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Heteropoly compounds in ammoxidation ofmethylpyrazine 
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Catalytic properties of molybdophosphoric, mixed vanadium molybdophosphoric heteropoly acids H3+nPMOI2_nVn040 
(n = 0, 1, 2) and their salts Na7PV4Mo8040 and NasHPV6M06040 have been studied in methylpyrazine ammoxidation. Partial 
vanadium substitution for molybdenum in heteropoly acids increases activity and selectivity towards eyanopyrazine. Sodium salts 
are somewhat less active and selective. 
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1. Introduction 

A unique combination of acid-basic and redox prop- 
erties of Mo-, W- and V-containing heteropoly acids 
(HPA) and ofheteropoly salts (HPS) provides their wide 
application in homogeneous and heterogeneous cat- 
alysis [1-3]. Actually, the range of HPA and HPS appli- 
cations encompasses, for instance, liquid-phase 
homogeneous reactions such as condensation [4], esteri- 
fication [5], etc. as well as heterogeneous vapor-phase 
oxidative dehydrogenation [6]. Studies on the oxidation 
of organic compounds are also numerous and very fruit- 
ful. So far in Japan a commercial production of 
methacrylic acid occurs via methacrotein oxidation over 
P -Mo-V HPA [7]. HPA and HPS are successfully used 
in the liquid-phase reactions of fine organic synthesis 
(FOS) for the production of antioxidants, medicines, 
vitamins, etc. [8]. Therefore, it is of importance to 
enhance the studies on catalysis with solid HPA and 
HPS in FOS. 

Forni [9] suggests to produce amidopyrazine, an 
anti-tubercular medicine, via a heterogeneous-catalytic 
ammoxidation ofmethylpyrazine and further hydrolysis 
of cyanopyrazine obtained. Data on methylpyrazine 
ammoxidation are few, and concern oxide catalysts [9- 
12] only. 

In the present pioneer study we report on the perfor- 
mance of P-Mo and P-Mo-V heteropoly compounds in 
the catalytic ammoxidation ofmethylpyrazine. 

2. Experimental 

We have studied H3+nPVnMOl2-n04O HPA (n = 0, 1, 
2) and Na7PV4MosO40, NasHPV6M06040 HPS. We 
failed to obtain free acids containing more than three 
vanadium atoms, since it was impossible to compensate 
completely the negative charge, forming in vanadium 
substitution for molybdenum, by protons. 

In order to obtain H3PMo12040 solution, com- 
mercial HPA was purified by ether extraction. 
H3+nPVnMo12-n04O solutions were prepared boiling 
NaH2PO4.2H20, Na2MoO4.2H20 and NaVO3.2H20, 
then acidified to pH = 2 and then extracted by ether 
according to the procedure described elsewhere [ 13]. 

In order to prepare Na HPS, containing four or six 
vanadium atoms, we dissolved NaH2PO4.2H20, V205  
and MoO3 in a boiling water solution of NaHCO3, then 
acidified the solution to pH = 1, and filtered the non-dis- 
solved precipitate. 

Solid HPA and HPS were obtained by water evapora- 
tion. Thus obtained compounds were dried at 110~ and 
tabletted. A 0.25-1.00 mm fraction was separated for 
further studies. 

Thermal gravimetric analysis was performed with 
Derivatograph Q-1500D in air, using a 1 g sample. The 
heating rate was 10~ per rain. 

X-ray diffraction patterns were obtained on a D-500 
(Siemens) diffractometer with a Cu K~ monochromatic 
radiation. 

IR spectra were recorded with a Perkin-Elmer 457 
spectrometer. Samples (2 mg) were tabletted with CsI. 

The catalytic properties were determined in a flow 
setup with a chromatography analysis of reaction 
products [14]. Before measurements, the samples were 
treated in the nitrogen flow at 250~ for 1 h until 
complete removal of the crystal-hydrate water. All 
catalysts were exposed to the following reaction mix- 
ture: CsH6N2 : 0 2  : N H 3  : H 2 0  = 1-2 : 8-10 : 15-20 : 
5-7 (vol%) nitrogen balance. Reaction mixture flow 
rate was 10 e/h. The reactor (diameter 20 mm) with 
the catalyst was put into an electric heater with a 
vibro-fluidized sand bed. 

In ammoxidation methylpyrazine (MP) can experi- 
ence the following transformations: 

NH3,02 
C4H3NECH3 ) C 4 H 3 N E C N  + 3 H 2 0  (1) 
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C4HsN2CH3 02 C4H4N2 + CO(CO2)  + H 2 0  (2) 

C4H3N2CH3 02, 5CO(CO2)  + 3 H 2 0  + N2 (3) 

Here reactions (1), (2) and (3) are respectively the ammo- 
nolysis, oxidative dealkylation and complete oxidation 
of methylpyrazine. Chromatography shows that there is 
no NOx among the reaction products. 

According to eqs. (1)-(3) the selectivities towards cya- 
nopyrazine (CP), pyrazine (P) and carbon oxides were 
calculated as: 

Acp x 100 
ScP(~0 ) -~- AOMp -- AM P ' 

4Ap x 100 
s p ( % )  = 5 ( A o  P _ AMp)  ' 

Acox x 100 
Sco (%) = 5 ( A o  P _ AMp)  ' 

where A~ is the inlet methylpyrazine content (moles), 
AMy, Acv, Ap, Acox are the outlet methylpyrazine, cya- 
nopyrazine, pyrazine and carbon oxides (CO + COz) 
content (moles), respectively. 

The reaction temperature was increased stepwise 
from 300 to 400~ and the methylpyrazine conversion, 
reaction products selectivity and carbon balance were 
determined. In order to compare the catalytic properties 
of samples, the first-order rate constant of the overall 
methylpyrazine conversion (K 1 (s-l)) and the maximum 
yield of cyanopyrazine (Y(%)) were calculated. 

3. R e s u l t s  a n d  discussion 

According to the IR data all samples dried at 110~ 
have the Keggin structure. 

3.1. Heteropoly acids H3+nPMo12-n Vn 04o 

Fig. 1 presents the differential thermal analysis 
(DTA) curves of the samples. Endothermal peaks within 
100-200~ and 350-M00~ result from a stepwise dehy- 
dration of HPA, accompanied by the loss of crystal- 
hydrate and structural water, respectively. Chuvayev 
and coworkers [15] suggested to take the exothermal 
effect temperature, which follows the structural water 
loss, as a HPA stability criterion [15]. 

Studying the P -Mo HPA thermolysis [16], we have 
found that, when structural protons are removed, the 
Keggin anions start to converge and deform.' This pro- 
cess is accompanied by an exothermal effect at 435~ A 
PMo12Oss.s phase is formed. A reversible transforma- 
tion of the phase to parental acid during its dissolving or 
long storage in wet air shows its anhydride HPA proper- 
ties. For the mixed P -Mo-V HPA, the "anhydride-like" 
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Fig. 1. DTA curves of H3PMo12040.13H20 (1); H4PV1MOllO4o 
�9 14H20 (2); HsPV2Mol0040.14H20 (3); Na7PV4MosOa0.14H20 (4) 

and NaaHPV6Mo6040-7H20 (5). 

compounds also form [17]. Their formation is accompa- 
nied by an exothermal effect. Such compounds can 
recover to HPA in dissolving as well. 

The displacement of the exothermal effect (fig. 1) evi- 
dences that the thermal stability of mono-vanadium 
HPA is higher than that of P-Mo HPA, while a further 
increase in vanadium content slightly decreases the sta- 
bility. Our results comply with the other data obtained in 
refs. [17,22,26]. 

Since the reaction temperature in the catalytic meas- 
urements does not exceed 400~ we may expect that the 
Keggin anion should retain in HPA, as the catalytic 
activity is measured. Fig. 2 shows the IR spectra of the 
samples before and after reaction. Within 400- 
1200 cm -1, which is the range characterizing the Keggin 
anion [27,28], the spectra of P-Mo and P - M o - V  HPA 
after reaction are similar to those before (fig. 2, spectra 
1-6). Thus the primary HPA structure does not change 
in the reaction course. However, the secondary structure 
and phase composition change noticeably. Thus the IR 
spectra show the band at 1405-1410 cm -1 typical for 
6asNH4+. Therefore, ammonia salts of P-Mo and P - M o -  
V HPA can form in the methylpyrazine ammoxidation. 
This is confirmed also by X-ray phase analysis. The X- 
ray patterns of P-Mo HPA before and after reaction (see 
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Fig. 2. IR spectra of H3PMo1204o (1, 2), HaPVlMoltO~ (3, 4); 
HsPV2Mol0040 (5, 6); NaTPV4MosO40 (7, 8) and NasHPVsMo6040 
(9, 10). Initial samples (1, 3, 5, 7, 9) and samples after reaction (2, 4, 6, 

8,10). 

fig. 3) are typical for the HaPMo12040.13H20 ofa  mono- 
clinic structure [29] and for the ammonia HPA salt of a 
cubic structure [30] respectively. The phase composition 
of mixed P - M o - V  HPA changes in the similar manner. 
They convert into the ammonia salts of the correspond- 
ing acids. 

Fig. 4 shows the dependencies of methylpyrazine con- 
version, reaction product selectivity and carbon balance 
on reaction temperature for P-Mo HPA. Similar depen- 
dencies are also obtained for other heteropoly com- 
pounds. Table 1 shows the experimental results 
obtained. 

In all samples carbon is not in balance when reaction 
temperature is lower than 350~ We attribute such a 
low-temperature imbalance to the irreversible methyl- 
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Fig. 3. X-ray patterns ofP-Mo HPA before (1) and after reaction (2). 

pyrazine adsorption on the strong acid proton sites. As 
reaction temperature increases, carbon balance 
increases due to the decrease of the Bronsted acid site 
number and their strength on dehydration [18] (causing 
the loss of structural water) and due to ammonia salts 
produced in the reaction of protons with ammonia of the 
reaction mixture. 

In the balance experiments the increase of methylpyr- 
azine conversion yields a slight decrease in the selectivity 
towards cyanopyrazine and a simultaneous increase in 
the selectivity towards pyrazine and COx. This confirms 
cyanopyrazine after-oxidation to occur. If methylpyra- 
zine conversion is 80% and higher, the amount of COx 
exceeds that ofpyrazine, thus evidencing the destruction 
of the heteroaromatic ring. 
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Fig. 4. Methylpyrazine conversion (1), carbon balance (2); and selectiv- 
ities towards cyanopyrazine (3), pyrazine (4) and carbon dioxides (5) as 

functions of temperature. 
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Table 1 
Catalytic properties ofheteropoly compounds at the methylpyrazine ammoxidation, r = 2 s 

Catalyst composition Tr X K 1 Selectivity (%) 
(surface) (~ (%) (s - l)  

COx C4H4N2 CsH3N3 

n a 

(%) 
Yield (%) 

CsH3N3 

H3PMO12040 
(S = 2 m2/g) 

H4PVIMo11040 
(S = 2.1 m2/g) 

HsPV2MoloO40 
(S = 2.8 mE/g) 

NaTPV4Mo8 040 
(S = 1.8 m2/g) 

NasHPV6Mo6040 
(S = 1.8 m2/g) 

310 9.6 0.05 7.1 12.9 21.8 
330 17.0 0.09 5.3 12.5 62.9 
350 52.3 0.37 4.7 13.2 71.7 
370 82.1 0.86 6.0 16.8 72.9 
380 87.5 1.02 7.7 20.5 71.4 
390 97.3 1.81 9.2 24.3 67.1 

300 14.4 0.02 5.5 8.7 29.1 
320 30.4 0.18 4,3 7.8 44.3 
345 56.6 0.42 5.5 8.3 70.8 
355 74.5 0.68 6.3 6.7 84.8 
365 81.1 0.94 5.1 6.8 83.7 
375 92.7 1.31 5.8 7.0 83.0 
385 94.7 1.91 15.8 19.8 63.0 

310 30.5 0.18 7.8 10.5 50.3 
330 57.1 0.42 5.4 8.4 46.3 
350 79.0 0.78 6.3 13.5 74.4 
360 90.0 1.15 5.3 10.9 83.2 
380 97.5 1.84 6.4 11.1 79.3 
390 98.1 1.98 7.2 12.9 78.6 

300 18.7 0.10 2.3 2.9 22.4 
320 24.7 0.14 2.3 4.8 29.6 
340 43.3 0.28 2.4 4.6 49.6 
360 51.7 0.36 2.6 7.2 66.7 
380 64.1 0.51 3.7 7.9 79.2 
390 89.0 1.10 4.0 16.9 73.9 
400 98,5 2.10 5.2 22.6 72.2 

290 16.7 0.09 2.2 3.8 5.3 
310 22.6 0.13 2.1 4.1 29.1 
320 28.3 0.17 2.7 3.6 38.7 
340 35.4 0.22 2.5 3.8 51.3 
360 47.1 0.32 2.2 5.6 69.1 
380 62.3 0.49 4.2 10.9 80.5 
390 91.4 1.23 5.4 12.7 80.5 
400 98.3 2.04 5.7 16.6 75.7 

41.8 2.1 
80.7 10.7 
89.6 34.5 
95.7 59.8 
99.6 62.5 

100.6 65.3 

43.3 4.2 
56.4 13.5 
84.6 40.1 
97.8 63.2 
95.6 67.9 
95.8 76.9 
98.6 59.7 

68.6 15.3 
60.1 26.4 
94.2 58.8 
99.4 74.9 
96.8 77.3 
98.7 77.1 

27.6 4.2 
36.7 7.3 
56.6 21.5 
76.5 34.5 
90.8 50.8 
94.8 65.8 

100.0 71.1 

11.3 0.9 
35.3 6.6 
45.0 11.0 
57.6 18.2 
76.9 32.5 
95.6 50.2 
98.6 73.6 
98.0 74.4 

a B: balance. 

Basing on our experimental data, we believe that 
methylpyrazine ammoxidation follows the same conse- 
cutive-parallel scheme as in the case of oxide catalysts 
[141: 

C 4 H 3 N 2 C H 3  

I 

C 4 H 3 N 2 C N  

C4H4N2 ~ C O  + CO2 

Fig. 5 compares the catalytic properties of samples, 
regarding vanadium atom content in the Keggin anion. 
Vanadium introduction instead of one or two molybde- 
num atoms is accompanied by the increase in both activ- 
ity and selectivity towards cyanopyrazine, the 
substitution of the first molybdenum atom strongly 
affecting catalysis. Further substitutions have no signifi- 
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Fig. 5. Relationship between activity (1), selectivity towards cyanopyr- 
azine at a 90% conversion (2), maximal cyanopyrazine yield (3) and 

oxidation potential (4) and V content in the samples. 
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Table 2 
Effect ofreactiontime onthe catalytic properties ofP-Mo HPA. Tr = 390~ contact time r = 1 s 

117 

Reaction X 
time (%) 
(h) 

Selectivity (%) 

COx C4H4N2 CsH3N3 

Carbon 
balance 
(%) 

1 65.1 5.4 16.1 75.0 96.5 
5 65.4 5.0 15.1 76.2 96.3 

16 64.0 5.3 15.7 77.0 98.0 
22 63.7 4.5 15.3 76.7 96.5 
26 64.1 5.2 16.4 75.4 97.0 
36 63.7 5.4 16.5 74.0 95.9 

cant effect. Stronger oxidative properties may be a factor 
increasing the activity and selectivity towards cyanopyr- 
azine as vanadium is introduced. Fig. 5 also shows the 
literature data [19] on the HPA oxidative potential (~ 
as a function of  composition. It  is evident that the curves 
change in a symbatic manner.  

The catalytic properties of  P - M o - V  HPA can also 
be improved by a more efficient methylpyrazine activa- 
tion on vanadium-containing active sites [20]. 

Vanadium similarly affects the HPA activity and 
selectivity in the oxidation of acrolein, isobutylene and 
isobutane to the corresponding acids [21,22,26]. 

Since the catalytic reaction occurs at temperatures 
close to the stability temperature for the Keggin anions 
P - M o  and P - V - M o  (HPA), samples can be deactivated 
in the reaction course due to the HPA decomposition 
caused by the high temperature and reducing reaction 
medium. 

Table 2 presents the data showing how the catalytic 
properties depend on the time of  reaction over P - M o  
HPA, which is the least thermally stable acid among 
the studied ones. Long time experiments were per- 
formed with the sample after the step-wise reaction 
temperature increase from 300 to 390~ The table 
shows that  neither activity nor selectivity change sig- 
nificantly. Thus we believe that such a behavior is due 
to the ammonia  salts (forming in the presence of 
ammonia) that  are more stable than the corresponding 
HPA [231. 

3.2. Sodium H P A  salts 

The dehydrat ion of  Na7PV4MosO40 and 
NasHPV6Mo6040 salts proceeds somewhat different. 
Water  and pro ton  removal causes secondary structure 
rearrangement and the cubic-structure salts produced 
undergo crystallization, which is accompanied by the 
exoeffect at 3 55-375~ (fig. 1, curves 4 and 5). These salts 
start to decompose just after crystallization ends. The 
maximum temperatures of  the corresponding exother- 
mal peaks of  Na7PV4MosO40 and NasHPV6Mo6040 
salts equal 500 and 480~ respectively. Thus within 300- 
400~ we may expect a partial decomposition of  hetero- 
poly anions in the reaction course. 

Indeed after reaction performance, beside the lines 
typical for cubic structure HPA salts [30] the X-ray pat- 
terns show the lines corresponding to the mixed sodium 
vanadium molybdates such as Na2VMoO6 identified 
according to ref. [31]. The IR spectra of  the salts show 
the band shifts within 1100-1200 cm -1, some bands 
within 600-670 cm -1 disappear and new bands appear 
within 800-990 cm -1 (see fig. 2, spectra 7-10). This fact 
also evidences a partial decomposition of  the HPS. 

Table 1 shows that sodium salts are somewhat less 
active and selective than the catalysts based on the P -  
Mo and P - M o - V  HPA. 

The change of  activity and selectivity of  salts towards 
reaction products with increasing temperature is similar 
to that already described. At comparatively low tem- 
peratures the change is caused by dehydrat ion and sec- 
ondary structure rearrangements producing mixed 
sodium-ammonia  salts. At high temperatures the 
Keggin anions partially decompose, and thus phase 
composition changes. 

In conclusion, let us note that H P A  used as catalysts 
in the ammoxidation of  methylpyrazine allow a 75-77% 
yield of cyanopyrazine. This yield is close to that 
described in the patents concerning the oxide catalysts 
[24,25]. 
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