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SnO2 and NbzOs-supported monolayer or sub monolayer vanadium oxide catalysts were prepared by an
impregnation method such as the column-exchange adsorption of oxovanadium ion at various pH(=2, 4, and
7). The deposited states of the vanadia species on SnOz and Nb2Os surfaces were examined by ESR spectrometry
using V4+ ion as a probe. The catalytic features were studied by measuring the 2-propanol decomposition rate
as a test reaction. The deposited states of the vanadia species differed to a small extent between SnQO2 and
NbzOs carriers depending upon the difference in the symmetry of the surface field. The deposited states, how-
ever, did not vary with pH upon impregnation, although the amounts of vanadium oxide deposited
(coverage, 0) were much affected by the pH. The activation energy (E,) for the dehydration of 2-propanol over
these catalysts was linearly related to the reciprocal of the coverage (1/6). When both curves were extended to
1/6=0, they crossed at around 5—6 kcal . mol-! which was the minimum value, although the inclination dif-
fered largely between the carriers. This low activation energy was regarded as an intrinsic value that was
caused by the multi-layered vanadium oxide deposited on the carriers. Through the discussion it is clearly
shown that the most effective catalyst, a monolayer catalyst, was prepared on impregnation at pH=2 and the
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vanadia species were dispersed widely, keeping a weak interaction with the SnOz and Nb2Os surfaces.

A column-exchange adsorption method ? has been
reported as an effective method for preparing
vanadium oxide monolayer catalysts that have a
superior activity and the selectivity for hydrocarbon
oxidations, especially in titania-supported vanadia
catalysts.2~9  Previously the deposited state of a
monolayer or sub monolayer vanadium oxide was
shown to depend greatly upon the crystalline
symmetry of the support. This in turn depends upon
the crystal field symmetry around the cation on the
surface. ESR analysis has been applied to vanadia
deposited on rutile and anatase® by such an exchange-
adsorption method. Many investigators have studied
the binary V205-SnO2 catalyst system because it has a
high activity and selectivity for ammoxidation and
various hydrocarbon oxidations.é-19 The effect of pH
on vanadium oxide monolayer catalysts deposited on
SnO: (the crystal structure of which belongs to rutile
typel?) were examined by the column-exchange
adsorption method. We also prepared vanadium
oxide monolayer catalysts deposited on Nb2Os which
have a V305 type crystal structure.l® We were inter-
ested specially in the interaction between vanadia
species and NbgOs surfaces and in comparing the
result with those of SnO:2 and titania (rutile and
anatase). Recently many people have payed attention
to Nb2Os as a catalyst carrier bacause it shows a higher
Strong-Metal-Support Interaction (SMSI) than TiOz
or ZrOq carriers.1®

ESR analysis for V4+ ion showed that vanadia
deposited on SnO2 and NbzOs appeared to interact
more weakly with those carrier surfaces than TiOq
(rutile). The interaction was similar in extent to that
of TiO; (anatase). Of special interest is the linear

relation between the apparent activation energy(Ea,)
for 2-propanol decomposition on the catalysts and the
reciplocal of the surface coverage(6) of the vanadia
species. The E, vs. 1/8 curves for V205/SnOz and
Nb2Os, which were extrapolated to 1/60 both gave the
lowest E;=5—6 kcal-mol-1. This should be regarded
as the intrinsic activation energy for 2-propanol
decomposition over the multi-layered vanadium oxide
on SnOz and NbzOs. Such a low value appeared to
arise only from the vanadium oxide dispersed widely
on the carrier surface with a weak interaction.

Experimental

1) Materials and Preparation Procedures. Four grams
of NbzOs powder (Nakarai Chem. Co., Ltd., guaranteed
grade) was packed into a glass column (0.d.=15 mm). About
0.5wt% of NH4VO; (Kanto Chem. Co., Ltd., guaranteed
grade) aqueous solution, the pH of which were exactly ad-
justed at 2, 4, and 7 by adding HNOs and aqueous ammonia,
were poured into the column to make the oxovanadium ion
adsorb. Each 3 ml of the effluent solution was collected to
measure the changes in the pH and the concentration of
oxovanadium ion (V-ion) while passing through the
column.

For the SnO: carrier (Kanto Chem. Co., Ltd., guaranteed
grade), about 4 g were packed into the column; the NH4VO3
solution was added until both the pH and V-ion
concentration had recovered to the original values. Those
pH and V-ion concentrations were determined by the use of
a pH-meter, TOA model HM-7B and the usual Mohr-
titration method, respectively. After the adsorption, the
samples were dried at 110°C for 8 h, and then calcined at
400°C for 2h in order to prepare Nb2Os and SnO:
supported vanadium oxide catalysts, V20s/Nb2Os and
V205/Sn0a.
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2) Measurements and Computer Simulation. The sur-
face areas of V20Os/Nb20s and SnOz were determined by Nq
gas adsorption at 77 K according to a convenient method.1?
The deposited states of the vanadia species were examined
by ESR spectrometry. The ESR spectrometer used was a
Nippon Denshi Model JES-PE (X-band, 9.3 GHz and
100 kHz modulation). Computer simulation of the ESR
spectrum was performed using an IBM 4381 system. The
catalytic activities for 2-propanol decomposition, as a test
reaction, were measured in a closed circulation system (ca.
0.5 dm3) connected directly to the gaschromatograph with a
Porapac-Q column (1 m). 20 mg of the catalysts were spread
widely over the bottom of the vassel and preheated at the
reaction temperature in air for one hour before the reaction.
The vessel containing 2-propanol was cooled by an ice-
water bath during the reaction in order to maintain the
vapor pressure constant at 8.4 mmHg (1 mmHg~=133.322
Pa). The intensity of the GC-peak of the main product,
(that was confirmed to be propylene) was measured at
intervals of 2 min. The decomposition rate was determined
from the intensity change for the initial 20 min. The
reaction temperature was controlled within 0.5 °C in the
range 270—350 °C.

Results

1) The Amounts of Vanadium Oxide Deposited
on Sn0:; and Nb2Os Carriers. When the NH4VO3
aqueous solutions with different pH were poured into
the glass column packed with SnOz carrier, the pH
and vanadium ion (V-ion) concentration of the efflu-
ent solution varied as shown in Fig. 1. The pH initial-
ly increased from 2 to about 4 or more in a run of
pH=2 and increased only slightly in a run at pH=4,
while in a run at pH=7 it decreased to near 6. The pH
finally returned to the original values in all runs. Ac-
companied by the pH-changes, the V-ion concentra-
tions initially decreased and then gradually recovered
to the original values. The amounts of the adsorbed
vanadium ion were estimated, based on these V-ion
concentration vs. effluent-volume cruves. The
adsorbed amounts of oxovanadium ion, which were
estimated on the assumption that they were deposited
in the form of V20s, are given in the 3rd and 4th
column of Table 1 (in units of mg(V20s)-g-carrier-1
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and mg(V2Os)-m~2, respectively). The surface area
and surface coverage are also given in the 2nd and 5th
column in Table 1, respectively. The coverage was
estimated on the assumption that the V-O-V network
of V205 extends two-dimensionally on the SnO:
carrier and the V-O bond distance is 2.0 A.19

With respect to the NbzOs carrier, the changes in the
pH and the V-ion concentration of the effluent solu-
tions are shown in Fig. 2. The pH change is small in

all pH runs. The V-ion concentration initially
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Fig. 1. The variations of pH and vanadium ion con-

centration in ammonium metavanadate effluent
solution during passing through SnOgz-packed
column for various pH runs. ----: pH change and
—: V-ion concentration change.

Table 1. Surface Areas, the Amounts of Vanadium Oxide Deposited (Reduced to V20s),
and the Surface Coverages of V205/SnO2 and V205/Nb20s
Catalyst Surface area Deposited amounts Surface coverage

m2-g~! mg(V20s)-g-car.™? mg-m~2 )

SnOq carrier 32 —_ - —
V20s5/Sn0Oz (pH=2) 36 29 0.80 0.42
V205/Sn0O2 (pH=4) 39 10 0.25 0.14
V205/Sn0O2 (pH=7) 35 15 0.42 0.22
Nb2Os carrier 3.9 — — —
V20s5/Nb2Os (pH=2) 3.6 9.5 2.6 1.4
V20s/NbzOs (pH=4) 3.4 5.9 1.7 0.90
V20s5/Nb2Os (pH=7) 3.7 1.4 0.38 0.19
V205 powder 8.5 — — —
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Fig. 2. The variations of pH and vanadium ion con-
centration in ammonium metavanadate effluent
solution during passing through NbzOs-packed
column for various pH runs. ----: pH change and
—: V-ion concentration change.

pH= 2, evac. at R.T.

pH=7 , evac., atR.T.

pH= 7, evac. at 400°

decreases slightly relative to the case of SnO2 because
of the small surface area. The concentration curve
does not fully return to the original value except for a
run at pH=7. The adsorbed amounts of vanadium
ion were similarly estimated as given in the 3rd and
4th column of Table 1. The surface areas and the
coverage are also given in the 2nd and 5th column of
Table 1, respectively.

2) ESR Spectra of V(IV) Ion on V205/Sn0O; and
Nb20s. The ESR spectrum of the supported vanadia
catalysts did not basically differ with the pH upon
impregnation. The ESR spectra for V205/SnO:
impregnated at pH=2 and 7, which were measured at
77K after the evacuation at room temperature, are
illustrated in Fig. 3-a and b, respectively. The spec-
trum for V205/SnOz(pH=7), which was measured at
77 K after the evacuation at 400 °C, is shown in Fig.
3-c. The spectrum is considered to contain 8 hf-lines
due to the 51V-nucleus (I=7/2). After heat treatment
at 400 °C, however, the spectrum varies in a complex
manner; the other ESR species are added to the origi-
nal one. V205/SnO2 (pH=2) shows a composite spec-
trum even upon pretreatment at room temperature.

The ESR spectra for V20s/Nb20Os impregnated at
pH=2 and 7, which are measured at 77 K after
evacuation at room temperature, are illustrated in
Figs. 4-a and b. The spectrum of V30s/Nb2Os(pH=2),
the surface coverage (0) of which is larger than unity,
shows specially unresolved hfs upon evacuation at

V(IV) on SnOz
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Fig. 3. ESR spectra for V(IV) ion on V205/SnOz prepared at pH=2 and 7. a: on V205/
SnO2 (pH=2), which was measured at 77 K after evacuating at room temperature, b: on
V205/Sn0;z (pH=7), which was measured at 77 K after evacuating at room temperature,
and c: on V205/Sn0O2 (pH=7) measured at 77 K after evacuating at 400°C.
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pH= 2 , evac., at R.T.

pH=7, evac,, at R.T.

pH= 7, evac., at 400°
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Fig. 4. ESR spectra for V(IV) ion on V205/Nb20s prepared at pH=2 and 7. a: on V30s/
Nb20s (pH=2) which was measured at 77 K after evacuating at room temperature, b: on
V205/Nb20s (pH=7) which was measured at 77 K after evacuating at room tempera-
ture, and c: on V205/Nb20s (pH=7) which was measured at 77 K after evacuating at 400

°C.
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Fig. 5. The ESR spectrum for V20s/SnO2 (pH=7) and the best fit spectrum simulated. —: observed and

----: simulated.

room temperature. V2Os/Nb2Os(pH=7) shows a
relatively clear hfs upon evacuation at room temper-
ature, but after evacuation at 400°C the hfs
completely disappeared and a very broad spectrum
appeared.

A computer simulation was applied to the spectra of
Figs. 3-b and 4-b which were measured for V205/SnO2

and Nb2Os impregnated at pH=7 at 77K after
evacuation at room temperature. The first derivative
curve was calculated according to the usual simula-
tion method at intervals of 10G (1 G=10-T) in a
magnetic field of 2600—4300 G, as described previo-
usly.® The intensity of the microwave absorption at
each resonance field was obtained by numerical inte-
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Table 2. The Best Fitting Parameters Used for Simulating the ESR
Spectra of V(IV) Ion on V205/Sn0O2z and V20s5/Nb2Os
Catalysts Evacuated at Room Temperature
. g value A value Line width
Catalyst Species g g 4,/G 4,/G 4/G
V205/Sn0q V(IV) 1.9265 1.9807 200.5 74.0 27
V205/Nb20s v{av) 1.9100 1.9780 200.0 70.0 40
Table 3. Arrhenius Parameters of 2-Propanol Decomposition over V205/SnO;
and V20s5/Nb20Os Catalysts Impregnated at pH=2, 4, and 7

log V, E,

Catalyst molecules*m—2s~! kcal*mol-!
SnO; carrier 23.7 16.2
V205/Sn0:z (pH=2) 21.3 9.6
V205/Sn0: (pH=4) 24.0 17.0
V205/Sn02 (pPH=7) 22.8 13.0
Nb2Os carrier 26.4 20.0
V20s5/Nb205 (pH=2) 22.0 7.2
V205/Nb20s (pH=4) 22.2 8.0
V20s5/Nb2Os (pH=7) 25.9 18.2

V205 /NbOs(pH=7)
at 77K
a
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oetesce PPTPTRResre mag, ool etanmcnnte,, o0
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Fig. 6. The ESR spectrum for V20s/Nb2Os (pH=7) and the best fit spectrum simulated. —: observed and
---- simulated.

grations at intervals of 1.5° to 8 and ¢ for all directions
under the assumption of a Gaussian shape function
and 27 G of the half width for V205/5n0Oz and 40 G for
V205/Nb20s. The best-fit parameters are given in
Table 2 and the simulated spectra are shown by the
broken line in Figs. 5-b and 6-b.

3) Decomposition Rates of 2-Propanol over V20s/
SnO: and Nb2Os. The reaction rates of 2-propanol
decomposition over the SnOz and Nb2Os-supported
vanadium oxide catalysts were determined from
changes in the GC-peak intensity for the produced
propylene in the temperature range 270—350°C.
Arrhenius plots for the initial mean rates, thus

obtained, are summarized in Fig. 7(Arrhenius rela-
tion: V=V.exp(—E./RT) and logV=logV.,—E./RT).
Arrhenius parameters, logV, and E,, estimated from
those plots, are given in Table 3. The minimum
activation energy was found to be 7.2 kcal-mol-! for
V205/Nb2Os prepared at pH=2, while the maximum
was 18.2 kcal .-mol-! for V20s5/Nb2Os prepared at
pH=7. The activation energy tends to decrease with
the amounts of vanadium oxide deposited in any
series of catalysts.

The reaction rates in units of molecules.m—2.s-!
and molecules-mg(V20s)~1.5~1, which were estimated
at 300 °C in Fig. 7, are shown in Figs. 8 and 9, respec-
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Fig. 7. Arrhenius plots for the 2-propanol decom-
position rates over VeOs/SnOgz, Nb2Os prepared at
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Fig. 8. Comparison of the activity per m? and per
second for 2-propanol decomposition among V20s
powder, the carrier themselves, and the supported
vanadium oxide catalysts at 300°.

tively. In Fig. 8, the activity per m2 of V2Os powder is
higher than those of the carriers, Nb20s and SnOz, and
the activity is accelerated 2—3 times in V20s5/Nb2Os
catalysts and twice or less in V205/SnOz relative to
the carrier themselves. In Fig. 9, the activity per
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Fig. 9. Comparison of activity per mg(V20s) and per
second for 2-propanol decomposition among V205
powder and the supported catalysts at 300°C.

mg(V20s) generally increases with the pH upon the
impregnation and the maximum activity was attained
at pH=7 in both carriers. It should be specially noted
that the activity is 50—200 times higher in V205/Nb20Os
and 5—20 times higher in V20s/SnO: than that of
V205 powder itself. Thus, it is evident that the
vanadia species spread widely over the carrier surfaces.

Discussion

Deposited States of Vanadium Oxide on SnO; and
Nb2Os. The deposited states of vanadium oxide on
titania (rutile and anatese) have been successfully
studied through the analysis of the ESR spectra using
the surface V(IV) ion as a probe. The deposited state is
greatly affected by the crystal structure of the original
carrier; the vanadia species on rutile differed from that
on anatase.? SnO; belongs to the rutile type structure,
although the radius ratio 7cation: Tanion is slightly larger
in SnOz(r./7,=0.53) than in rutile (0.45).19 Thus, we
can also estimate the d-orbital splitting of V(IV) ion
from the g-value by Eq. 1.19

8/ =go+81/Aand g1 =g, + 24/ 8 1)

where 4 and 8 are the crystal field splitting constants
and A the spin-orbit coupling constant which is
assumed reasonably to be 250 cm~1.20

With respect to V(IV) ion doped into SnO;
crystalline lattice, the coordination model and d-
orbital splitting that was estimated from a reported
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g-value2d by Eq. 1 are shown in Fig. 10-a. For V(IV)
ion in the vanadia species deposited on SnQg, the g,
component in Table 2 is large and the g, small
ralative to those for the doped sample. The differences
in the g-values indicate that the d-orbital splitting 4,
decreases and the & increases when the V(IV) ion
located in the inner bulk is brought to the top of the
surface. A similar change was found in the titania-
vanadia system:® Previously, we showed that the field
symmetry around the V(IV) ion replacing the Ti ion
site on the rutile surface was similar to that around the
V(IV) ion placed in a distorted square pyramidal field.
The V(IV) ion doped into a rutile crystal was sub-
ject to an octahedral field. Thus, accompanied by
removing the V(IV) ion from inner bulk to the top
of the rutile surface, the crystal field around V(IV)
ion changes from octahedral to a distorted square
pyramid. The coordination model and the d-orbital
splittings for V205/SnO; are shown analogously in
Fig. 10-b. However, V(IV) ion placed on an SnO;
surface is subject to a weaker field than that on rutile,
because the ratio of r./r, is larger in SnOg than TiQ2.14
In fact, the splitting constant, 4 and §, for V(IV) ion
deposited on SnO:z are smaller than those on rutile
(4=38 and 6=26 kcm~1).9 Moreover, the extent of the
interaction between vanadia species and carrier
surfaces can be compared, based on the hf-coupling
constant for the V(IV) ion as a probe, as previously
pointed out;® since 4, and 4, for V205/SnO; are 200.5
and 74 G, respectively, while those for V205/R-TiOs
173.1 and 55 G, the interaction for V20s5/SnO: is
understood to be weaker than that for V2Os/R-TiOs.
The extent of the hf-splittings of V205/SnOx is simi-
lar to those of V205/A-TiOz described in the previous

(a) (b) (c)

V(IV) in SnO2 V208/Sn02 V20s/Nb20s
g,"1.939, 1.903 g,* 1.9807 9,%1.9780
Qu=1.943 9" 1.9265 Qu=1.9100

dz2 + adx2.y2 L
dyy )
As34 ucn—r
- .-_ T pe——
dxryz SERLEESSARE PYS o 7 11 a-
S~ - = 550 22 kem™
A X e .
eyt -2 85,8 kem

Fig. 10. Coodination model and crystal field split-
ting for the surface V(IV) ion in V205/SnO; and
Nb2Os. Analysis for the data of V(IV) ion doped in
SnOz lattice?? is shown in (a) for comparison.

Dispersed States of Vanadium Oxide on SnOz and Nb2Os

1497

paper(4=22 and 6=24 kcm~1), in which the V(IV) ion
was assumed to be placed only near the Ti ion vacant
site.

The spectrum for V20s5/SnOz2 sharpens considerably
but remains complicated, after the evacuation at 400
°C, as illustrated in Fig. 3-c. Some reduced vanadia
species might be formed by such evacuation treatment
and spread over the surface without interacting with
each other. Thus, no reduced phase was detected even
upon the high temperature evacuation.

Nb2Os belongs to a V2Os type crystal but the oxygen
ion coordination around the Nb ion is closer to
octahedral symmetry than that of V2Os, because the
ionic radius of Nb(1.43 A) is larger than that of
V(1.32 A).1® The g-value for the V(IV) ion on Nb2Os
surface is almost the same as on an SnOq surface, and
also close to that for the V2Os inner lattice.2? Thus,
the coordination model and the splitting constants are
close to those of V205/SnQOg, as Fig. 10-c shows. When
the V205/Nb2Os catalyst was evacuated at 400 °C, the
spectrum with hfs changed to a broad one as Fig. 4-c
illustrated. The broadening might be caused by a
dipole-dipole interaction between a reduced vanadia
species produced by such a high temperature evacua-
tion.

Catalytic Properties of V205/Sn0:2 and Nb2Os. A
good compensation relation was found between log V,
and E, for 2-propanol decomposition over the titania-
supported vanadia catalysts, V2O0s/R- and A-TiOg,
prepared by the column-exchange adsorption of oxo-
vanadium ion under different pH(=2, 4, and 7).9
Based on such a compensation relation,? we could
discuss the best conditions for the catalyst prepara-
tion. A compensation relation also holds between log
Vo, and E, in Table 3 for the catalysts , V2Os5/SnQO2 and
NbzOs, impregnated at different pH(=2, 4, and 7), as
shown in Fig. 11. The lowest activation energy was
obtained for both SnO:; and NbgOs carriers on
impregnation at pH=2. The most desirable condi-
tions, thus, is impregnation at pH=2.

E. tends to decrease with increase in the coverage, 6,
as indicated previously. In fact, the E, vs. 1/6 plot
gives a good linear curve, as shown in Fig. 12. The
inclination of the curve for SnOz differs to some extent
from that for NbzOs, but both curves cross at around
E,;=5—6 kcal-mol-! upon extrapolation to 1/6=0.
The E. value should correspond to such activation
energy as caused by the multilayered vanadium oxide
piled on SnOz and Nb2Os surfaces; it might indicate
an intrinsic activation energy for pure vanadium
oxide crystallite. We have never found any linear
relation between E, and 1/6 in vanadia-titania® and
—zirconia?® systems. With these carriers, not only the
coverage (8) but also the deposited states would be
affected by the pH upon preparation, although the
difference in the deposited states could never be
detected by ESR-measurement.
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it was the most effective composition for production
of maleic anhydride. Andersson® suggested in the
study on ammonxidation of 3-methylpyridine on
V205/Sn0q that the catalyst with both V2Os and VO3
phases is especially active and selective and that the
effective catalyst has the composition Vo03Snee7O2, in
which the V=0 bond is weakened by the incorpora-
tion of Sn** ion into the V2Os lattice. Hauffe et al.1?
gave a similar suggestion for the effective working
state of various metal oxide supported V205 catalysts.
These authors were also concerned with the fused
binary V20s5-SnO2 catalyst, and the effective species
were suggested to be formed by the incoporation of
Sn#+ ion into vanadium oxide lattice. Ono et al.1?
investigated the rates of oxidation of CsHs, CoHy,
CsHs, and CO over V-Sn oxides of various com-
positions. The rates showed two maxima at V/Sn=
2/1 and 1/8. Their ESR, IR, and X-ray measurements
suggested that the former rate maximum arises from
the formation of an amorphous compound and the
latter is associated with the presence of a V4+ ion
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Fig. 11. Relationship between the pre-exponential
factor (log V,) and the activation energy (E,) for 2-
propanol decomposition over the SnOgz- and Nb2Os-
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Fig. 12. Relationship between the activation energy
and the reverse of the surface coverage (1/0) of vana-
dium oxide dispersed on SnO2 and NbzOs carriers,
see text in detail.

Hernadi et al.!®? showed that the maximum
selectivity for l-butene oxidation was obtained in
the composition interval 3:1<V205:Sn02<2:1. Ai®
showed that the highest activity was obtained for the
V205-SnOq catalyst with atomic ratio V:Sn=1:1 and

dissolved into Sn03.21-29 We have had no evidence for
either the incorporations of Sn**+ and Nb5+ ions into
the vanadia species or of V4t ion into SnOz and Nbz2Os
carriers. With the present impregnated catalysts, since
the vanadia species were clearly shown to be depos-
ited on SnO2 and Nb2Os surfaces in the same man-
ner as vanadium ion (V4*) is placed near the Sn4+ and
Nb5+ vacant sites. However we can not directly com-
pare the surface state with those of their fused catalysts.
However, the V-0 bond can surely be considered to be
weakened in such vanadia species as are interacting
with the carrier surface, even though quite weakly, as
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was discussed for the titania-vanadia system in the
previous paper.9

Finally, it should be noted that the weak interaction
of vanadia species with Nb2Os contrasts with the SMSI
in metal supported NbzOs catalyst.!® These V20s5/
SnOz; and NbzOs catalysts will be tested for
ammoxidation and hydrocarbon oxidation in the near
future.
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