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Calibration curves for the quantitative ESCA analysis of a V,O&Q catalyst have been 
constructed. It is shown that by sintering the catalyst the SnOs particbs are embedded in a V,O, 
matrix, and that the surface concentration of V,O, is hi&her than the stoichiometric bulk 
composition. product distributions for the oxidation of 3-picoline and 2-methyl-Pethylpyridine 
(MEP) over the catalyst VzOs/SrQ = l/1.5 are reported. Activation of the catalyst during the first 
30-60 min can be correlated with its degree of reduction, which is increasing during this period. The 
catalyst is only reduced in a thin surface layer to an oxidation state somewhere between V,O, and 
VsO.. Simultaneously the amount of adsorbed species, which are suggested to be adsorbed 
intermediates, is increasing. A decrease in the ratio Os/3-picoline produces an increased total 
oxidation in the conversion over the V,O&Q catalyst l/1.5. The degree of reduction of the 
catalyst as well as the amount of adsorbed species is simultaneously increased. The addition of H,O 
to the vapor phase increases both the conversion and the selectivity. The catalyst is less reduced 
with the addition of HsO. The pyridine derivatives are shown to be adsorbed on the catalyst 
without any large donation of the electron pair of the N atom. Adsorption via the alkyl carbon of an 
oxidized intermediate is suggested. A shift of 1.7 eV in the N,, core line indicates that of the 
pyridme carboxylic acids in the solid state only picolinic acid forms hydrogen bonds to the N atom. 
The equilibrium distribution between H-bonded and non-H-bonded picolinic acid is 2 : 3. 

INTRODUCTION 

For the manufacture of 2-pyridinecar- 
boxylic acid (picolinic acid) and 3-pyridine- 
carboxylic acid (niacin) on an industrial 
scale liquid-phase oxidation is employed. 2- 
Picoline is oxidized by potassium perman- 
ganate to picolinic acid and a convenient 3- 
alkylpyridine, i.e., 3-picoline or 2- 
methyl-5-ethylpyridine (MEP) is oxidized 
with nitric acid and high pressure. How- 
ever, if air could be used as the oxidizing 
agent without significantly reducing the 
yields, the cost would be lowered and the 
production simplified. 

The oxidation of 2-picoline to picolinic 
acid and 2-pyridinealdehyde in the vapor 
phase using air as the oxidizing agent has 
already been studied (1) and 3-picoline (2) 
and MEP (3) have been used similarly. In 
these experiments, catalysts based on V,O, 
have chiefly been used. Generally it has 

been observed that during the course of 
oxidation the catalyst becomes reduced (4), 
and the catalytic mechanism is often de- 
scribed as a redox process (5). However, as 
a rule the whole bulk phase of the catalyst 
has been analyzed. The aim of the present 
investigation was to study how the surface 
layer of a V,O,-based catalyst is affected by 
participating in the catalytic oxidation of 2- 
picoline, 3-picoline, and MEP. 

Recently, ESCA (electron spectroscopy 
for chemical analysis) has been increasingly 
used for investigating catalysts (6). It is a 
surface-sensitive analytical method that 
gives information about elements present in 
a surface layer of approximately N-SO A. 
Their oxidation states and/or chemical en- 
vironment can usually also be determined. 
Quantitative analysis (7) is becoming more 
common, in spite of the fact that the error 
can be as large as 50%. However, the 
factors causing any inaccuracy in the 
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present work are stated and methods for 
minimizing them are discussed. Due to the 
samples being rather similar to each other, 
and by using careful calibration the error 
has been lowered to well under 10%. The 
states of vanadium, tin, and especially oxy- 
gen in catalyst V,O,/SnO, = l/1.5 treated 
in various ways are analyzed both qualita- 
tively and quantitatively and are discussed 
below. 

It was already known that the catalyst is 
reduced, and VgOla particularly has been 
described as being a selective oxidant 
(8, 9), while V,O, and V,O, alternately are 
described as being inactive or active for 
total oxidation, depending upon which sub- 
stances are being oxidized. It was therefore 
of interest to look for correlations between 
the product distribution and surface state of 
the catalyst for the reactants here em- 
ployed. 

An activation phenomenon can often be 
observed in catalysis, and for V,O, cata- 
lysts it has been described as a reduction of 
the catalyst (8). This modification during 
the oxidation of 2-picoline and MEP was 
studied for a period of 2.5 h. Since other 
parameters and additions that can influence 
the conversion may also affect the catalyst, 
we also investigated how the ratios 02/3- 
picoline and O,/MEP influence the conver- 
sion to the various main products and the 
surface state of the catalyst, and how the 
addition of H,O affects the catalyst. 

To gain insight into the reaction mecha- 
nism, it is necessary to know both the state 
of the catalyst and how the reactants are 
adsorbed on the catalyst. There is little 
information on how pyridine derivatives 
are bonded to the surface, but a shift in the 
N,, binding energy using ESCA should 
show whether or not they are coordinated 
by the N lone pair. 

Instrumental 

METHODS 

The experiments were performed on an 
AEI ES 100 electron spectrometer 

equipped with a hemispherical electrostatic 
analyzer. An Al anode (1486.6 eV) was 
used, and the instrumental resolution for 
the Auw,,, signal was 1.3 eV. The oil diffu- 
sion pumps gave a vacuum of lO-7-1O-8 
Torr. The instrument was calibrated as 
described earlier by SchGn (10). To adjust 
the signals for the sample charging, which 
*as smaller than 1 eV for these samples, 
the C,, signal from the carbon compound in 
the sample was observed and was given the 
binding energy (BE) value of 284.3 eV, 
which is the position of carbon in graphite 
(II). If the samples were kept in the spec- 
trometer for a long period of time a carbon 
signal at 285.0 eV built up; this originated 
from the pump oil (I I) which was slowly 
contaminating the sample surface. This of 
course makes the charging adjustment 
difficult. The carbon signal from the series 
with different reaction times was often un- 
symmetrical and the right-hand O,, signal 
(at lower BE) was used for calibration and 
placed at 529.7 eV instead. 

X-Ray diffraction analysis was carried 
out by a Philips X-ray diffraction instru- 
ment using a PW 1310/01/01 generator and 
CuKa radiation. 

Secondary ion mass spectroscopy 
(SIMS) was performed on a Cameca IMS 
300 instrument. The probe size was a200 
pm. The primary ion (O-) current was =0.4 
PA. Secondary ions were positive. 

Sample preparation 

V205 was from UCB (PA) and Baker 
(AR). Sn and SnO were from Kebo 
(pm-urn), SnO, was from Fisher (certified 
reagent grade). Sn(VOs), was precipitated 
from a solution of SnC1, (BDH, laboratory 
reagent grade) with NH,VO, (Riedel de 
Haen, pm-urn), washed and dried at 100°C. 
The following pyridine derivatives were 
used: picolinic acid (2-pyridinecarboxylic 
acid, Merck P.A.), nicotinic acid or niacin 
(3-pyridinecarboxylic acid, Merck P.A.), 
isonicotinic acid (4-pyridinecarboxylic 
acid, Merck P.A.), isocinchomeronic acid 
(2,5-pyridinedicarboxylic acid, Fluka AG 
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lab use), 3-pyridinecarbaldehyde (Merck 
P.A.), niacin N-oxide (AB Bofors, No- 
be&rut), isonicotinic acid N-oxide (AB Bo- 
fors, Nobelkrut), 3-picoline (Zmethylpyri- 
dine, Merck P.A.), and pyridine 
(Mallinckrodt AR). 

The catalysts were made by sintering 
V20,/Sn02 powder mixtures (ratio l/ 1.5) 
at 1250°C for 3 h. Calibration curves for the 
ESCA analysis were constructed both for 
the V20,/Sn02 powder mixtures ground in 
a Retsch mill and the same samples sintered 
in quartz crucibles at 1250°C and thereafter 
ground in the mill. 

For the ESCA measurements, the cata- 
lyst granules were placed, or the powder 
pressed, into a boat sample holder. No 
contribution from the sample holder could 
be seen in the spectra. 

The catalysts were analyzed within a few 
hours after their use in catalytic oxidation. 
The transfer from the catalytic reactor to 
the ESCA instrument was done in air. No 
changes could be detected in catalysts 
stored in air for 2 weeks, as compared with 
samples transferred in nitrogen. 

The catalysts that had been used for 150 
min were also analyzed, after having been 
ground, to see if the changes had only 
occurred in the surface layer. These sam- 
ples were ground manually in an agate 
mortar. Adsorption measurements were 
done by slurrying the catalyst with the 
liquid, inserting the sample into the vacuum 
of the sample chamber, and quickly cooling 
the sample probe with liquid nitrogen. The 
sample was thereafter heated in steps, un- 
der vacuum, while spectra were recorded at 
intervals. 

Oxidation Experiments 

The catalysts were used as solid-phase 
catalysts in the vapor-phase oxidation of 
alkylpyridines. The experiments were per- 
formed in an apparatus that included four 
main units: a feeding system for introducing 
controlled amounts of alkylpyridine, air, 
and steam; the catalytic reactor; a product 

recovery unit; and an analysis unit includ- 
ing a total oxidation reactor. 

Primary air was passed through the ther- 
mostated vaporizer containing alkylpyri- 
dine. The resultant gas stream was mixed 
with secondary air and steam to the desired 
composition. The percentage of alkylpyri- 
dine in the reactant stream was determined 
by oxidizing the alkylpyridine totally to 
carbon dioxide, water, and nitrogen oxides 
and analyzing the percentage of carbon 
dioxide by gas chromatography. 

The condensing system after the reactor 
consisted first of three U-tubes, then four 
bubblers containing water, and finally two 
tubes packed with glass wool. The first U- 
tube was kept at -20°C and the last two at 
-50 and -60°C by means of freezing mix- 
tures. The analyses of the products have 
been described by Jar&s (12). 

Quantitative ESCA Analysis 
As a measure of the intensity, the area of 

each signal was taken (13). For the O,,- 
V 2p3,2 region the baseline was drawn from 
the higher BE side of the O,, signal to the 
lower BE side of the V,,,,, signal. The O,, 
signal was usually unsymmetrical and it 
was deconvoluted manually into its two 
components by a mirror reflection of the 
low BE side. This procedure is not inferior 
to a computer treatment. 

The areas, measured using a.planimeter, 
were multiplied by the counting rate and 
divided by the sensitivity factor for photo- 
emission. Atom percentages of V, Sn, and 
0 were calculated by dividing each figure 
by the sum (Z) of all three. C/S and O,,/Z 
were also calculated. 

The sensitivity factors for photoemission 
used here were C,, = 0.37, N,, = 0.63, O,, 
= 1, v,,,, = 2.17, and Sn,d5,, = 7.0. They 
were determined by measurements on the 
clean oxides. The arithmetic mean values 
of sintered and unsintered samples were 
calculated. C,, and N,, sensitivity factors 
were taken from Carter et al. (14) and were 
adjusted to the base O,, = 1. 
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All lines in the figures are least-squares 
fits performed on an HP 9100B desk calcu- 
lator with a 9125A plotter. The curve de- 
convolution of the N,, core line of picolinic 
acid was performed on the same equipment 
using Gaussian curve forms. 

RESULTS AND DISCUSSION 

Quantitative ESCA Analysis 

In measuring element concentrations by 
ESCA, several factors of importance must 
be taken into account (15, 16). These are 
both pure instrumental and sample factors. 
As these experiments have been performed 
on a single instrument and with the same 
conditions for different samples (intensity 
of the X rays, sample orientation, collector 
and analyzer widths), the instrumental fac- 
tor has been minimized. The other factors 
can be reduced by measuring samples as 
much alike as possible and keeping the 
same orientation of the samples in the spec- 
trometer. By also choosing closely lying 
signals (O,, 4 V,,, - Sn3d5,z = 954 - %7 - 
998 eV) for the various elements, the varia- 

tion in losses, due to inelastic scattering, 
can be ignored. 

The intensity then depends upon the 
number of atoms in the volume element and 
the probability for emission, which varies 
with element and core. The cross sections 
for photoemission can be found in the liter- 
ature both experimentally determined (17) 
and theoretically calculated (14, 26). The 
cross sections can vary by a considerable 
amount for the same element in different 
compounds (18). Attempts to explain this 
have been made (13, 16, Z8), but it is still 
not possible to foresee these variations, and 
therefore calibrations have been performed 
here. 

In Fig. 1, curves of atom percentage V 
and Sn, determined by the ESCA analysis, 
are shown as a function of the theoretical 
composition of the samples. The reproduc- 
ibility of the ESCA analysis is measured for 
the catalyst sample to be less than the 
following values: 2% error in the area mea- 
surement, 5% error in the recording of the 
spectra, 5% error in the preparation of the 
sample. The mean square of these errors is 

, 

O/l00 50/50 100/o 

V/Sri ATOM RATIO 

FIG. 1. Composition in atom percentage V, Sn, and 0 calculated from ESCA spectra of V,O, and 
SnO, mixtures as a function of the V/Sri bulk ratio for both sintered (0) and unsintered (X) samples. 
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less than 8%. In Table 1 the composition in 
atom percentage for the various oxides is 
shown. The deviation from the theoretical 
values is rather low. 

In Fig. 1, one can see that for powder 
mixtures the curve for percentage Sn is 
somewhat higher than the theoretical curve 
(dashed line) and for percentage V is some- 
what lower. If the SnOz particles are 
smaller than the VZ05 particles, SnO, will 
occupy a relatively larger portion of the 
surface than the true composition in the 
bulk would indicate, due to a pure packing 
effect. The same effect has been observed 
in the systems V205-Si02 and V205-Ti02. 
Similar results are reported for Moos-SnOz 
(29). It has also been observed that the 
deviation is larger if the particle sizes of the 
oxides are very different. For powder mix- 
tures that had not been ground in a Retsch 
mill, but yet mixed very thoroughly with a 
spatula, the effects were very large. 

For the sintered mixtures, a much larger 
deviation in percentage V and percentage 
Sn from the theoretical values is apparent. 

TABLE 1 

The Composition of Some V and Sn Oxides and the 
V,O,/SnO, Catalyst (l/1.5) Before and After Reac- 
tion, with or without Water Additiona 

Composition 
(atom%) 

0 V Sn 

SnO 
SnO, theory 
SnO, 
SnO,, sintered 
SnO,, theory 
SnWOd. 
Sn(VO&. theory 
v.0, 
V,O,, sintered 
v*os, th-=-Y 
V,O&nO, (l/1.5), theory 
V,O./SnO,. used (MEP) 

(with water) 
V,O./SnOt, used (MEP) 

(without water) 
V&/SnOz unused* 

56 44 0.18 
50 50 
65.5 34.5 0.06 
61.9 32.1 0.07 
66.7 33.3 
70.8 21.5 7.7 - 
70.6 23.5 5.9 
71.8 28.2 0.19 
71.1 28.9 0.16 
71.4 28.6 
69.6 17.4 13.0 
70.0 25.2 4.8 0.62 0.22 

68.5 25.4 6.2 0.66 0.33 

70 27 3 

o Comnositions are given in atom% V, Sn, and 0 and for C 
and Oad as the ratio tithe sum of V + Sn + 0. 

b Taken from curves of sintered V,0,/Sn02 mixtures in 
Fig. 1. 

The curves intersect each other at a theo- 
retical V/Sri ratio of approximately lo/90 
and analysis gives 14% V and 14% Sn. The 
cause of this is that the sintering is done at 
125O”C, a temperature between the melting 
point of both components. The melting 
point of V,O, is 690°C while that of SnO, is 
approximately 16OWC, and it seems likely 
that the SnO, particles will be surrounded 
by V,O, on cooling. The presence of the 
separate V,O, and SnOz phases was 
identified with X-ray diffraction and scan- 
ning secondary ion mass spectroscopy. The 
distribution of Sn is shown in Fig. 2. From 
this analysis it is clear that SnO, exists 
mostly as separate aggregates in the V,O, 
phase. Any conclusions regarding doping 
effects in this system cannot be drawn from 
these investigations, but such effects seem 
plausible. 

In Table 1 it is shown, by the ESCA 
analysis, that the used catalyst V205/Sn02 
= l/ 1.5 has an Sn content of approximately 
5%. This is a rather large deviation from the 
theoretical, 13.04% Sn. However, from 
Fig. 1, at the theoretical composition of this 
catalyst (V/Sri = 57.14/42.86), it can be 
seen that this sample in powder mixture 
gives 17% Sn while the sintered mixture 
only gives 3% Sn in the ESCA analysis. 

The Or, signal was asymmetric for all of 
the measured samples. It can be seen from 
Fig. 6 that this asymmetry toward higher 
BE is greater for the used catalysts. The 
origin of the asymmetry is thought to be 
that oxygen is adsorbed in various forms on 
the surface of these oxides, and thus gives a 
signal at a higher binding energy than lattice 
oxygen. Asymmetry due to core hole- 
conduction electron interaction is consid- 
ered to be negligible since the density of 
states is low. The contribution that gives 
the asymmetry in the O,, line has been 
separated from the main line. It is termed 
Oad and has approximately 2 eV higher 
binding energy. The main signal has been 
calculated as percentage 0 and the other 
signal as the ratio to the sum of 0, V, and 
Sn, i.e., O,,/Z. 
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FIG. 2. Photograph from scanning SIMS (mass number 120) showing an inner part (polished) of 
catalyst with V,O,/SnOz = l/1.5. The diameter of the area is 100 pm. The large black part is probably 
a nick. The white parts correspond to Sn. Sn is available mainly as small grains (2-6 pm). Where Sn is 
available dark shadows are seen on the V picture. 

Other possible contributions to asymme- 
try have been excluded because broadening 
to higher BE occurs only for the O,, signal. 
This asymmetric oxygen signal from metal 
oxides has been explained as adsorbed OH 
groups and Oad- (20) or quite generally as 
one or several oxygen forms of the type 
OH-, H,O, O,, C03*- (21). All of these 
species should have a higher binding energy 
than O,- in the lattice and give a contribu- 
tion to the part of the Or, signal that here 
has been separated from the main signal. 

The Product Distribution and Reaction 
Scheme for the Oxidation of Pyridine 
Derivatives with the Catalyst 
V205/Sn02 = Ill.5 
The variation of the temperature for the 

oxidation of 3-picoline and MEP with cata- 
lyst V,O,/SnO, = l/1.5 gave a product 
distribution according to Fig. 3, which 
shows the conversion to the different oxida- 

tion products per mole of the alkylpyridine 
in the feed. 

In the oxidation of 3-picoline by air over 
this catalyst, the percentage of pyridine 
was consistently low. The amount of car- 
bon oxides formed by total oxidation in- 
creased continuously with increasing tem- 
perature. 

In the case of 2-picoline a similar product 
distribution was obtained, but differed con- 
siderably at one point. The picolinic acid 
formed was rapidly decarboxylated and 
only 2-3% acid was obtained. Instead 2- 
pyridinealdehyde was formed in rather 
large amounts at the lower temperatures 
and pyridine at somewhat higher tempera- 
tures, before the total oxidation started at 
the highest temperatures. 

In the oxidation of MEP a “tar product,” 
which among other things probably con- 
tained polymerization products of vinylpy- 
ridines, was obtained. Isocinchomeronic 
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f a 
40 

300 350 400 450 500 550 

TEMPERATURE 1.C I 

FIG. 3. The conversion (mole%) to various products over catalyst V1O,/SnO,(= l/1.5) calculated per 
mole of incoming 3-picoline (a) or MEP (b) as a function of temperature. 

(a) (b) 

Mole ratio 
OJalkyIpyridine 41 53 
H,O/alkylpyridine 88 109 

Space velocity (h-l) 6000 3700 

(0) Niacin, (A) 3-pyridinealdehyde, (A) 5-ethyl-2-pyridinealdehyde, (0) 5-ethylpyridine, (0) carbon 
dioxide, (0) carbon monoxide, (X) Hydrogen cyanide. The catalysts have been activated for 60 min 
at each temperature in order to obtain a steady state. 

acid, which is obtained as an intermediate 
in the liquid-phase oxidation of MEP, is not 
obtained at all as a product in the vapor- 
phase oxidation. 

The percentage of 2-methyl-5-vinylpyri- 
dine is generally below 1% and 3-vinylpyri- 
dine somewhat higher. The percentage of 3- 
pyridinealdehyde is low, either because it is 
rapidly oxidized to niacin or it is not an 
important intermediate for niacin. Further- 
more, the percentage of pyridine does not 
normally exceed 3% at any temperature. 
The thermal decarboxylation of niacin is 
only a few percent under these conditions. 

At higher temperatures, small amounts of 
maleic acid, formed by the destruction of 

the pyridine ring, are found. The total oxi- 
dation products, carbon dioxide, carbon 
monoxide, and hydrogen cyanide, like the 
tar products, increase in yield with increas- 
ing temperature. 

The Effect of Reaction Time on the 
Catalyst V20,/Sn0, = l/l .5 

In the catalytic vapor-phase oxidation 
with vanadium pentoxide catalyst in a fixed 
bed (4) there is usually a variation of the 
oxidation state in the bed. In order to 
obtain an even oxidation state throughout 
the bed, the experiments were performed in 
the following way: the melted and 
resolidified catalyst (V,O,/SnOl = l/1.5) 
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was crushed and sifted to obtain a fraction 
~80 mesh, and the catalytic reaction was 
carried out in a fluidized bed. Small sam- 
ples of the catalyst were withdrawn from 
the bed every 15 min by immersing a small 
bowl in the bed. 

The conversion of 2-picoline (mole%) to 
2-pyridinealdehyde and carbon dioxide per 
mole of incoming 2-picoline as a function of 
the catalyst lifetime in the reactor is shown 
in Fig. 4. These values were obtained by 
condensing the products during 30 min and 
they are thus the average value for this 
period. The formation of carbon dioxide in 
the oxidation of MEP over the same cata- 
lyst as above is also shown, in milligrams 
per minute. 

The latter were obtained by adsorption of 
CO1 in ascarite-dehydrite during periods of 
from 5 to 30 min and are thus the average 

values during these periods. In these two 
last series of experiments, the catalyst bed 
was not fluidized during the experiments. 
As seen from Fig. 4, a stationary state was 
obtained after 30-60 min; the same product 
distribution was obtained for up to 6.5 h 
thereafter. 

The results of the ESCA analysis of the 
catalysts used in the 2-picoline oxidation 
above are shown in Figs. 4, 5, and 6. First, 
one should notice the difference between 
the theoretically and experimentally deter- 
mined compositions already mentioned. 
The analysis of the 150-min sample after 
grinding is also shown. The surfaces of the 
catalyst granules have disappeared in the 
new surfaces of fracture that are uncovered 
and the ground sample is completely identi- 
cal to unused catalyst. 

In Table 2 Ols, Sn3dus, and V,,,, binding 

0 30 60 so 120 150 
REACTION TIME (mid 

FIG. 4. (a) The atom ratios C/X and O,,/I calculated from ESCA spectra for the catalyst V,O,/SnO, 
(= l/1.5) usedfor various reactiontimes in the oxidationof2-picoline. (Cl) C/Tand(O) 0.,/T, where B = 
V + Sn + 0. (b) The conversion of Zpicoline (mole%) to Zpyridinealdehyde (A) and CO* (0) and of MEP 
(mg/min) to CO, (a) in the oxidation over V905/SnOz (= 1 /1.5). Signs at the right side of the right axis 
indicate mean values from 150 to 360 min. 

2Picoline MEP 

Mole ratio 
Ol/alkylpyridine 
H,O/alkylpyridine 

Temperature CC) 

12 75 
- 175 
375 450 
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0 30 60 90 120 150 

REACTION TIME (min) 

FIG. 5. The composition in atom percentage V (X), Sn (A), and 0 (0) calculated from ESCA spectra 
for the catalyst V,O,/SnO, = l/1.5 as a function of the reaction time for the oxidation of 2-picoline. 
Points marked “B” are stoichiometric bulk compositions, while those within parentheses are for 
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ground MO-min samples. 

energies for the various samples are shown. When explaining the broadening of the 
These have been adjusted using the domi- O,, and VzP,, signals it is useful to look at 
nant O,, peak at lower BE, i.e., lattice the curve shapes in Fig. 6. The first curve is 
oxygen which is considered to have a fairly the sample at 0 min and the next two are at 
constant value, 529.7 eV. There was a clear 15 and 120 min, respectively. The differ- 
change in the spectral features for catalysts ence in curve shape between these samples 
used for 15 min, or more, as compared with is that the O,, signal is broadened unsym- 
unused catalyst (0 min). All signals were metrically toward higher BE and the V,,,, 
broadened, but without any large change in signal toward lower BE as the reaction time 
binding energy. As the charging was very increases. This can be explained by an 
small the possibility of a differential charg- increase in the amount of adsorbed oxygen 
ing causing the increase in FWHM (full and by V,O, being partially reduced to V4+ 
width at half-maximum) can be eliminated and perhaps also to a lower valence state. 
and it must be concluded that SnOt and Shulga et al. (30) and Valdelievre ef al. (31) 
Vz05 have been reduced partially in the also found a broadening of the V2Ps,l signal 
surface layer. Unused catalyst (0 min) con- caused by the reduction of the catalyst 
sists of V,O, and SnO, only (Table 2). It during catalysis. It should be mentioned 
seems reasonable to assume tha Sn02 in the that even pure V,O, is a nonstoichiometric 
used catalyst has been partially reduced to oxide with oxygen vacancies that are com- 
SnO, considering the broadened Sn,d,,t line. pensated by V4+ and possibly V3+ (32). 
This is in accordance with ESR (28) and uv However, it can be seen from the spectra of 
(29) measurements, which have shown that the sample at 0 min that this amount is 
SnO, is reduced by propene and butene below the detection limit. The sample at 
yielding both Sn3+ and Sn2+ in the surface 150 min after grinding shows the same 
layer. spectral features as the sample at 0 min, in 
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535 5.30 525 520 515 

BINDING ENERGY IeVl 

FIG. 6. O,, and VP, electron spectra from the cata- 
lyst V,O,/SnO, = l/1.5 used for various reaction 
times in the oxidation of 2-picoline. (a) 0 min, (b) 15 
min, (c) 120 min, (d) MO-min. ground, and (e) unused 
catalyst, after wetting with.3-pyridinecarbaldehyde at 
-XPC, followed by heating to 350°C and evacuation 
for spectroscopic measurement. 

accord with the surface layer only being 
altered. This suggests that an equilibrium is 
being established and that the amount of 
reduction is determined by the reducing 
capability of the reactant phase and the 
kinetics. It is not possible to say which 
phase is active, but it is clear that the 
catalyst is reduced to a state between VZOs 
and VZ04 in a rather thin surface layer. It 
may be that the activation time, as de- 
scribed in the activity measurements, is 
associated with the formation of an active 
phase that is probably Vs0,3. 

Considering the results of the quantita- 
tive analysis shown in Fig. 5, larger and 
more continuous effects are observed. The 
atom percentage V and Sn diminish with 
increasing reaction time and the percentage 
0 increases with reaction time. The appar- 
ent change in the V/Sri ratio may be caused 
by a reorganization in the surface layer. It 
was shown above that the catalyst was 
partly reduced during use. This implies that 
the percentage 0 is diminishing and the 
percentage V is increasing in contradiction 
to the quantitative results. An explanation 
for this might be that a part of the lower BE 
O,, signal consists of adsorbed oxygen in 
some form, and that this part is increasing 
with reaction time. 

The amounts of adsorbed oxygen and 
carbon species (O,,/Z and C/Z) were ob- 
served to increase with reaction time (see 
Fig. 4). It is possible to compare the in- 
crease in O&Z and C/8 during the reac- 
tion to obtain some idea of what species it 
may be. From 0 to 150 min, the increases 
were 0.06 for O&Z and 0.42 for C/Z. From 
the intensity of the N,, line for the sample at 
150 min, an N/Z ratio of 0.065 is calculated. 
Thus, an N : 0 : ratio of approx 1: 1: 7 is 
obtained, which should represent the ele- 
mental ratio of the adsorbed species. It is 
not possible to make any definite state- 
ments concerning what species may be 
present on the surface. However, it seems 
reasonable that this species is either a prod- 
uct or an intermediate. Plausible adsorbed 
species containing oxygen that can exist 
during the catalytic reaction are OH-, O2 
(various forms), CO, CO*, HzO, Py-COOH, 
and Py-CHO. There may of course also be 
some species which do not contain oxygen. 
Oad has about 2 eV higher binding energy 
than lattice oxygen (see Table 2), but it is 
not possible to assign a specific form. VOH 
has been identified by ion microanalysis, 
and these groups are of course contributing 
to the O,, signal, but not in any detectable 
amount because of the low concentration 
(0.5-l%). From a comparison with litera- 
ture data from ESCA studies of adsorption 
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TABLE 2 

O,,, Vsns,,. and Wd,,, Electron Binding Energies and Half-Widths (eV) for Some V and Sn oxides and the 
V,O,/SnOz Catalyst Used for Various Periods (O-2.5 h) in the Vapor-Phase Oxidation of 2-Picoline 

V*O,” 531.5 529.6 (1.6) 
SnOpa 531.4 529.7 (1.6) 
Snob 532.0 529.8 (2.4) 
Sn 531.5 529.8 (2.0) 

SnWQh 
V 
v303 
V 
vo3 
v305 
v303 
vo3 
v*o, 
Sn 
SnO, 
SnO 
SnO, 
Sn 
SnO 
SnO* 
V,OJSnO, Catalyst 

0 min 
15-150 mitt,’ 
150 mg, ground 

531.6 
531.7 
530.9 

531.8 
532.1 
531.5 

529.6 (1.8) 
530.3 
529.6 

529.6 (2.4) 
529.9 (2.0) 

529.9 
530.3 

529.7 (1.8) 486.0 (1.8) 516.6 (1.7) 
529.7 (2.5) 485.7 (2.4) 516.5 (2.4) 
529.7 (1.6) 485.8 (1.7) 516.6 (1.7) 

486.1 (1.8) 
485.9 (2.5) 
485.7 (2.0)- 

484.1 (1.8) 
486.2 (1.6) 

486.4-485.2 
487.2 
485.9 
486.0 
484.1 
485.8 
486.3 

516.6 (1.5) 
512.4 (1.2) 22 
516.6 (1.5) 22 
512.7 (2.0) 23 
515.7 (3.2) 23 
516.8 (1.7) 23 
517.6 24 
517.6 + 516.5 24 
517.6 + 516.5 + 515.6 24 

25 
25 
26 
26 
27 
27 
27 

0 The same results were obtained for V,O,-SnO, powder mixtures, sintered and unsintered. 
b Differential sample charging is thought to broaden these lines. 
c Mean values from nine catalysts used for different reaction times. 

on metals one can expect to find the O,, 
signal from 02, CO, CO1, and Hz0 in the 
signal at higher BE and a greater amount of 
CO and CO, in the lower BE part (33). In 
the present work, O,, has been measured 
for Py-CHO at 532.0 and for Py-COOH at 
531.4 eV (see Table 3). 

The O,, and V,, spectra from adsorbed 
pyridinecarbaldehyde on catalyst Vz05/ 
SnOe = l/l .5 in vacuum at 350°C is shown 
at the bottom of Fig. 6. The similarity 
between this spectrum and that from the 
catalyst used for 120 min is clearly seen. It 
is possible that the observed increase in 
Oad/I: and C/Z is caused by an adsorption 
of some intermediate, e.g., pyridinecar- 
baldehyde, increasing with reaction time. 
This is supported by the C,, signal having a 

binding energy of approx 284.7-284.9 eV, 
typical of a hydrocarbon. The stoichiome- 
try N: 0: C = 1: 1: 6 for the adsorbed 
carbaldehyde is of the same magnitude as 
the species observed after catalysis. How- 
ever, it is not known if only one species is 
adsorbed, and the ratio N: 0: C = 1: 1: 7 
could be composed of an intermediate, as 
well as adsorbed oxygen in some form and 
carbon contamination. 

Dependence of the Reaction upon the 
Amount of 3-Picoline on Catalyst 
V205/Sn02 = III.5 

In Fig. 7 unconverted 3-picoline and con- 
versions to the various oxidation products 
are given as a function of the molar ratio 
0,/3-picoline for catalyst V,O,/SnO, = 
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FIG. 7. The conversion to the various products in the oxidation over V,O,/SnOz (= l/1.5) calculated 
per mole of incoming 3-picoline (a) or MEP (b) as a function of the mole ratio O,/alkylpyridine. 

MOLE RATIO 02/alkylpyridine 

00 (b) 

Mole ratio 
O,/alkylpyridine 
H,O/alkylpyridine 

Space velocity (h-l) 
Temperature (“C) 

8-250 16-250 
98-98 34-406 

4300-1700 3640-3640 
450-450 400-400 

(*) 3-picoline (unconverted), (0) niacin, (A) 3-pyridinealdehyde, (0) carbon dioxide, (Cl) carbon 
monoxide, (X) hydrogen cyanide. On the right axis are shown FWHM (eV) for the Vtrs,, line (0). Value 
marked “B” is for unused catalyst, representing a large Ot surplus. 

l/1.5. The corresponding values for the 
oxidation of MEP are also given. 

As is shown by the figures the yield of 
niacin is low at low ratios of O,/ 
alkylpyridine, while simultaneously the to- 
tal oxidation to CO and COz is high. At a 
higher ratio the yield of niacin is higher and 
simultaneously the total oxidation has di- 
minished. 

From the ESCA spectra of these samples 
no alterations in the O,, or Sn,,,, binding 
energies or half-widths could be detected. 
In contrast, VtaJTr is lowered by 0.3 eV in 
the binding energy and unsymmetrically 
broadened from 1.8 to 2.4 eV (see Fig. 7). 
This indicates that with an increased con- 

centration of 3-picoline the catalyst is re- 
duced more (i.e., VzOs), by an undeter- 
mined extent. 

In Fig. 8 the results of the quantitative 
ESCA analysis are shown. It appears that 
atom percentage V and Sn are diminishing 
with an increase in the concentration of 3- 
picoline, and that percentage 0 is increas- 
ing. The catalyst is, as seen above, re- 
duced, but still percentage 0 is increasing 
and percentage V and Sn are diminishing. 
This is exactly the same contradictory 
result as was given above for various reac- 
tion times. 

One reasonable hypothesis concerning 
this phenomenon is the following. With 
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I lo- -25 

0 

0 
0 30 60 so 120 150 

MOLE MOLE RATIO RATIO 02/3-picoline 02/3-picoline 

FIG. 8. Composition in atom percentage V (X), Sn (A), and 0 (0) calculated from ESCA spectra for FIG. 8. Composition in atom percentage V (X), Sn (A), and 0 (0) calculated from ESCA spectra for 
the catalyst VZOJ/Sn02 = l/1.5 used for the oxidation of 3-picoline, as a function of Oz/3-picoline the catalyst VZOJ/Sn02 = l/1.5 used for the oxidation of 3-picoline, as a function of Oz/3-picoline 
mole ratio. Values marked “B” are stoichiometric bulk compositions. Operating conditions as in Fig. 7. mole ratio. Values marked “B” are stoichiometric bulk compositions. Operating conditions as in Fig. 7. 
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increasing concentration of 3-picoline and 
reaction time for the catalyst the active 
centers are increasing in concentration, and 
they are thought to have the ability to 
adsorb more oxygen than the original cata- 
lyst surface. 

The Effect of Added H,O on Catalyst 
V,0,/Sn02 = I /I .5 and Its Activity for 
the Oxidation of Alkylpyridines 

In Fig. 9 the formation of niacin and the 
other products in the oxidation of MEP is 
given as a function of the molar ratios 
H,O/MEP. 

By adding steam in a mole ratio H,0/2- 
picoline = 82 to the reactants in the oxida- 
tion of 2-picoline, the yield of 2-pyridi- 
nealdehyde increased from 12 to 44% and 
the selectivity increased from 33 to 64% at 
the same time (34). Also in the oxidation of 
MEP (see Fig. 9), the addition of steam has 
a favorable effect by increasing the conver- 
sion and selectivity for the aldehyde and 

niacin and lowering the extent of partial 
oxidation. 

From the ESCA spectra it was observed 
that the V,,,,, signal was more asymmetri- 
cally broadened toward lower BE (FWHM 
= 2.5 eV) for catalysts used without steam 
addition than catalysts used with steam 
addition (FWHM = 2.0 eV). It is possible 
that there is correlation between selectivity 
and reduction extent of the catalyst. With- 
out the addition of HzO, the catalyst is 
reduced more and the yield of total oxida- 
tion products is increasing. There is clearly 
a particular reduction extent which gives 
optimal selectivity. From the quantitative 
results in Table 1 it can be seen that no 
remarkable differences in the composition 
between the V,0,/Sn02 catalysts (l/l .5) 
used with or without steam addition are 
detected. 

Adsorption of Pyridine Derivatives on 
Catalyst V,0,/Sn02 = 1 /I .5 

The N,, ESCA spectra from nicotinic 
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100 200 300 LOO 
MOLE RATIO H,OlMEP 

FIG. 9. The mole percentage for the conversion to some of the main products calculated per mole of 
incoming MEP, as a function of the mole ratio H,O/MEP. The average of the mole ratio O,/MEP was 
75 and the temperature was 4OOY. Catalyst VZO,/SnO, = l/1.5 was used. (0) Niacin, (A) 2-methyl- 
S-vinylpyridine, (0) carbon dioxide, (Cl) carbon monoxide, (X) Hydrogen cyanide. 

acid, isonicotinic acid, picolinic acid, pyri- 
dine-25dicarboxylic acid, nicotinic acid 
N-oxide, and isonicotinic acid N-oxide are 
shown in Fig. 10 and values are given in 
Table 3. The pyridine carboxylic acids have 
an N,, signal at about 399.0-399.7 eV, and 
the N-oxides, with a more positive nitrogen 
atom, have an N,, binding energy of about 
402 eV. The picolinic acid also has a com- 
ponent at 400.8 eV (ratio 2 : 3). The signal at 
400.8 eV is considered to be due to an 
intramolecularly hydrogen-bonded nitrogen 
atom. This is in conformity with a shift of 
-2eV upon protonation of pyridine ob- 
tained from atom charges and correlation 
diagram for aromatic nitrogen compounds 
given by Nordberg er al. (35). This is also 
supported by literature data; for example, a 
shift of =2eV in the N,, signal between 
pyridine adsorbed on acid and hydroxyl- 
ated oxides (36, 37) and between the two 
N-species in porphyrins (38). 2-Pyridine 
carboxylic acid is relatively easily decar- 
boxylated (34) compared with 3- and 4- 
pyridine carboxylic acid, which may be due 

to the intramolecularly hydrogen-bonded 
form. 

It can be observed in the N,, core line 
from the pyridine derivatives that substitu- 
tion in the P-position yields larger half- 
widths than substitution in the CX- or y- 
positions. This is thought to be due to larger 
charge delocalization with the substitution 
in the latter positions, since substituents in 
the p-position do not participate in the 
resonance structures. 

The results from the adsorption of pyri- 
dine, 3-picoline, MEP, and pyridinecar- 
baldehyde on the catalyst in vacuum are 
shown in Table 3 and Fig. 10. See also data 
for the catalyst used for 150 min. It can be 
seen that the N,, BE is approximately 399 
eV. These molecules are thus adsorbed on 
the catalyst V,0,/Sn02 (l/1.5) without any 
significant charge transfer from the N atom. 
At low temperature, where water was also 
condensed on the catalyst, one component 
at 401 eV was observed. This is thought to 
be due to protonation of the N atoms. It is 
thus thought that the pyridine derivatives 
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110 LO5 LOO 395 390 

BINDING ENERGY [eVl 

FIG. 10. N,, electron spectra of some pyridine 
derivatives adsorbed on the catalyst V20,/Sn0, = 
l/1.5 at various temperatures under vacuum. (a) 
V,O,/SnO, = l/1.5 used for 1.50 min in the catalytic 
oxidation of 2-picoline, (b) VZ0,/Sn02 = l/1.5 + 3- 
picoline, 25OT, (c) V,OJSnO, = l/1.5 + MEP, 
25O”C, (d) V,OJSnO, = l/1.5 + 3-pyridinecarbalde- 
hyde, 25”C, (e) nicotinic acid, (f) isonicotinic acid, (g) 
picolinic acid, (h) isocinchomeronic acid. 

are adsorbed on the catalyst without any 
involvement of the N atom. Furthermore, it 
has been suggested (39) from ir data that 2- 
picoline is adsorbed via the methyl group. 

Since it is known that pyridine H-bonded 
to alumina surfaces readily desorbs during 
pumping at room temperature (40), it is 
possible that under the operating conditions 
of this catalyst there are H-bonded species, 
but these are not present under the condi- 
tions of the ESCA study. 

If then pyridine, 3-picoline, and MEP are 
not adsorbed via the N atom, but are held 
flat, the adsorbed amounts should fall in the 
sequence Py > 3-picoline > MEP, since 3- 
picoline and MEP have bulky substituents 
which would render planar adsorption 
difficult. However, as seen in Table 3, MEP 
is adsorbed about 20 times greater than 
pyridine, and 3-picoline and pyridinecar- 
baldehyde about 40 times greater. This sug- 
gests that adsorption proceeds through an 
alkyl carbon. This type of adsorption ought 
to be with H-detachment and onto an 0 
atom. The adsorbed species thereafter may 
desorb as an intermediate. The increase in 
C/X and Oad/Z with the reaction time may 
very well correspond to an increased 
amount of an adsorbed intermediate. 

The fact that 3-picoline is adsorbed to a 
greater extent than MEP should have some 
effect on the relative activity. However, 
from a comparison between Figs. 7a and b 
where the mole ratio O,/alkylpyridine is 
changed for the same catalyst, it is clear 
that the oxidation of MEP is more vigorous 
than the oxidation of 3-picoline. These 
results may indicate that the rate-limiting 
step is not the adsorption of the alkylpyri- 
dine. However, various other factors exist. 
An increased number of alkyl groups will 
increase the tendency for reaction via the 
alkyl groups. Furthermore, it is thought 
that MEP has a higher reducing capability 
toward V,O, than 3-picoline due to the 
larger number of carbon atoms in the mole- 
cule. Thus there ought to be a difference in 
the exact state of the catalyst in the two 
cases. This is supported by the observation 
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TABLE 3 

N,,, Olt, and C1, Binding Energies (eV) and Atom Ratios N/V and O/N for Some Pyridinecarboxylic Acids, 
Used Catalyst, and Some Pyridins Derivatives Adsorbed on V,Os/SnO, (l/1.5) 

Nl. 01, Cl, N/V O/N Ref. 

V,O,/SnOs with adsorbed: 
MEP, 250°C 399 1 
3-Picoline, 400°C 399 2.1 
Pyridinecarbaldehyde, 350°C 399.3 532.1 2.2 1.3 
Pyridine, 25°C 399.1 0.05 

V,O,/SnO, used for 150 min 399.3 0.40 
Nicotinic acid 399.0 531.4 285“ 1.7 
Isonicotinic acid 399.2 531.7 285 2.5 
Picolinic acid 400.8-399.1 531.6 285 2.8 
Pyridine-2,5dicarboxylic acid 399.7 531.7 285 3.4 
Nicotinic acid N-Oxide 402.2 531.2 285 2.8 
Isonicotinic acid N-Oxide 482.1 531.0 285 2.6 
Pyridine-H+ ABE* = 2 35 
Pyridine, ad q-A&Os 400.7 36 
Pyridine, ad KOH-Al,O, 399.9-398.0 36 
Pyrtdme, . . ad HCl-AlxOs 402-400 36 
Pyridine, condensed 398.8 285 36 
Pyridine, ad HY-zeolite ABE” = 2 37 
Porphyrins ABE= = 2 38 

o The C,, line was given the value of 285 eV to correct for sample charging. 
b Shii relative to pure pyridine 
c Shift between the two N,, lines. 

above that a higher concentration of the 
alkylpyridine in the vapor phase yields a 
more reduced catalyst. 
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