 % yield for the condensation reaction using phospho-

tungstic acid in water. Both these processes use solvents

and require higher reaction temperatures to attain the yields

mentioned. In our study, the PMoV3 catalyst consistently

produces a yield of about 96 % of the condensation product

in a solvent free environment at a reaction temperature of

70 �C. It is assumed that due to the presence of largely

Brønsted acidic sites, as shown by pyridine adsorbed FT-IR

spectroscopy, the reaction is understood to proceed via

Brønsted acidic sites or protons present in the catalyst

(Fig. 5).

4 Conclusion

Keggin-type vanadium substituted phosphomolybdic acid

catalysts have been synthesized with different vanadium to

phosphorous mole ratios and characterized successfully by

powder XRD, FT-IR and Raman spectroscopy. NH3-TPD

results confirmed that the acidity of the catalysts decreases

with an increase in the V/P mole ratio and these results are

supported by 31P NMR analysis. The catalytic properties

strongly depend on the amount of vanadium incorporated

into PMA, the higher the V/P mole ratio, the higher the

catalytic activity. The vanadium containing PMA catalysts

are competitive, in most cases superior for the Knoeve-

nagel reaction under a solvent free condition when com-

pared to most catalytic systems even employing solvents.
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