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Abstract A series of ceria supported vanadium incorpo-

rated ammonium salt of 12-molybdophosphoric acid

(AMPV) catalysts were synthesized in a single-step by

generating Keggin structure in situ. These catalysts were

characterized by X-ray diffraction, FT-infrared, BET sur-

face area, thermal analysis (TG/DTA) temperature

programed reaction and acidity by potentiometric titration.

The catalytic activities of these catalysts were tested for the

vapor phase ammoxidation of 2-methylpyrazine to 2-cy-

anopyrazine. The CeO2 supported AMPV catalysts are

more active and selective compared to other supports. The

high activity and selectivity of these catalysts are related to

the presence of both redox vanadium and oxygen storage

release function of ceria.

Keywords 12-Molybdophosphoric acid � Vanadium �
Ceria � Ammoxidation � 2-Methylpyrazine �
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1 Introduction

Heteropoly acids with Keggin structure are important class

of catalysts due to the possibility of controlling their acidic

and redox properties that allows to design at atomic-

molecular level [1–3]. The main constrain to use these

materials for heterogeneous gas phase reactions are due to

their low surface area and less thermal stability [4]. A

convenient way to use these solids for gas phase reactions

is to disperse these in matrixes on solid supports such as

silica, titania and carbon, which enhances their specific

surface area and thermal stability. The acidic and redox

properties of heteropoly acids can be tuned by the partial

substitution of Mo with transition metal like V [5–7].

Ammoxidation refers to interaction ammonia with

reducible organic compounds [8] for the preparation of

industrially important nitriles, which are used in the prep-

aration of dyestuffs, pesticides and pharmaceuticals. For

this reaction the catalyst should posess acidic and redox

functionalities [9]. Vanadia based catalysts are extensively

studied for various ammoxidation reactions [10–12].

However, these catalysts show low nitrile selectivity due to

over oxidation [13].

The support used to disperse the active component plays

an important role for ammoxidation reaction, as it is

responsible for the formation of acid–base and redox cen-

ters on the surface of the catalyst [14]. The most significant

one among those oxides is CeO2. Because of its ability to

store and release of oxygen it undergoes exist in the redox

states (Ce?4 and Ce?3) under reaction conditions is useful

for this reaction [15]. Recent investigations reveal that

CeO2 supported V2O5 catalysts exhibited good catalytic

activity for partial oxidation of methanol to formaldehyde

[16, 17]. Bart et al. [18] studied the cerium based mixed

oxides in the ammoxidation of propylene. Vanadium con-

taining heteropoly acids supported on different metal

oxides are widely studied, however, no detailed studies are

available on the preparation and evaluation of either

vanadium incorporated heteropoly acids or their salts

supported on ceria. It is quite obvious that the combination

of vanadia (known for its redox properties) and ceria

(known for its oxygen storage and release functions) can
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give rise to a better catalytic system for ammoxidation

reaction.

In the present investigation, an attempt is made to syn-

thesize the Keggin ion of vanadium incorporated

ammonium salt of molybdophosphoric acid on ceria in a

single step. These catalysts were characterized in order to

understand the stability of ammonium salt when vanadium

is incorporated into the Keggin structure. The catalytic

activities of these catalysts were evaluated for the

ammoxidation of 2-methylpyrazine (MP) to 2-cyanopyr-

azine (CP) (Sch. 1), which is an important step in the

synthesis of pyrazinmide, an anti TB drug.

2 Experimental

2.1 Catalyst Preparation

Ceria supported vanadium incorporated ammonium salt of

12-molybdoposphoric acid (AMPV) catalysts with

5–25wt% loading were prepared by impregnation method.

A mixture of required quantities of aqueous solutions of

ammonium heptamolybdate, ammonium metavanadate

(such that the Mo/V atomic ratio 11/1) and diammonium

hydrogen orthophosphate were dissolved in minimum

amount of water. This solution was first refluxed at 100 �C

for 6 h and then the required quantity of this solution was

added to the support, generating the Keggin ion in one step.

After the addition of this solution to support, the pH of the

solution was adjusted to 1 by adding dilute HNO3. The

excess solution was evaporated on water bath and dried in

oven at 120 �C for 12 h. Finally these catalysts were cal-

cined in air at 350 �C for 4 h. The other supported (AlF3,

SiO2, TiO2 and ZrO2) catalysts are also prepared in a

similar manner. Here after these catalysts are designated as

5–25% AMPV/CeO2.

2.2 Catalyst Characterization

X-ray diffraction (XRD) patterns of the catalysts were

recorded on a Rigaku Miniflex diffractometer using CuKa

radiation. FTIR spectra were recorded on a DIGILAB

(USA) spectrometer, with a resolution of 1 cm-1 using

KBr disc method. The BET surface areas of the catalyst

samples were calculated from N2 adsorption–desorption

data acquired on an autosorb-1 instrument (Quantachrome,

USA) at liquid N2 temperature. The powders were first

outgassed at 120 �C to ensure a clean surface prior to

construction of adsorption isotherm. The TGA/DTA anal-

ysis was carried out on a Mettler–Toledo apparatus. With a

sample weight of ca. 30–40 mg, the tests were performed

under nitrogen flux in the temperature ranging from 25 to

800 �C and at a heating rate of 10 �C/min. Temperature

programmed reduction (TPR) of the catalysts were carried

out in a flow of 10% H2/Ar mixture gas at a flow rate of

30 mL/min with a temperature ramp of 10 �C/min. Before

the TPR run the catalysts were pretreated with argon at

300 �C for 2 h. The hydrogen consumption was monitored

using a thermal conductivity detector.

The acidity of the solid samples was measured by the

potentiometric titration method. A known amount of cat-

alyst sample suspended in acetonitrile was stirred for 3 h

and then the suspension was titrated with a solution of

0.05 N n-butyl amine in acetonitrile, at a flow rate of

0.05 mL/min. The variation in the electrode potential was

measured with an instrument having a digital pH meter,

(Automatic titrator, Schott GmbH, Germany) using a

standard calomel electrode. The potentiometric titration

was performed with a glass electrode. The instrument was

calibrated using standard buffer solutions. The acidity of

the catalysts measured by this technique enables determi-

nation of the total number of acid sites and their strength

[19].

2.3 Catalytic Reaction

Ammoxidation of MP was carried out in a micro reactor

at atmospheric pressure in the temperature range of

360–420 �C. In a typical experiment about 3 g of the cat-

alyst mixed with 3 gm of quartz beads (18/25 BSS size)

and loaded in the reactor by suspending it in between two

quartz wool plugs. The feed with a molar ratio of

MP:water:ammonia:air = 1:13:7:38 was fed into the pre-

heater portion of the reactor. The aqueous mixture of MP

was metered using a microprocessor based feed pump

(B. Braun, Germany), at a flow rate of 2 mL/h. After

allowing the catalyst to attain steady state at each reaction

temperature, the liquid product was collected for 30 min

and analyzed by gas chromatography, separating it on an

SE-30 column (2 m long, 3 mm diameter) using an FID

detector. The reproducability of product distribution by GC

was about ±2%. From the analysis of non-condensable

mixture, it was ensured that the quantity of any organic

species was negligible in the exit gas. The conversion was

Scheme 1 Generalized reaction

scheme of ammoxidation

of 2-methylpyrazine
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calculated based on the disappearance of MP and the

selectivity to CP was calculated as follows:

Scp ¼ CPo � 100ð Þ=ðMPi � MPoÞ

where CPo and MPo are the amounts of 2-cyanopyrazine and

2-methylpyrazine, respectively, detected at the reactor outlet

(in moles) and MPi is the initial amount of 2-methylpyrazine

(in moles). Scp is the selectivity to 2-cyanopyrazine.

3 Results and Discussion

3.1 Bet Surface Area

The surface areas and acid strength values of the ceria sup-

ported AMPV catalysts are shown in Table 1. The surface

area of pure CeO2 is 45 m2/g. The surface area values

decreased with increase in AMPV loading on CeO2. This

may be due to the blockage of some pores by active com-

ponent or formation of some new compounds, which are of

low surface area by solid reaction between support and active

species [20–22]. The elemental analyses of the studied

catalysts are compared with ammonium salt of molyb-

dophosphric acid (AMPA). The Mo/P ratio of AMPA

catalyst was 12.4. The Mo/P and V/P ratio of synthesized

AMPV catalyst is 11.1 and 0.93, respectively. The pure

AMPV catalyst consist slightly lower contents of Mo in the

Keggin units due to the partial substitution of Mo by V. The

Mo/P ratios for CeO2 supported 5–25wt% AMPV catalysts

are 10.4, 10.7, 10.95, 11.10 and 11.0, respectively.

3.2 Powder X-ray Diffraction Studies

XRD patterns of the bulk and supported catalysts are

shown in Fig. 1. The bulk AMPV showed the Keggin ion

formation [23]. It suggests that the support exhibited strong

diffraction peaks related to the cubic phase of CeO2. The

distinct fluorite oxide phase of CeO2 is seen in all of the

samples [JCPDS 34-0394]. However, the catalysts with

low AMPV loading (5–10%) did not reveal any diffraction

peaks related to crystalline AMPV. The absences of XRD

patterns suggest the well-dispersed nature of AMPV spe-

cies on CeO2 surface. The catalysts with high AMPV

loadings (15–25%) clearly exhibited the Keggin ion [24] of

AMPA on CeO2 surface. The intensity of crystalline

AMPV Keggin ion peaks increased with increase in AMPV

loading. Thus, the XRD data hints the amorphous nature of

active species at low loadings of AMPV and presence of

crystalline Keggin ions at higher loadings.

3.3 Fourier Transform Infrared Studies

The FT-IR spectra of the catalysts are shown in Fig. 2. Pure

CeO2 did not show any IR bands. The supported catalysts

exhibit IR bands centered at 1065, 970, 873 and 790 cm-1,

which are assigned to stretching vibrations of NH4
? ion (P–

Od), (Mo–Ot), (Mo–Ob–Mo), and (Mo–Oc–Mo), of Keggin

unit, respectively [23]. The bands corresponding to Keggin

ion are less intense (weak) for the catalysts with low AMPV

loadings (5–10%) indicates that the AMPV is highly dis-

persed on CeO2. The increase in the intensity of Keggin unit

bands is noticed with increase in loading suggests the

crystalline nature of AMPV. The catalysts with 20 and 25%

of AMPV the Keggin unit bands are shifted to lower wave

number region (B5 cm-1) indicating the incorporation of

Table 1 BET surface area and acid strength values of CeO2 sup-

ported AMPV catalysts

Catalyst BET surface

area (m2/g)

Acid strength

Ei (mV)

CeO2 45 246

Bulk AMPV 50 746

5% AMPV/CeO2 9.2 500

10% AMPV/CeO2 7.4 532

15% AMPV/CeO2 6.1 595

20% AMPV/CeO2 5.3 628

25% AMPV/CeO2 3.4 620

Fig. 1 XRD patterns of AMPV/CeO2 catalysts (a) Bulk AMPV (b)

5% (c) 10% (d) 15% (e) 20% (f) 25%; (m) Keggin ion (*) CeO2

156 I. Suryanarayana et al.

123



vanadium in Keggin unit. Bardin and Davis reported a shift

of about 4 cm-1 in the P–O and Mo–O bands of

H4PMo11VO40 [25]. FT-IR analysis also suggests the for-

mation of Keggin unit on CeO2 surface during the single

step synthesis of these catalysts.

3.4 Thermogravimetric/Differential Thermal Analysis

Studies

All the supported catalysts showed similar TG/DTA pat-

terns (Fig. 3) with two-stage weight loss at about 250 and

450 �C. Initial weight loss was noticed in the temperature

range of 150–350 �C in TGA curve. The corresponding

DTA peak is centered at 250 �C due to the thermal loss of

constitutional water. The second stage of weight loss

appeared in the temperature range of 450–470 �C, which is

ascribed to the crystallization of the oxides resulting from

the decomposition of the Keggin unit. As the loading was

increased from 5 to 25%, the endothermic peak (450 �C)

slightly shifted to higher temperature, indicating the

interaction between salt and the support. The bulk AMPV

catalyst showed endothermic peaks at 200 and 410 �C, due

to loss of constitutional water and decomposition of

Keggin ion, respectively [26]. These findings are inline

with those of Bruckman et al. [27] and Marchal-Roch et al.

[28] who studied the thermal behavior of supported

vanadium incorporated MPA and ammonium salt of MPA.

Thus, The TG/DTA studies clearly indicate that, the sup-

ported AMPV catalysts are thermally more stable

compared to bulk AMPV catalyst.

3.5 Temperature Programmed Reduction Studies

TPR patterns of CeO2 supported AMPV catalysts are

shown in Fig. 4. Pure CeO2 showed two reduction peaks

around 550 and 900 �C, which are attributed to the

reduction of surface Ce4? to Ce3? and bulk CeO2 [29].

Addition of 5% AMPV to the support there is no drastic

change in the reduction of CeO2 except appearance of a

new reduction peak at about 290 �C. Li et al. [30] have

reported for vanadium substituted Cs salts of heteropoly

acids and concluded that the peaks below 500 �C can be

ascribed to the reduction of transition metal cations in the

primary structure of heteropoly acids. Therefore, this

Fig. 2 FT-IR patterns of AMPV/CeO2 catalysts (a) 5% (b) 10% (c)

15% (d) 20% (e) 25%

Fig. 3 TG/DTA profiles of AMPV/CeO2 catalysts (a) 5% (b) 10%

(c) 15% (d) 20% (e) 25%
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reduction peak may be attributed to the reduction of

vanadium species present in Keggin ion. When the loading

was increased to 10%, the reduction of surface CeO2 dis-

appeared and reduction of bulk ceria appeared at low

temperature region. Interestingly, the reduction peak of

vanadium species shifted to high temperature mainly

because, vanadium may come out of the framework and

forms vanadyl species in the secondary structure of Keggin

ion during TPR analysis [31]. The reduction of these

vanadyl species generally takes place relatively at high

temperature. The peak observed at about 700 �C, is

attributed to the reduction of free metal oxides originating

from the decomposition of Keggin oxoanion [30]. With the

increase in loading from 10 to 25%, similar reduction

patterns are noticed except a marginal shift in reduction

temperature to higher values. This is mainly because the

manifestation of strong salt and support interactions.

3.6 Acidity by Potentiometric Titrations

The acidity of catalysts was determined by potentionmetric

titration method. The initial EMF (Ei) values (shown in

Table 1) are taken as a measure for the acid strength of the

catalysts [32]. Based on initial Ei values the strength of the

acid sites are classified into the following range:

E [ 100 mV (very strong sites); 0 \ E [ 100 mV (strong

sites); -100 \ E \ 0 mV (weak sites) and E \ -100 mV

(very weak sites). The support CeO2 has low acid strength

and impregnation of AMPV on CeO2 the acid strength is

increased. The Ei value increased from 246 to 500 mV with

the addition of 5% AMPV on CeO2. The acid strength is

futher increased with increase in AMPV loading and

reached a maximum value at 20% of AMPA. Above this

loading, the Ei value decreased marginally. This decrease is

attributed to the bulk nature of AMPV on CeO2.

3.7 Ammoxidation of 2-Methylpyrazine

In the ammoxidation of MP leads to produce cyanopyr-

azine, pyrazine, H2O and carbon oxides. In the present

study it is observed the formation of CP, pyrazine as major

products. The ammoxidation activity and selectivity pat-

terns of the catalysts, as a function of AMPV loading at

different reaction temperatures are shown in Fig. 5. The

Fig. 4 TPR patterns of AMPV/CeO2 catalysts (a) 5% (b) 10% (c)

15% (d) 20% (e) 25%

Fig. 5 Product distribution of MP in the ammoxidation reaction as a

function of AMPV loading on CeO2 at different reaction temperatures

(%) transmittnace
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conversion of MP increased with increase in the APMV

loading and reached a maximum at a loading of 20%. The

conversion remains almost constant above this loading.

These results indicate that the activity was maximum for

the catalyst for which the active AMPV species are well

dispersed on CeO2. It is well known that the elimination of

diffusion resistance is difficult in the ammoxidation reac-

tion, as expressed by Forni [33]. The conversion levels also

increased with increase in reaction temperature from 360 to

420 �C.

The selectivity to CP also increased with increase in

AMPV loading. The maximum selectivity to CP (85%) was

obtained on 20% AMPV catalyst. However, the selectivity

to CP is not the same as conversion when the reaction

temperature increased from 360 to 420 �C. As the con-

version increases the selectivity to CP decreased and the

undesired dealkylated product (pyrazine) is formed. It is

expected that at high temperatures oxidative dealkylation

of MP will be prominent, thus leading to pyrazine forma-

tion. The activity and selectivity patterns for the best

catalyst (20% AMPV/CeO2) at various reaction tempera-

tures suggest that about 78% conversion, and 76%

selectivity was obtained at optimized reaction condition.

The comparison of the present work is made in terms of

activity and selectivity with the AMPV catalysts supported

on different supports (Table 2). The activity and selectivity

of different supports are obtained in the following order:

AMPV/CeO2 [ AMPV/SiO2 [ AMPV/TiO2 [ AMPV/

ZrO2 [ AMPV/AlF3. The better activity of CeO2 sup-

ported catalyst was due to the presence of V and CeO2.

Vanadium, which is known for its redox properties, is

responsible for high activity and selectivity of the catalysts.

Oxidation reactions on vanadium occurs by a redox reac-

tion normally followed by the Mars-Van Krevelen

mechanism that employs lattice oxygen for the oxidation of

the organic substrate and the gas phase oxygen supple-

ments the loss of lattice oxygen. The lattice oxygen plays

an important role in the oxidation and reduction cycle of V

during the ammoxidation reaction. As ceria is known for its

oxygen storage and release functionality, favors the vana-

dium redox functionality by releasing oxygen thereby over

all ammoxidation activity is enhanced. Thus the combi-

nation of vanadium and ceria can be considered as the

better catalytic system for this reaction.

The correlation between the conversion and the acid

strength of the catalyst are shown in Fig. 6. The results

suggest a good correlation between the acid strength and

conversion of the catalysts. The 20wt% AMPV/CeO2 cat-

alyst showed maximum acidity and conversion. In

ammoxidation reaction, conversion depends upon the

acidity and whereas the selectivity depends on the redox

properties, nature of support and reaction temperature.

4 Conclusions

The synthesis of AMPV with Keggin structure on CeO2

support is achieved in a single step. The AMPV/CeO2 cat-

alysts are thermally more stable compared to the bulk AMPV

catalyst. A maximum conversion and selectivity to CP was

obtained on 20% AMPV/CeO2 catalyst. The conversion of

MP depends on the acid strength of the catalysts. The CeO2

supported AMPV catalysts are more active and selective

compared to other supports. The high activity and selectivity

of CeO2 supported catalysts may be due to the combination

of vanadium (known for its redox properties) and CeO2

(known for its oxygen storage and release functions).
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