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Studies on the conditions of synthesis of picolinic acid by
heterogeneous catalytic oxidation of 2-picoline
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Heterogeneous oxidation of 2-picoline over binary P–Ti, Sb–Ti, P–Sb, and V–Ti oxide catalysts was studied over the temperature
range of 200–300 ◦C. The vanadium–titanium catalysts based on titanium dioxide (anatase) were found to be the most selective for
picolinic acid. With binary catalysts containing 20–50% of vanadium pentoxide, the selectivity for picolinic acid was 19–22% at the
36–74% conversion of 2-picoline. A distinguishing feature of these catalysts is regular surface stacking of V2O5 and TiO2 crystallites.
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1. Introduction

The products of partial oxidation of 2-picoline – 2-pyr-
idinecarbaldehyde and picolinic acid – are valuable vita-
mins, feedstocks for synthesis of physiologically active sub-
stances, dyes, and other synthetic chemicals. A sufficiently
effective method for synthesis of the aldehyde is hetero-
geneous catalytic oxidation of 2-picoline over vanadium-
containing oxide catalysts containing oxides of titanium,
phosphorus, or molybdenum as the second component
[1–3]. Picolinic acid is produced by liquid-phase oxida-
tion of 2-picoline [4].

Several papers deal with the heterogeneous catalytic ox-
idation of 2-picoline [5,6]. Vanadium-based systems, viz.
vanadium oxide on pumice, vanadium–tin and vanadium–
titanium based on the rutile modification of titanium oxide,
were used as the catalysts. The experimental temperature
ranged between 300 and 400 ◦C. The reaction products were
2-pyridinecarbaldehyde, pyridine, CO2, CO, picolinic acid,
2-pyridoin and HCN. Picolinic acid was mainly produced
with a selectivity not higher than 4% by consecutive trans-
formation of 2-pyridinecarbaldehyde. The reason for such
a low selectivity is a high rate of the acid decarboxyla-
tion at over-ambient temperatures. Intentional experiments
showed that the high rate of the decarboxylation was at-
tained under not only heterogeneous but also homogeneous
conditions [5].

Numerous papers are devoted to the discussion of the
data on behavior of isomeric picolines in the reactions of
heterogeneous catalytic oxidation and oxidative ammonoly-
sis [7–10]. The authors of these papers emphasize a higher
reactivity of 2-picoline and a lower stability of the reaction
products.

Conditions of synthesis of nicotinic acid, which also
undergoes decarboxylation at above-ambient temperatures,
were studied by us earlier. The reaction of formation
of 3-pyridinecarbaldehyde followed by its conversion to

nicotinic acid was shown to proceed in a rather effec-
tive way over vanadium–titanium oxide catalysts based on
the anatase modification of titanium dioxide at 250–270 ◦C
[11,12].

Taking into account the above-said, we studied a feasi-
bility of synthesis of picolinic acid by catalytic oxidation
of 2-picoline at temperatures below 300 ◦C. Catalysts based
on constituents of the known catalysts for oxidation of 2-
picoline to 2-pyridinecarbaldehyde, as well as vanadium–
titanium systems effective for oxidation of 3-picoline to
nicotinic acid were used for the studies.

2. Experimental

Vanadium–titanium oxide catalysts were prepared ac-
cording to the procedure given elsewhere [12]. Titanium–
antimony oxide catalysts were prepared by co-precipitating
titanium tetrachloride and antimony pentachloride from the
solutions under the action of ammonia [13]. A phosphorus–
antimony sample was prepared by mixing antimony triox-
ide with phosphoric acid followed by oxidation with hy-
drogen peroxide, drying, and thermal treatment at 450 ◦C
for 4 h [14]. A phosphorus–titanium sample was produced
by mixing a suspension of titanium dioxide hydroxide with
phosphoric acid followed by drying and thermal treatment
at 450 ◦C for 4 h.

The catalyst compositions, temperatures of thermal treat-
ments and specific surface areas are summarized in table 1.

Catalytic properties were determined for a 0.25–0.50 mm
fraction using a circulating flow installation with a gradient-
less reactor. The experimental conditions were as follows:
reaction temperature was 200–300 ◦C, contact time 0.4–
5.9 s, inlet concentrations of components (vol%): 0.7 of
2-picoline, 20.0 of oxygen, 25.0 of water, 54.3 of nitrogen.

Chromatographic and NMR techniques were used for
analysis of the starting 2-picoline (Pic) and the reac-
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Table 1
Characterization of catalysts.

Chemical Calcination Specific surface Phase
composition temperature area composition
(wt%) (◦C) (m2/g)

3 P2O5–97 Sb2O5 450 35 Amorphous
4 P2O5–96 TiO2 450 30 Anatase, rutile,

P2O5 traces
7 Sb2O5–93 TiO2 750 30 Solid solution

Sb2O5 into rutile
50 Sb2O5–50 TiO2 750 25 TiSb2O6

100 TiO2 450 300 Anatase
10 V2O5–90 TiO2 450 230 Anatase

[V–Ti(10/90)]
20 V2O5–80 TiO2 450 27 V2O5 + anatase

[V–Ti(20/80)]
50 V2O5–50 TiO2 450 27 V2O5 + anatase

[V–Ti(50/50)]

tion products: 2-pyridinecarbaldehyde (Ald), picolinic
acid (PA), pyridine (Pyr), 2-pyridinol (P-ol), 2-pyridoin
(PK), CO2.

Chromatographic analysis was carried out using a chro-
matograph Tsvet-500 equipped with heat conduction and
flame ionization detectors. A column filled with Pora-
pak Q was used for analysis of 2-picoline, 2-pyridine-
carbaldehyde, pyridine, and CO2. A column filled by Car-
bowax 6000 was used for analysis of picolinic acid and
pyridinol.

NMR spectroscopy was used for determination of 2-pyr-
idoin. 13C NMR spectra were recorded using a MSL-400
spectrometer (Bruker) at 100.6 MHz. The solution (ace-
tone, 298 K) to be analyzed contained the tautomeric en-
1,2-diol form of 2-pyridoin, which gives the lines (δ, ppm)
at 157.11 (α-C), 147.05 (α-CH), 139.23 (γ-CH), 136.47
(OC=CO), 122.93 (β-CH), 120.20 (β-CH) in the 13C{1H}
NMR spectra. The concentration of 2-pyridoin was found
by comparing integral intensities of these lines to those of
2-picoline at 158.92 (α-C), 149.31 (α-CH), 138.29 (γ-CH),
124.71 (β-CH), 122.23 (β-CH), 24.04 (CH3).

3. Results and discussion

Table 2 shows the data on oxidation of 2-picoline at a
conversion of up to 15% over catalysts of various chemi-
cal compositions. The reaction products in this experiment
were 2-pyridinecarbaldehyde, pyridine and CO2. No for-
mation of picolinic acid was observed with all of the ex-
amined catalysts. The only product which held the carbon
atoms in its side chain was 2-pyridinecarbaldehyde. The
phosphorus–antimony and vanadium–titanium catalysts re-
vealed the highest selectivity to the aldehyde. Since the
phosphorus–antimony catalyst was active at as high tem-
perature as 300 ◦C but picolinic acid is unstable at this
temperature, the vanadium–titanium system was chosen as
the most promising one for studying conditions of the syn-
thesis of picolinic acid.

Table 2
Oxidation of 2-picoline over various oxide catalysts.

Catalyst T τ X S (%) W × 1010

composition (◦C) (s) (%) PA Ald Pyr CO2 (mol/m2 s)
(wt%)

3 P2O5–97 Sb2O5 300 2.4 6.1 – 83.5 7.3 9.2 6.3
4 P2O5–96 TiO2 250 0.7 2.0 – 47.0 – 53.0 7.2
7 Sb2O5–93 TiO2 230 4.0 13.4 – 19.0 60.0 21.0 5.2
50 Sb2O5–50 TiO2 230 3.0 8.8 – 45.0 47.3 7.7 5.1
20 V2O5–80 TiO2 230 0.4 5.3 – 81.0 10.0 9.0 19.2

Figure 1. Rate of oxidation of 2-picoline (×) and selectivities for picolinic
acid (M), 2-pyridinecarbaldehyde (◦), pyridine (•), 2-pyridinol (N), 2-
pyridoin (�) and CO2 (�) versus conversion of 2-picoline. V–Ti(20/80).

T = 230 ◦C.

The rate of conversion of 2-picoline and selectivities to
the reaction products vs. conversion are plotted in figure 1
for the V–Ti(20/80) catalyst. The aldehyde predominates
among the products formed by parallel routes; the selectiv-
ity to the aldehyde decreases sharply (from 80 to 3%) as the
conversion increases from 5 to 74%. Consecutive transfor-
mations of the aldehyde yield picolinic acid, 2-pyridinol,
destruction products (pyridine and CO2), and the conden-
sation product (2-pyridoin). An increase in the conversion
results in a corresponding increase in selectivities to these
products. The selectivity to picolinic acid is 22–19% at
the conversion ranging between 36 and 74%. The rate of
conversion of 2-picoline varies only slightly over a wide
range of conversion.

Table 3 presents results of examination of vanadium–
titanium samples in the oxidation of 2-picoline. The cat-
alytic properties are seen to be strongly influenced by the
chemical composition of the catalysts.

The formation of a large quantity of destruction prod-
ucts and 2-pyridoin is observed in the presence of individ-
ual titanium dioxide, while the selectivity to the aldehyde
is about 5%. Introduction of vanadium pentoxide in an
amount of 10% results in an increase by an order of mag-
nitude in the rate of oxidation of 2-picoline at a low selec-
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Table 3
Oxidation of 2-picoline over vanadium–titanium oxide catalysts.

Catalyst composition T τ X S (%) W × 1010

(wt%) (◦C) (s) (%) PA Ald Pyr CO2 P-ol PK (mol/m2 s)

100 TiO2 230 3.4 17.0 – 4.1 24.6 16.3 tr. 55.0 0.7
245 3.4 26.8 – 5.7 30.1 20.1 tr. 44.1 1.0

10 V2O5–90 TiO2 200 2.1 73.2 7.5 1.1 5.0 11.5 tr. 76.9 6.2
230 0.5 31.0 4.5 8.0 30.3 19.8 tr. 37.4 10.5
230 1.1 60.5 4.7 1.3 35.0 21.1 tr. 38.9 10.0

20 V2O5–80 TiO2 230 0.4 5.3 – 81.0 10.0 9.0 tr. – 19.2
230 2.9 36.5 22.0 15.8 25.4 18.9 3.0 14.9 20.0
230 3.2 45.9 22.0 12.0 26.0 20.0 7.0 13.0 20.0
230 5.9 73.6 19.0 2.1 27.8 24.0 10.0 17.0 17.5
245 2.9 52.1 22.9 8.8 28.5 25.3 6.0 8.5 27.0

50 V2O5–50 TiO2 230 2.0 31.9 19.5 16.6 19.6 11.7 3.0 29.6 19.3
245 2.0 46.2 18.5 16.8 13.2 18.4 4.0 29.0 27.3
260 2.0 51.9 21.4 13.0 14.4 23.1 8.0 20.0 32.0

Scheme 1.

tivity to the products of partial oxidation. An augmentation
of the concentration of vanadium pentoxide to 20% favors
the increase in activities and selectivities to the aldehyde
and picolinic acid, a crucial decrease in the quantity of the
condensation product and additional formation of pyridinol
being observed. The further introduction of vanadium pen-
toxide to 50% does not change the activity and selectivity
to the products of partial oxidation but results in a decrease
of the ratio of the amounts of destruction products to the
condensation product. With all the examined catalysts, an
elevation of the reaction temperature by 15–30 ◦C does not
influence the selectivities to the products of partial oxida-
tion but changes the reaction route towards the formation
of the destruction products thus decreasing the yield of the
condensation product.

In accordance with the experimental data, oxidation of
2-picoline over the vanadium–titanium oxide catalysts may
be shown schematically as in scheme 1. 2-pyridinecarb-
aldehyde is produced by the parallel route, and picolinic
acid by the consecutive route. Some overoxidation of pic-
olinic acid is observed.

The destruction products, pyridine and CO2, are formed
by both parallel and consecutive routes. 2-pyridoin is a

product of the aldehyde condensation and is also formed
by the consecutive route. The contribution of this route
depends on the catalyst composition. A small quantity of
2-pyridoin is produced over the V–Ti(20/80) catalyst, but it
becomes much higher over the catalyst V–Ti(50/50). With
individual titanium dioxide and the catalyst V–Ti(10/90)
2-pyridoin is the main reaction product.

Individual titanium dioxide (anatase) reveals a low selec-
tivity and activity to the oxidation of 2-picoline. However,
it must be noticed that its activity to this reaction is higher
than that observed for oxidation of 3-picoline [12]. Such a
behavior seems to be a natural result, since 2-picoline is a
stronger base than 3-picoline, and superacidic Lewis acid
sites occur at the anatase surface [15]. The acid–base in-
teraction results in formation of the products of destruction
and condensation.

From the literature data, individual vanadium pentoxide
reveals a low selectivity to partial oxidation of 2-picoline;
it is suggested as a catalyst for dealkylation of 2-picoline
to pyridine [16,17].

Physicochemical properties of the binary vanadium–
titanium system based on the anatase modification of ti-
tanium dioxide are described in [12]. From XRD data, the
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V2O5 phase was only observed in the samples containing
20 wt% or more of vanadium pentoxide which were sub-
jected to thermal treatment at 450 ◦C. EM studies [12,18]
of the binary samples with less than 20% of V2O5 showed
highly dispersed TiO2 crystallites and associates of vana-
dium pentoxide arranged randomly with respect to one an-
other. As to binary samples characterized as two-phase
(V2O5 + anatase) systems, there was observed an interac-
tion between anatase and V2O5, i.e., a regular arrangement
and stacking of their crystallographic lattices within a thin
boundary layer.

The results obtained in the present work reveal that two-
phase samples, where the interaction of the crystallites oc-
curs, are more active and selective, compared to the other
samples of the vanadium–titanium system, to formation of
2-pyridinecarbaldehyde and to consecutive transformation
of the aldehyde to picolinic acid. The higher activity and
selectivity to the products of partial oxidation may result
from a variation in the oxygen state induced by the inter-
action of anatase crystallites with V2O5. A lower energy
of the oxygen bond and a higher mobility of oxygen were
shown [19] for the sample V–Ti(20/80) against the individ-
ual oxides. Since, according to the literature data [20], the
formation of the products of partial oxidation of 2-picoline
in the presence of vanadium-containing catalysts involves
the oxygen of the catalyst lattice, such a change in the
oxygen state in binary vanadium–titanium catalysts may be
a reason for the increase in the yield of partial oxidation
products.

Therefore, binary vanadium–titanium catalysts contain-
ing 20–50% of vanadium pentoxide and titanium dioxide
(anatase) are more effective against the other known cata-
lysts and allow for picolinic acid to be produced with the
selectivity of 19–22% at a conversion ranging between 36
and 74% under the conditions of heterogeneous oxidation
of 2-picoline at 230–260 ◦C.
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