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Abstract—Ammoxidation of 2-, 3-, and 4-picolines to their nitrile compounds has been studied on an amorphous
molybdenum phosphate (MoPO) catalyst with P/Mo=1.0. The overall catalytic results of this study reveal that the con-
version is in the order 2-picoline>4-picoline>3-picoline, which can be rationalized neither by the steric effects nor
by the thermodynamic point of view. However, the MoPO catalyst prepared here was found to be very effective for
the ammoxidation reaction of picolines. Even at almost 100% conversion levels of all three picoline isomers, selec-
tivities to their nitrile compounds on this MoPO catalyst were higher than 90% or so.
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INTRODUCTION EXPERIMENTAL

Picolines consist of three structural isomers with methyl group  An amorphous MoPO catalyst with P/IMo=1.0 was prepared by
at different positions from the nitrogen atom in their pyridine ring reacting ammonium heptamolybdate tetrahydrate JNid,O,,-
(i.e., 2-, 3-, and 4-methylpyridines). Cyanopyridines obtained by4H,0, 99%, Aldrich) with the equimolar amount of phosphoric acid
the ammoxidation of methylpyridine isomers are main raw mate-(85 wt%, Aldrich) in water at 353K for 2 h. The slurry obtained
rials in the pharmaceutical and food industries. For example, 4-cywas dried overnight at 383 K and then crushed into powders below
anopyridine, generally produced via the ammoxidation of 4-picoline,60 mesh (23fm). Finally, the resulting solid was heated under
is a raw material for the manufacture of isonicotinic acid hydrazideflowing air, N, H,, or NH, (4 L h") at 673-773 K for 4 h. Powder
that is widely used for treatment of pulmonary tuberculosis. On theX-ray diffraction (XRD) patterns were collected on a Rigaku 2155
other hand, cyanopyridines are known to be easily transformed t®6 diffractometer with Cu Kradiation. The NBET surface areas
the corresponding acids and amides by simple pH control [Paussvere measured on a Micromeritics ASAP 2010 analyzer.
tian et al., 1981]. Among these products, in particular, nicotinamide The ammoxidation of 2-, 3-, and 4-picolines on the MoPO cata-
is an important chemical compound for the metabolism of humandyst prepared here was performed at atmospheric pressure and 563-
and animals, and is used as a food additive. 703 K in a quartz flow reactor system with fritted silica disk on which
The ammoxidation of picolines to cyanopyridines has been exten.42 g of catalyst powder was loaded. Liquid 2-picoline (98%, Al-
sively studied on humerous catalysts including vanadium-modifieddrich), 3-picoline (99%, Aldrich), or 4-picoline (98%, Aldrich) was
zeolites, vanadium-containing silico-aluminophosphates [Rao et alpumped into a constant temperature vaporizer where it was mixed
1996, titania-supported ceria [Rao et al., 1997], vanadium-supportedith NH; and Q to give a reactant stream having a molar ratio of
zirconia [Chary et al., 1998], etc. [Suvorov et al., 1968; Andersonl : 10: 10. The catalyst was pretreated to 773 K with a heating rate
et al., 1979; Rizayev et al., 1992; Chary et al., 1999, 2000; Narayef 4 K miri* and held for 4 h in flowing nitrogen (4 (') Then, the
ana et al., 1998]. Recently, we have synthesized various metal phammoxidation reaction was started at a desired temperature and
sphates and tested as catalysts for the ammoxidation of 3-picoline aun over the periods of time on stream up to 50Q vd$ used as
methylpyrazine [Shin et al., 1997a, b, c]. Among these phosphatea diluent, and the partial pressure of the picoline isomer and the total
based materials, an amorphous molybdenum phosphate (MoPQipw rate of reactants were fixed to 0.67 kPa and 4.8, lrdspec-
was found to be the best catalyst for the ammoxiation of 3-picolinetively. The flow of gases was controlled and mixed with a Mathe-
Here we describe the reactivity of this amorphous MoPO catalysson Model 8274 mass flow controller. The reaction products were
with an atomic P/Mo ratio in the ammoxidation of 2-, 3-, and 4- analyzed on-line in a Chrompack CP 9000 gas chromatograph. Pico-
picolines and compare the results in an attempt to understand tHmes, pyridine, cyanopyridine (CP), pyridinecarboxaldehyde (PCA),
influence of the methyl group position in the pyridine ring on the con-pyridinecarboxylic acid (PCAcid), pyridinecarboxylic amide (PCA-
version of picoline isomers to the corresponding nitrile compounds.mide), and ethylamine (EA) were separated in a capillary CP-Sil 5
CB column (0.25 mmx10 m) and analyzed in a flame ionization

To whom correspondence should be addressed. detector. CO, CONH;, N,O, and HO were separated in a packed
E-mail: chshin@chungbuk.ac.kr Chromosorb 103 column (1/8"x2 m) and analyzed in a thermal con-
*This paper is dedicated to Professor Baik-Hyon Ha on the occasion ofluctivity detector. The conversion was defined as the mole of the
his retirement from Hanyang University. picoline isomer reacted to that of the same isomer fed, and the se-
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Table 1. N, BET surface areas of MoPO catalysts pretreated with different gases at 773 K for 4 h before and after the ammoxidation of
4-picoline at 643 K and their activities in the ammoxidation reactioh

Pretreatment BET surface arem’ g™) Conversion Selectivity (%)
gas Before reaction After reaction (%) Pyridine 4-CP PCAmide
H, 1.3 1.2 36.7 0.2 70.1 29.4
Air 0.9 1.0 37.8 0.2 81.9 17.4
NH, 1.3 2.2 58.0 0.4 88.1 115
N, 1.9 2.7 73.8 0.2 86.9 125

*The catalytic data are reported as the values of 24 h time on stream.

lectivity was calculated as the mole of each product to that of the  7.0x107 T T T T . T
picoline isomer reacted.

6.0x107 - 8
RESULTS AND DISCUSSION R .
w  5.0x107 .
It is well known that the catalytic properties of most partial oxi- % 4.0x107 - ]

dation catalysts can differ highly according to the catalyst pretreat £ .
ment conditions. Thus, the initial aim of this study was made to find & = 3.0x10"1
the optimal gas for the pretreatment of MoPO catalyst. First, the cal®

alyst prepared here was heated under flowing aiNHL, or N, at 20x1077 1
773K for 4 h. Then, the resulting solids were tested as catalysts il 1.0x107 - i
the ammoxidation of 4-picoline at atmospheric pressure and 643 K

Table 1 lists 4-picoline conversion and selectivities to pyridine, 4- 10 20 30 40 50 60 70 80
CP, and 4-PCAmide at 24 h time on stream after pretreatments wit Conversion (%)

different gases. These data reveal that among the catalysts test'gd . - .
) . Ig. 1. Conversion versus specific reaction rate expressed per sur-
here, the highest conversion was observed for the MoPO catalyst face area of the MoPO catalyst in the ammoxidation of 4-

pretreated with N Therefore, we will henceforth usg & the pre- picoline.

treatment gas in the ammoxidation of all picoline isomers. We also

note that in all cases, except ptetreatment, the 4-picoline con-

version, as well as the selectivity to 4-CP, increases steadily witthed us to tentatively speculate that the steady increase in 4-picoline
increasing time on stream. When pretreated witHdx example, conversion with time on stream is attributed mainly to the textural
the MoPO catalyst yields a 4-picoline conversion of 65% at 5 minchange such as particle size or surface roughness in the MoPO cata-
time on stream, while it exhibits a higher conversion (74%) at 24 hlyst during the ammoxidation reaction rather than to its phase change.
time on stream (see Table 1). Powder XRD patterns (not shownlf such an increase in conversion is entirely due to an increase in
of the MoPO catalysts pretreated with different gases show that altatalyst surface area, on the other hand, the specific reaction rate
the materials still remain amorphous even after the ammoxidatiorexpressed per catalyst surface area should be constant in the full
of 4-picoline at 643 K for 24 h. However, the BET surface area  conversion range studied here. As seen in Fig. 1, however, there is
data in Table 1 reveal a small but non-negligible increase in surfaca continuous decrease in specific reaction rate with respect to the
areas after 4-picoline ammoxidation, especially when the catalysti-picoline conversion, suggesting that the observed increase in con-
was pretreated with Nor NH,. In comparison with the 4-picoline  version cannot be explained solely by the textural change in the used
reaction data, therefore, it is clear that the higher surface area of tHdoPO catalyst. Therefore, we cannot rule out the possibility of the
MoPO catalyst, the higher 4-picoline conversion it exhibits. This partial transformation of this amorphous MoPO catalyst into another

Table 2. N, BET surface areas of MoPO catalysts pretreated under flowing Nt different temperatures and their reactivities in the am-
moxidation of 3-picoline at 643 K

Pretreatment BET surface Conversion Selectivity (%)
temp. (K) area(m’g™) (%) Pyridine 3-PCA 3-CP PCAmide+PCAcid
673 1.1 6.2 7.8 2.0 18.0 72.3
723 1.6 19.2 2.5 2.0 18.9 76.5
773 2.6 21.2 2.6 2.3 27.8 67.2
823 2.5 27.0 2.0 2.3 28.1 67.6
873 1.3 13.8 35 2.2 19.9 74.4

*The catalytic data are reported as the values of 24 h time on stream.
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phase during the ammoxidation, which must be very difficult to of 2- or 4-picoline. Therefore, it appears that the ammoxidation of
ascertain by powder XRD. isomeric picolines on the MoPO catalyst can be rationalized nei-
To investigate the effects of the pretreatment temperature on thther by the steric effects nor by the thermodynamic point of view,
picoline activity of the MoPO catalyst, then, we have carried outalthough the precise reason for the observed reactivity is not known
the ammoxidation of 3-picoline under flowing & 643 K. Table  at this time. The catalytic data in Table 3 also show that the MoPO
2 lists the conversion and selectivities to pyridine, 3-PCA, 3-CP, 3-catalyst produces no noticeable amountsBECAcids in the am-
PCAmide, and 3-PCAcid in the ammoxidation of 3-picoline as amoxidation of 2- and 4-picolines, while it gives a significant amount
function of pretreatment temperature. The highest conversion andf 3-PCAcid together with 3-PCAmide when reacted with 3-pi-
selectivity to 3-CP were obtained after pretreatment at 823 K. How-coline. In general, the ammoxidation of isomeric picolines to the
ever, we should note here that there is also a continuous increasedéorresponding CPs is known to proceed in three different path-
the conversion and selectivity to 3-CP on the MoPO catalyst withways includingh-PCAmidesn-PCAcids, andh-picolylamines, re-
increasing time on stream, regardless of the pretreatment temperspectively [Suvorov et al., 2000; Prasad and Kar, 1976; Anderson
ture, which is quite similar to the trend observed for the Sh-V-SAPO-and Lundin, 1979]. While-PCAmides are produced via the reaction
5 molecular sieve catalyst [Srinvias et al., 2000]. For example, ounf n-PCAs with both NEland Q, the formation oftPCAcids may
MoPO catalyst gives a 3-picoline conversion of 27% at 24 h timebe a result of the subsequent oxidatiam®CAs. On the other hand,
on stream, when pretreated at 823 K. However, its conversion at is well-established that the dehydrogenatiom-picolylamines
the steady state, which was measured after the 250 h time on streato +CPs occurs at high rates in a selective manner, due to their high
is ca. 60%\(ide infrg. Again, this can be attributed mainly to tex- reactivities [Suvorov et al., 1968]. Significant production of 3-PCAcid
tural changes in the MoPO catalyst during the ammoxidation reacin the ammoxidation of 3-picoline strongly suggests that the con-
tion. As seen in Table 2, however, its BET surface area becomegersion of 3-PCAcid to 3-CP under the conditions studied here may
decreased when the pretreatment temperature is higher than 773 Be much more lower than that of 2-PCAcid to 2-CP or of 4-PCAacid
We believe that this may be due to the agglomeration of MoPO parto 4-CP, because the selectivity to 3-CP is much lower than that to
ticles at elevated temperatures. Table 2 also shows that the highestCP or 4-CP. We believe that this is the reason 3-PCAcid is prod-
surface area can be achieved when the MoPO catalyst is pretreataded in a significant amount during the ammoxidation of 3-picoline,
under flowing N at 773 or 823 K. However, recall that the maxi- although detailed information concerning the reaction pathways to
mum 3-picoline conversion on this catalyst is 27% at 823 K. Thisthe ammaoxidation of the three picoline isomers cannot be drawn
led us to pretreat our MoPO catalyst at 823 K prior to the ammoxifrom the catalytic data in Table 3.
dation of isomeric picolines. Figs. 2-4 show the conversionsgbicolines and selectivities to
Table 3 compares the conversions and product distributions fronthe representative products from each isomer as a function of reac-
the ammoxidation of 2-, 3-, and 4-picolines on the MoPO catalysttion temperature in the ammoxidatiomggicolines on the MoPO
measured at 623 K and 24 h time on stream. Little formation of pyr-catalyst. Due to the high dependence-picoline conversion and
idine on this amorphous catalyst, regardless of the type of the piselectivities to each product on time on stream, as described above,
coline isomers employed, suggests that the activity of dealkylatiorall these catalytic data were obtained &fef50 h time on stream
is negligible. The catalytic data in Table 3 reveal that the conversiorwhere no detectable changenipicoline activities on our MoPO
is in the order 2-picoline>4-picoline>3-picoline, which is against catalyst was observed. It can be seen from Fig. 2 that the 2-picoline
our expectations from differences in the distance between the meth *
group and the nitrogen in the pyridine ring of each isomer. We shoul

note here that this trend is substantially different than that observe 100 TA—rx—a—5x— A A A A AR
for the other phosphate-based catalysts. For example, the conve __ a A
sions of three isomeric picolines on the vanadium phosphate cat> e

lyst are reported to be in the order 4-picoline>2-picoline>3-picoline 2 807 a i
[Martin et al., 1989, 1996]. As seen in Table 3, on the other hand% /
the apparent activation energy (14.9 kcal'thof 3-picoline deter- % 60 M | —m— Conversion |
mined from the catalytic data measured at different temperatureg / Selectivity
was found to be considerably lower than that (26-27 kcalmol & 40- —O- Ethylamine | |

S /. ~A-2CP
o _ _ _ g - —O— 2-PCAmide
Table 3. Results from the ammoxidation of three different isomeric Z 20 /I g
picolines on the MoPO catalyst at 623 K. 8 _u
somer  COnversion Selectivity (%) E’ 0 oo O—0— G 8 Q—0Q—0—0
(%) Pyridine n-CP n-PCAmide (kcal mol®) 560 580 600 620 640 660
— Temperature (K)

2-picoline 80.6 03 96.0 29 26.7

3-picoline 428 12 434 53.1 14.9 Fig. 2. 2—Pico|i_ne conversion an_d selectivities to pyridin_e, 2-CP,

4-picoline 484 03 750 234 26.0 ethylamme, and 2—PCA_m|o!e asa fur_10t|(_)n of reaction tem-

perature in the ammoxidation of 2-picoline on the MoPO

“Apparent activation energy. catalyst. The data were taken after the catalyst arrived at
®Sum of 3-PCAcid plus 3-PCAmide with almost equal quantities. steady state (afterca. 250 h time on stream).
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conversion increases dramatically with increasing the reaction temthe selectivity to 3-CP increases remarkably and eventually reaches
perature from 563 to 653 K. As a result, the conversion was foundbout 85%. By contrast, the opposite is observed for selectivities to
to reach a value close to 100% at 653 K. Fig. 2 also shows that th8-PCAcid and 3-PCAmide. This suggests that 3-PCAcid and 3-
selectivity to 2-CP, the main product, always maintains above 95%PCAmide may be as intermediates to finally form 3-CP. The 4-pi-
over the temperature range studied here. Also, no significant changesline conversion and selectivities to pyridine, 4-CP, and 4-PCAmide
in the selectivities to pyridine, ethylamine, and 2-PCAmide appear-as a function of reaction temperature in the ammoxidation of 4-pi-
ing as minor products during this ammaoxidation reaction are ob-coline on the MoPO catalyst prepared in this study are shown in
served. Therefore, it is clear that the MoPO catalyst is very activeé-ig. 4. Both the 4-picoline conversion and the selectivity to 4-CP
for the ammoxidation of 2-picoline. Like the case of 2-picoline, the on this amorphous catalyst were found to notably increase with in-
conversion of 3-picoline on MoPO increases significantly with in- creasing reaction temperature. Thus, the general trend observed for
creasing reaction temperature. As seen in Fig. 3, however, the séhe ammoxidation of this picoline is essentially identical to that from
lectivity to 3-CP was found to highly depend on the reaction tem-the ammoxidation of 3-picoline. Unlike the case of 3-picoline, how-
perature. For example, the selectivity to 3-CP at 583 K is 23%, whiclever, the selectivity to 4-CP is higher than 50% over the tempera-
is quite low as compared to that to 2-CP measured at the same tetire range 583-673 K. According to the catalytic studies reported
perature in the ammoxidation of 2-picoline. With increasing to 703 K, thus far, finally, it has been speculated that changes in the textural
properties such as surface area of the catalyst during the ammoxi-
dation of isomeric picolines have little effect ontkgcoline con-

100 T T T T T T
= ./l/. versions and selectivity to the corresponding CP’s [Srinvias et al.,
X I;A/A\A 2000]. However, it is clear to us that this is not the case of the MoPO
> 801 Zﬁ i catalyst system, since its textural properties play a significant role
2 O . . . . . . ..
g \<> / _m— Conversion in achlevmg.hlgh ammoxidation reactlylty.
< 60- \ Selectivity In conclusion, the overall results of this study demonstrate that
s o o Pyridine an amorphous MoPO phase is an active catalyst for the ammoxi-
S _A_3.CP dation of 2-, 3-, and 4-picolines to the corresponding cyanopyridines.
c 401 < . ) Even at almost 100% conversion levels of all three picoline iso-
o \ —— Amide + acid . I .
g A/ o mers, selectivities to their nitrile compounds on this MoPO catalyst
Z 20 ./ O . were found to be higher than 90% or so.
8 <>\<>/<>
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