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Abstract

The structure of K containing V O catalysts has been studied by XRD and spectroscopic methods. The particles of V O2 5 2 5
Ž . Ž .were oriented sharply to the direction perpendicular to b axis. The spacings of 010 and 200 planes were slightly

contracted by the presence of K ions. V O bronze seemed to be less Raman-active. IR spectra gave the structural2 5

information of K-V O at low content of K. The IR bands at 1023 and 830 cmy1 of V O shifted to 1000 and 785 cmy1,2 5 2 5

respectively. This suggests that K ions are present at some micro space of V O crystal. The K-V O catalyst oriented to2 5 2 5
Ž . Ž .010 plane exhibited high selectivity ca. 80% to C H in the oxidation of C H while the activity decreased with the3 6 3 8

increase in K content. Oxygen ions of oriented V O were exchanged with 18O by the reduction with C H and reoxidation2 5 3 8

with 18O . Raman spectra’s analysis of the catalysts exchanged with 18O suggests that V5O species are responsible for2

oxidative dehydrogenation of C H to C H . q 2000 Elsevier Science B.V. All rights reserved.3 8 3 6

Keywords: V O catalyst; Propane; IR spectra2 5

1. Introduction

The oxidative dehydrogenation of alkane has
been studied since it is a potential process for
alkenes production. Supported vanadia catalysts
have been often used for the oxidative dehydro-
genation and these have been prepared with

w xalkali or alkali earth metal oxides 1–5 . The K
containing V O catalysts had been used for2 5

) Corresponding author. Tel.: q81-26-269-5532; fax: q81-26-
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oxidation of SO and studied by many workers2
w xin the past 6–10 . The vanadium pentoxide

gives bronzes with Li and Na cations. However,
only some small amounts of K ions have been

w xintroduced to V O 11,12 . There have been2 5

some IR and Raman spectroscopic studies with
w xK-V O catalysts 8,13–15 . In this work, the2 5

role of K addition onV O structure has been2 5

studied using IR and Raman spectroscopies.
The oxidative dehydrogenation of propane over
V O catalysts doped with K ions has been also2 5

studied. The oxygen species responsible for oxi-
dation on V O catalyst have been studied pre-2 5

viously by one of the authors using 18O tracer

1381-1169r00r$ - see front matter q 2000 Elsevier Science B.V. All rights reserved.
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w xand Raman spectroscopy 16–18 . Those re-
sponsible for oxidative dehydrogenation on K-
V O have been studied using 18O tracer in this2 5

work.

2. Experimental

2.1. Materials

The K containing V O catalysts were pre-2 5

pared by two methods. The A series is as
Žfollows: the desired amount of KOH solution K

Ž ..0.01–2 at.%:100 Kr KqV was impregnated
Ž 2 .on V O Kishida in Japan, 2 m rg and they2 5

were heated at 873 K. The B series is as fol-
Ž .lows: the desired amounts of NH VO Kishida4 3

Ž Ž ..and KNO K 5–20 at.%:100 Kr KqV were3

mixed and heated at 873 K for 5 h. The result-
ing catalyst mass was crashed and powdered.
The oriented V O catalyst without K ions was2 5

prepared by heating V O at 973 K above its2 5
Ž .melting point. The reactant gas C H 99.9%3 8
Ž .was obtained from Takachiho. The O 99%2

18 Žgas was obtained from cylinder. The O 982
. Ž .at.% was obtained from Isotec USA

2.2. Procedures

The structure of catalysts was studied by
Ž . Žusing XRD Rigaku-denki , IR Perkin Elmer

. Ž .1600 and laser Raman Jasco NR-1000 spec-
troscopies. The IR spectra were measured by
usual KBr method. The peak-shape analysis of
IR bands was provided at Perkin Elmer Japan in
Osaka. The oxidative dehydrogenation of
propane was carried out using a closed circula-

Ž 3.tion system ca. 380 cm . The products were
analyzed by gas chromatography. The Raman
spectra of V O exchanged with 18O tracer via2 5

redox reaction were measured. An Ar-ion laser
was tuned to the 514.5 nm line for excitation
and its power was set at 200–250 mW. The
technique in the peak-shape analysis of Raman

w xspectra reported by Miyata et al. 19,20 was
used.

3. Results and discussion

3.1. Characterization of K-V O catalysts2 5

The surface areas were decided by N ad-2

sorption as 2, 1.35, 0.58, 0.55, and 0.4 m2rg for
the A catalysts that contain 0, 0.01, 0.1, 0.25,
and 0.5 at.% of K ions, respectively. The results
of X-ray diffraction for the A catalysts are
shown in Fig.1. Fig. 1a shows the diffraction
lines of V O itself and of K-V O containing2 5 2 5

0.5 at.% of K. The remarkable increase took
Ž . Ž .place in the intensities of 010 and 020

diffraction lines for the K containing catalyst.
The Miller indices reported by Bystrom et al.
w x21 are used here, whose lattice constants for b
and c axis are reversed from those of JCPDS

Ž .9-387. Fig. 1b shows the intensity ratio of 010
Ž .and 400 diffraction lines as a function of K

content. The results shows remarkable decrease
in its ratio by one order. This suggests that the
addition of a small amount of K ions from 0.1
to 2 at.% causes to melt V O at around 873 K2 5

Ž .Fig. 1. X-ray diffraction results of the A catalysts. a V O and2 5
Ž . Ž . Ž .K-V O ; b The intensity ratio of 400 vs 010 . The Miller2 5

w xindices by Bystrom et al. 21 are used.



( )T. Ono et al.rJournal of Molecular Catalysis A: Chemical 159 2000 293–300 295

and that V O crystal particles oriented sharply2 5

to the direction perpendicular to b axis, i.e., the
Ž .selective exposure of 010 plane. Furthermore,

some diffraction angles increased slightly. For
Ž .example, the spacing of 010 planes was con-

tracted slightly from 0.4380 to 0.4360 nm by
the presence of 0.25–1 at.% of K ions. That of
Ž .200 planes was also contracted slightly in a

Ž .similar manner. But those of 002 and other
planes were less changed. The addition of more

Ž .amounts 5–10% of K ions in the B catalysts
showed only V O diffraction lines. As shown2 5

in Fig. 2, the catalyst of 20 at.% brings about
the disappearance of V O lines while some2 5

small lines appeared. New lines have been as-
w xsigned to K V O 22 . With K5 and K10, the2 8 21

Ž .slight contraction such as for 010 spacing of
V O was observed as the same as in the A2 5

catalysts. The K-V O in the K20 seems to be2 5

X-ray amorphous since the diffraction lines of
V O disappeared.2 5

The results of IR spectra for the A catalysts
are shown in Fig. 3. The bands at 1023 and

ŽFig. 2. X-ray diffraction results of the B catalysts; V O , K10 102 5
. Ž . Žat.% of K , K20 20 at.% of K , and magnified K20 `: lines of
.K V O .2 8 21

Fig. 3. IR spectra of the A catalysts at low K content from 0 to 1.0
at.%.

y1 w830 cm are assigned to those of V O 8,2 5
x16 . Their positions change with the addition

of 0.05–1 at.% of K ions, i.e., the band at
830 cmy1 shifts to 785 cmy1 and some shoul-
der at 1000 cmy1 appears. With the B catalysts
in Fig. 4, the bands at 1023 and 830 cmy1 shift
to 1000 and 785 cmy1, respectively, as ob-
served for A catalysts. These shifted bands seem
to be attributed to K-mixed compounds such as

Ž . Ž .K V O a bronze x-0.01 11 . Very smallx 2 5

bands appear newly at around 960 cmy1 for the
20% catalyst in the B series as shown in Fig.4,
which may be those of K V O or K V O b2 8 21 x 2 5

w xsuch as K V O 11 .0.33– 0.25 2 5

Fig. 4. IR spectra of the B catalysts at high K content from 5 to 20
at.%.
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Raman spectra of the A catalysts are shown
in Fig. 5. The bands at 1000, 705, and 530

y1 w xcm are those of V O 16 The addition of K2 5

ions, however, brings about no shift for the
spectra of V O in the range from 0.01 to 12 5

at.% of K. The B catalysts, which contain 5–
20% of K also showed the bands of V O and2 5

new bands at 890, 790, and 310 cmy1. New
bands seemed to be originated from K V O ,2 8 21

which was assigned by X-ray diffraction. No
shift to lower frequencies of V O in Raman2 5

spectra for both A and B catalysts indicates that
w xthe K-mixed phase such as K V O a 11 atx 2 5

low content of K is less Raman-active and
seems to be less crystalline.

A peak-shape analysis was attempted with
these IR spectra and the shifted fractions were
obtained for the catalysts at low contents of K
ions. Fig. 6 shows the example of peak-shape
analysis of absorbance spectra for the catalyst of
5 at.% of K ions shown in Fig. 4. With the
results in Fig. 6, it was assumed that 1023 cmy1

shifts to 1000 cmy1 and 830 cmy1 to 785 cmy1

and that the half widths were nearly the same
for the two bands separated. Then curve fitting
was done between the summed spectra and
original spectra. The shifted fractions were cal-
culated from peak area. As shown in Fig. 7, the

Fig. 5. Raman spectra of the A catalysts at low K contents from 0
to 1.0 at.%.

Fig. 6. The peak shape analysis of the B catalyst containing 5 at.%
of K after changing to absorbance spectra of K5 in Fig. 4.

tendency of 1023 cmy1 band reach to ca. 0.5 in
the range from 0.1 to 5 at.% of K ions while
that of 830 cmy1 band reach to ca.1 at lower
content. It is interesting that some difference
were found between them. According to previ-

w xous reports 11,12 , the formation of K V O ax 2 5

bronze is limited below 1% of K ions. This
seems to arise from similar sizes of K and O
ions. Fig. 8 shows the peak area of absorbance
for each band as a function of K content for A
catalysts. It decreases sharply with the increase
of K content, indicating that IR transmission
decreases remarkably due to the free electrons
at the conduction band such as of n-type semi-

y1 Ž .Fig. 7. Shift fractions of IR bands at 1023 cm VsO andA
y1 Ž .830 cm V–O –V as a function of K content for some A andB

B catalysts.
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Ž .Fig. 8. Absorbance peak area of Fig. 7 of the IR bands at 1023
and 830 cmy1 as a function of K contents for the A catalysts. A
comparison can be allowed since the concentrations of V O and2 5

K containing catalysts in KBr pellet were nearly the same.

conductor. The introduction of Kq ions to V O2 5

seem to produce V4q ions and electrons in the
conduction band. A remarkable decrease in IR
transmission for a n-type semiconductor such as

w xSn–Sb oxide system was also found 23 .

3.2. Structure of K-V O catalysts2 5

With the A catalysts, it is demonstrated that
the addition of very small amount of KOH
cause to melt V O catalyst and to form partly2 5

w xK-V O bronze such as K V O a 11 . A2 5 x 2 5

model of V O structure are shown in Fig. 9.2 5
w xAbello et al. 24 have assigned to normal

stretching modes for IR bands at 1023 cmy1

Ž . y1Ždouble bond, V5O and 830 cm bridge,A
.V–O –V and for Raman bands at 999B

y1Ž . y1Žcm V5O , 700 cm V–O –V in VA C
. y1Ž .square , and 532 cm bridge, V–O . SimilarB

assignments have been reported by Beattie and
w x w xGilson 25 as discussed previously 16 . The

presence of K ions seems to affect to the V–O
vibrations via dipole interactions since the bands
at 1025 and 830 cmy1 shifted to lower frequen-
cies without remarkable change of spectrum
patterns. K ions seem to be inserted in the micro

Ž .space near O along c axis top of Fig. 9 andA
Ž .near O along b axis bottom of Fig. 9 . ItB

seems that K ions are present ca.2 times more

near O sites than near O sites according toB A

the results in Fig. 7. IR spectrum by KBr method
gives generally a bulk information like X-ray
diffraction. It is unreasonable that only 0.1–1
at.% of K ions cause to shift the bands of bulk
V O . As far as the A catalysts are concerned,2 5

IR information seems to come from several
layers of K-V O particles since K ions are2 5

difficult to enter into bulk due to its size.
With the B catalysts, the structure below 5

at.% of K should be the same as that of the A
catalysts described above. The catalysts above
10 at.% of K seem to consist of oriented V O ,2 5

K-V O bronze such as K V O a , and2 5 x 2 5

K V O . These were characterized by XRD, IR2 8 21

and Raman spectra.

3.3. Catalytic actiÕity and selectiÕity in propane
oxidation oÕer K containing V O catalysts2 5

The activity and selectivity in the oxidative
dehydrogenation of propane on V O and K-2 5

V O as a function of K content are shown in2 5

Fig. 10 for the A catalysts. The selectivity to
propene increases to ca. 80% in the range of K
content from 0.05 to 1 at.% while the activity

Fig. 9. Structure models of V O crystals. O , O , and O denote2 5 A B C
Ž .the oxygen ions of double terminal bond, bridged one, and V

square one , respectively. K denotes potassium cations.
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Fig. 10. Rate of conversion in the oxidative dehydrogenation of
Ž .C H and product selectivity over K-V O catalysts A catalysts3 8 2 5
Ž .as a function of K contents. Reaction temp.: 773 K, p C H s3 8

Ž . Ž .p O s15 Torr 1 Torrs133.3 Pa , and catalyst: 0.5 g.2

decreases with the K content by one order. Over
the B catalysts, similar results were obtained in
the range of K content from 5 and 20 at.%. Fig.
11 shows the selectivity to propene as a func-
tion of conversion of propane over the A, B,
and non-oriented V O catalysts. The selectivity2 5

over non-oriented V O catalyst exhibits only2 5

several percent at 20% of conversion. It in-
creases to high value at low conversions. Its
selectivity seems to reach above 50–60% at
2–3% of conversion by the extrapolation. The B
catalysts exhibit 30–50% of selectivity at 3–9%
of conversion. It is concluded that the high

Ž .selectivity over the K-V O A catalysts comes2 5

Ž .Fig. 11. Selectivity to C H over non-oriented V O ` , ori-3 6 2 5
Ž . Ž .ented A catalysts v , and oriented B ones ' as a function of

conversion of C H at 773 K. Reaction times: 10–30 min.3 8

Catalyst: 0.5–1 g. Other conditions are the same as in Fig. 10.

Fig. 12. Pressure dependence for oxidative dehydrogenation of
C H over K-V O catalyst containing 0.1 at.% of K ions.3 8 2 5

Ž . Ž .Reaction temperature 773 K, v at 15 Torr of O , X at 15 Torr2

of C H , catalyst: 0.5 g, and the selectivities to C H are ca.3 8 3 6

80%.

mainly from low conversion and from its low
activity in consecutive oxidation of propene to
CO and CO .2

According to the characterization of structure
for the A catalysts, the catalyst without K ions
consisted of non-oriented V O particles while2 5

the K containing catalysts consisted of V O2 5
Ž .particles oriented to 010 plane and K-V O2 5

bronze. The high selectivity of 80% to propene
comes from oriented V O and K-V O bronze2 5 2 5

species though its activity becomes lower. Fig.
12 shows the pressure dependence over the
catalyst with 0.1 at.% of K for the oxidative
dehydrogenation of propane. The reaction is
first order in C H at constant O pressure and3 8 2

zero order in O at constant C H pressure.2 3 8
w xAccording to a simple redox mechanism 26 ,

the reaction of propane with lattice oxygen is
slow while the oxygen insertion to anion vacan-
cies from gaseous oxygen is rapid. In this case,
it seems that the first hydrogen abstraction from
propane is rate determining as in the case of the

w xoxidation of olefin over oxide catalysts 27 .

3.4. Oxygen species responsible for the
dehydrogenation of propane using 18O tracer

The catalyst oxygen of oriented V O was2 5

exchanged with 18O via reduction with C H3 8
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and reoxidation with 18O by repeating many2

times. Fig. 13 shows Raman spectra of oriented
V O and K-V O exchanged with 18O. The2 5 2 5

bands at 999 cmy1 and 700 cmy1 correspond to
V5O , and V–O –V stretching vibrations, re-A C

spectively. The shifted band at 965 cmy1 from
999 cmy1 appears. The shifted band at 685
from 700 cmy1 is difficult to find. Previously
w x16,18 , we reported that the Raman band of
V O at 999 cmy1 shifted to 965 cmy1 and that2 5

at 702 cmy1 to 685 cmy1 after the sufficient
exchange with 18O. The separated bands by the
peak-shape analysis are also shown in Fig. 13.
The shift fractions in Table 1 are two to three
times larger for V5O species than that forA

V–O . The results indicate that the oxidativeC

dehydrogenation takes place at V5O ratherA

than at V–O . The high selectivity to propeneC

Fig. 13. Peak shape analysis of Raman bands of oriented V O ;2 5
Ž . Ž . 18a and oriented K-V O b , which were exchanged with O.2 5

Ž .0.1–0.05 g of catalysts were reduced with C H 15 Torr and3 8
18 Ž .reoxidized with O 22–30 Torr at 773–803 K repeatedly for2

8–15 times. The selectivity to C H in the reduction was ca. 85%3 6
Ž . Ž . Ž .in both a and b . The oriented V O a without K ions was2 5

Ž .obtained separately by heating at 973 K see text .

Table 1
Shift fractions of Raman spectra over oriented V O and non-ori-2 5

ented V O2 5

Ž .Shift fractions %

V5O V–OA C
y1 y1Ž . Ž .999 cm 703 cm

aThis work
V O oriented 18 92 5

V O oriented 6 32 5

K 0.1 at.%

bPreÕious work
V O rSiO non-oriented 9–16 272 5 2

a From Fig. 13.
b w xFrom Ref. 16 . Reduction by n-butane and reoxidation by

18 O . Average 18 O exchange % were 4–6% of V O at 710–7312 2 5

K and the selectivities to C H qC H were 65–70%.4 6 4 8

should originate from V5O , i.e., the selectiveA
Ž .exposure of the 010 plane. The information of

V5O of K V O bronze itself could not bex 2 5

obtained separately in this work. Its activity for
the oxidation may be similar to or below that of
V5O since both oriented V O and its bronzeA 2 5

are present in the particles.
As shown in the Table 1, the results in this

work are compared with the results over non-
w xoriented V O in previous work 16 . In the case2 5

of non-oriented V O supported on silica , the2 5

vacancies of V–O species seem to be responsi-C

ble for reoxidation and the species seem to be
responsible for the oxidation of n-butane prefer-
entially. In other words, the V5O species areA

less active for the oxidation of n-butane. The
differences in this work may originate from an
activity difference of oxygen species such as
O , O , and O and from how many theseA C B

species exposes at the catalyst surface. Their
nature for oxidative dehydrogenation to propene,
however, seem to be less different from each
other at low conversion. The high selectivity to
propene on K-V O catalysts in this work comes2 5

from V5O isolation and its low activity.
Some workers reported that V5O oxygen is

responsible for oxidation reaction over V O2 5
w xcatalysts in the past 8,29 while that V–O–V

oxygen is responsible for it over V O rAl O2 5 2 3
w xcatalyst recently 3 . We previously studied over
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w xnon-oriented MoO catalyst 28 that the vacan-3

cies of Mo–O species, which have middle dis-
tances were active sites for oxygen insertion
while the vacancies for the shortest Mo5O
were less active for oxygen insertion. We sug-
gested that Mo5O species were not more active
for the oxidation of but-1-ene. The features
concerning such oxygen species responsible for
oxidation reaction seem to change according to
reactants and catalyst conditions.

4. Conclusions

K-V O catalysts in the presence of 0.1–22 5

at.% of K ions were melted even at 873 K.
After recrystallization, V O particles sharply2 5

oriented to the direction perpendicular to b axis,
Ž .i.e., the selective exposure of 010 plane. The

Ž . Ž .spacings of 010 and 200 planes were slightly
contracted by the presence of K ions.

According to peak shape analysis of IR spec-
tra, K ions seems to be present at two kinds of
micro space of V O crystal. The one is near O2 5 A

Ž .along c axis top of Fig. 9 and the other one is
Ž .near O along b axis bottom of Fig. 9 . K ionsB

seem to be present at these sites of the surface
of V O , i.e., K-V O bronze particles.2 5 2 5

According to peak shape analysis of Raman
spectra of the catalysts exchanged with 18O, the
oxidative dehydrogenation from C H to C H3 8 3 6

seems to take place on V5O on oriented K-A

V O catalysts. A comparison of this work and2 5

previous work suggests that the activity over
Ž .010 plane or by O species is lower than otherA

planes such as O species while the selectivityC
Ž .to C H over 010 or by O species becomes3 6 A

higher due to its low activity to consecutive
reaction.
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