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Mixed gel catalysts of vanadia and silica containing 0.1, 1, 10, 20, and 50 wt% of vanadia were 
prepared from alkoxides of the constituents. The catalysts were investigated with regard to their 
physical and chemical properties, and their activity in the selective catalytic reduction (SCR) of 
nitric oxide. The textural properties (grain morphology, BET surface area, specific pore volume, 
pore size distribution) were found to depend on the composition of the mixed gels and varied most 
strongly in the composition range l-20 wt% of vanadia. Rulk structural and chemical properties 
were investigated by means of X-ray diffraction (XRD), high-resolution electron microscopy 
(HREM), electron spin resonance, and temperature-programmed reduction and oxidation. XRD 
and HREM revealed that silica was existing in all catalysts as an amorphous phase only. Vanadia 
showed more complex behavior. At low concentrations (less than 10 wt%) it consisted of 
well-dispersed vanadium oxide species, whereas at higher concentrations small microcrystalline 
domains were found in the amorphous VzOs matrix. Highest specific activities (molecules of NO 
converted to Nr per V5+ site per second) were measured for the catalysts containing 1 and 10 wt% 
of vanadia. Catalysts with higher vanadia contents exhibited a significant decrease in the activation 
energy around 430 K which is attributed to agglomeration of the well-dispersed vanadium oxide 
species under SCR conditions. The stability of the well-dispersed vanadium oxide species under 
SCR conditions was found to decrease with increasing temperature and vanadia content of the 
catalyst. In all mixed gel catalysts the well-dispersed vanadium oxide species were more stable 
than those in silica-supported vanadia layers. o 1988 Academic P~CSS, IIK. 

INTRODUCTION 

Recently considerable effort has been 
expended to gain more information about 
the structural and catalytic properties of 
silica-supported vanadia (1-7). It is gener- 
ally agreed that the interaction of the vana- 
dia species with the support is relatively 
weak in catalysts prepared by impregnation 
of silica with a vanadium-containing pre- 
cursor (1-4). As a result of the weak inter- 
action the immobilized vanadia species 
tend to agglomerate when exposed to 
higher temperatures. This behavior was 
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shown recently for a silica-supported 
monolayer of vanadia during its use for 
selective catalytic reduction (SCR) of nitric 
oxide with ammonia (8). Agglomeration 
and formation of relatively large vanadia 
particles occurred at temperatures higher 
than about 430 K under SCR conditions. 
The agglomeration could be suppressed by 
using mixed gels of silica-titania as carrier 
instead of pure silica. The addition of tita- 
nia to the silica matrix resulted in a 
strengthening of the vanadia-support inter- 
action leading to a significant increase in 
the activity for SCR and to a markedly 
easier reduction of the immobilized vanadia 
species. 

Here we report another approach for 
stabilizing finely dispersed vanadia species 
on silica. Vanadia is immobilized in the 
silica matrix by applying the sol-gel pro- 
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cess. Mixed gels of vanadia and silica are 
prepared and investigated with regard to 
their structural and catalytic properties in 
SCR. 

EXPERIMENTAL 

Catalyst Preparation 

Mixed gels of vanadia and silica were 
prepared from corresponding soIs. The sols 
were prepared using the following proce- 
dures. For the vanadia sol; 100 g of freshly 
distilled vanadyl triisobutoxide (b.p. 379 K, 
66 Pa) was added dropwise to 2 liters of 
stirred distilled water and the stirring 
continued for 30 min. Subsequently the 
isobutanol formed was removed by evapo- 
ration under reduced pressure at 323 K and 
a dark red V205 sol was obtained. For the 
silica sol, 208 g of distilled Si(OC,H,) (b.p. 
441 K, 100 kPa) was stirred with 0.5 liter of 
distilled water for 48 h at 323 K. Ethanol 
was then removed by evaporation under 
reduced pressure at 323 K and a colorless 
fully transparent silica sol was obtained. 

Mixed gels containing 0.1, 1, 10, 20, and 
50 wt% vanadia were prepared from the 
sols of vanadia and silica using the follow- 
ing procedure. First the prepared sols were 
diluted with distilled water to 1 liter vol- 
ume, and then appropriate amounts of 
these diluted sols were mixed and stirred 
for 30 min. No precipitation was occurring 
under these conditions. Subsequently the 
mixed sols were dried at 333 K for 24 h and 
at 393 K for 72 h. After grinding the sieve 
fraction of 0.5 to l-mm grains was calcined 
at 873 K. 

The reference catalyst consisting of a 
vanadia layer on silica was prepared using 
the reaction of vanadyl triisobutoxide with 
surface hydroxyl groups of silica. The im- 
pregnation procedure has been described in 
detail in a previous report (4). 

Catalyst Characterization 

All catalysts were characterized by nitro- 
gen adsorption (BET), X-ray diffraction 
(XRD), high-resolution electron micros- 
copy (HREM), scanning electron micros- 

copy @EM), temperature-programmed re- 
duction (TPR), temperature-programmed 
oxidation (TPO), and electron spin reso- 
nance (ESR) spectroscopy. 

Pore size distributions were determined 
from the desorption branch of the measured 
hysteresis of the nitrogen adsorption at 77 
K using the method of Pierce (9). 

The apparatus used for the TPR and TPO 
measurements has been described in detail 
elsewhere (10). TPR profiles were obtained 
under the following conditions: flow rate, 
1.25 ml/s (STP); reducing gas, 6% hydrogen 
in argon; heating rate, 0.167 K/s; sample 
weights were 300 mg for the supported 
vanadia layer, and 2 g, 500 mg, 365 mg, 182 
mg, and 184 mg for the mixed gels contain- 
ing 0.1, 1, 10, 20, 50 wt% of vanadia, 
respectively. TPO was carried out under 
similar conditions with 6% oxygen in argon 
as the oxidizing gas. 

High-resolution electron microscopy of 
the samples was carried out using a JEOL 
200CX microscope equipped with a tung- 
sten filament and top-entry stage. All 
samples were finely ground and dispersed 
on a supported holey carbon film via a 
hexanelmethanol slurry. Scanning electron 
micrographs were taken using a Philips 
SEM 525 instrument equipped with EDX 
facility. For the SEM and EDX studies 
agglomerates of the different materials 
were prepared on a conventional sample 
holder and covered with a gold film. 

ESR spectra were recorded on a Varian 
E-line Century series spectrometer with 
100 kHz magnetic field modulation. A Var- 
ian variable temperature accessory was em- 
ployed for the measurements from 293 to 
550 K. 

Catalytic Activity Measurement 

The apparatus used for activity measure- 
ments was described in detail in Ref (II). It 
consisted of a tubular continuous flow 
fixed-bed microreactor coupled with a 
quadrupole mass spectrometer serving as 
analyzer for NO, NH3, H20, N20,02, and 
NOZ. Standard conditions were: total flow 
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rate, 2.08 ml/s (STP); catalyst load, 1 g; 
feed concentrations, 900 ppm NO, 900 ppm 
NH3, 18,300 ppm 02 in Nz. 

RESULTS 

1. Textural Properties 

Textural properties of the mixed gels of 
silica and vanadia containing 0.1, 1.0, 10, 
20, and 50 wt% vanadia are listed in Table 
1. For comparison we also quote the cor- 
responding properties of a catalyst pre- 
pared by immobilization of a vanadia layer 
on pure silica (4). 

The BET surface area showed a maxi- 
mum for catalysts containing about 10 wt% 
of vanadia mainly due to the existence of 
micropores besides the mesopores. Higher 
vanadia contents resulted in a drastic de- 
crease in the surface area. Parallel to this 
decrease in the BET surface area we note 
the appearance of a new type of narrower 
mesopore; i.e., the originally monodis- 
perse pore size distribution of the meso- 
pores became bidisperse. Catalyst contain- 
ing 1 wt% vanadia and less exhibited a 
monodisperse mesopore size distribution 
similar to that of pure silica with a most fre- 
quent pore radius of about 4 nm. The 
change from the monodisperse to the bi- 
disperse pore size distribution is accom- 
panied by a decrease in the mesopore vol- 
ume of the catalysts. The silica-supported 
vanadia exhibited about the same BET 

TABLE I 

Textural Properties of Vanadia-Silica Mixed Gels 
and a Silica-Supported Vanadia Layer 

Vanadia Pore Surface Most frequent 
content volume area pore radius 
(wt%) (cm%) (m*M (nm) 

0 0.76 256 4.0 
0.1 0.74 262 4.0 
1.0 0.74 311 4.0 

10.0 0.44 506 3.8/2.0b 
20.0 0.35 89 3.812.3’ 
50.0 0.14 50 3.8/1.9b 

Si-V” 0.59 253 3.5 

a Vanadia layer supported on silica. 
’ Maxima in bidisperse pore size distribution. 

surface area as the pure silica support. 
However, the pore volume as well as the 
most frequent pore radius of the impreg- 
nated silica was significantly smaller than 
that of the pure silica. This indicates that 
some textural changes occurred during im- 
pregnation and subsequent calcination. 

Samples with low vanadia contents (0.1 
and 1 wt%) exhibited a rather smooth sur- 
face similar to that of pure silica. However, 
the grain and surface morphology changed 
markedly with increasing vanadia content. 
This is illustrated by comparing the top and 
bottom plates of Fig. 1 which show the 
grain morphologies of vanadia-silica mixed 
gels containing 0.1 and 50 wt%, respec- 
tively. The agglomerates in the samples 
with higher vanadia content (IO, 20, 50 
wt%) were made up of small particulate 
matter and as a consequence the surface 
was comparably rough. EDX measure- 
ments indicated that in all mixed gels the 
vanadia was homogeneously distributed 
within the silica matrix. 

2. Bulk Structural Properties 

X-ray diffraction patterns of the fresh 
(after calcination) vanadia-silica catalysts 
as well as of the pure silica are presented in 
Fig. 2. Catalysts containing 0.1, 1, and 10 
wt% vanadia showed only a broad intensity 
maximum characteristic for amorphous so- 
lids. The catalysts with higher vanadia con- 
tents showed a broadened reflection around 
28 = 7”. A similar reflection was observed 
earlier in silica systems (12) and was attrib- 
uted to the existence of small particles of a 
hydrated silica phase SiO:! . 3H20. 

More information about the bulk struc- 
ture and insight into the surface structure 
were obtained by HREM. Figure 3 shows 
that the pure silica agglomerates were made 
up of amorphous microparticles with diam- 
eters of IO-30 nm. Similar micrographs 
were obtained for catalysts containing 0.1 
and 1 wt% vanadia, respectively. Electron 
diffraction of such samples showed no evi- 
dence for the formation of crystalline do- 
mains of vanadia. Accordingly no contrast 
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FIG. 1. Scanning electron micrographs showing the grain and surface morphologies of vanadia-silica 
catalysts with low vanadia content (top) and high vanadia content (bottom), respectively. The bars 
correspond to 0.1 mm (left plates) and 10 pm (right plates), respectively. 
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FIG. 2. X-ray diffraction pattern of vanadia-silica 
catalysts. Percentages quoted correspond to contents 
(wt%) of vanadia in mixed gels (CuK, radiation). 

maxima indicating arrays of concentrated 
vanadia could be observed in the high- 
resolution micrographs; i.e., vanadia was 
finely distributed within the silica matrix of 
these samples. 

Vanadia also existed predominantly in 
the form of amorphous arrays in mixed gels 
containing 10 wt% vanadia (Fig. 4A). 
However, careful inspection of this mate- 
rial showed that a few domains of a crystal- 
line vanadia phase have been formed. Char- 
acterization of these domains indicated that 
they contained microcrystalline VJOT (23) 
and/or V6013 (14). Similar findings also 
emerge from the HREM investigation of 



the 50% vanadia-silica catalyst (Fig. 4B). in much higher concentrations. The cq 
&a lin small crystalline domains of the line arrays appear to be very thin, 
par1 :iy reduced vanadia phases are seen, but lateral dimensions of below 50 nm. 
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FIG. 3. High-resolution electron micrograph of pure silica sample. 

rstal- 
with 
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FIG. 4. High-resolution electron micrograph of vanadia-silica catalysts showing the microcryst~line 
domains of vanadium oxide embedded in the amorphous vanadia-silica matrix. (A) Vanadia (10 
wt%)-silica catalyst. (B) Vanadia (50 wt%)-silica catalyst. 

Temperature-programmed oxidation of 
the 50% vanadia-silica catalyst indicated 
that about 20% of the vanadia bulk was 
existing as partly reduced vanadia phases. 
HREM investigation of the 50% vanadia- 
silica sample after TPO revealed that the 
microcrystallinity of the partially reduced 
vanadia domains was restored during their 
transformation to V205. We note that nei- 
ther the electron diffraction patterns nor 
the high-resolution electron micrographs 
indicated the presence of crystalline VZOS 
in the fresh catalysts. 

Electron spin resonance was used to gain 
information about the chemical structure of 
the vanadia species immobilized in the 
three-dimensional matrix of silica. The va- 

nadian-silica catalysts containing 0. I and I 
wt% vanadia exhibited very weak signals at 
room temperature indicating that only a 
small fraction of the vanadium ions was in 
the V4’ state. The ESR measurements of 
these samples were not extended to higher 
temperatures. Figure 5 depicts the ESR 
spectra recorded for vanadia-silica cata- 
lysts containing IO, 20, and 50 wt% vana- 
dia. Samples containing 20 and 50 wt% of 
vanadia exhibit spectra similar to those 
reported for amorphous V205 after water 
vapor adsorption and for Vz05 xerogels 
which contain vanadium oxygen polymeric 
fibers (15). We can distinguish between 
three types of paramagnetic species: (i) 
well-dispersed VO*+ ions leading to the 
axial spectrum I (Fig. 5a) which is similar to 
the spectra measured for well-dispersed 
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FIG. 4.-Continued. 
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FIG. 5. ESR spectra of vanadia-silica catalysts 
containing 10, 20, and 50 wt% of vanadia. Spectra 
were recorded at the temperatures indicated. 

supported vanadia monolayers (16); (ii) ar- 
rays of V02+ species undergoing tumbling 
Brownian motion (15) characterized by 
spectrum II with an isotropic hyperfine 
constant A0 = 121 G; and (iii) a microcrys- 
talline phase reflected by spectrum III (Fig. 
SC). The concentrations of the different 
vanadium oxide species change with in- 
creasing temperature. 

The ESR signal of the sample with 10 
wt% vanadia (Fig. 5a) consists predomi- 
nantly of the well-dispersed VO*+ ions up 
to 480 K, whereas the contribution of the 
microcrystalline phase is weak. With the 20 
wt% vanadia sample the contribution of the 
axial sites present at room temperature 
(Fig. 5b) disappears almost completely 
upon heating to 420 K (Fig. 5c) and the 
characteristic feature of the microcrystal- 
line vanadium oxide becomes prevalent. 

Slightly different behavior is observed 
with the 50 wt% vanadia sample (Figs. 5d 
and 5e). No indication is found for the 
presence of well-dispersed V02+ ions. At 

lower temperatures (<390 K) this sample is 
made up predominantly of arrays of V02+ 
species undergoing tumbling Brownian mo- 
tion and the microcrystalline phase (Fig. 
5d). When comparing the spectra shown in 
Figs. 5d and 5e, which were recorded at 
different temperatures, we note that in the 
temperature range 390-420 K most of the 
arrays of V02+ species undergo agglomer- 
ation and finally form the microcrystalline 
phase. 

Temperature-programmed reduction 
(TPR) was used to investigate the reducibil- 
ity of the vanadia immobilized in the mixed 
gels. Figure 6 depicts the TPR profiles of 
the catalysts. Pure silica as well as the 
catalyst containing 0.1% vanadia did not 
exhibit any hydrogen consumption due to 
reduction. Two quantities were extracted 
from these profiles: (i) the ease of reduction 
of the vanadia, as reflected by the tempera- 
ture of maximum reduction rate (T,,,,,), and 
(ii) the fraction of reducible vanadia, as 
obtained from the measured hydrogen con- 
sumption and quantitative analysis by 
X-ray fluorescence. The changes of these 
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FIG. 6. TPR profiies of vanadia-silica mixed gels 
and silica-supported vanadia layer @i-IV). Percent- 
ages quoted correspond to contents (wt%) of vanadia 
in mixed gels. TPR conditions are given in the Ex- 
perimental section. 
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parameters as a result of the vanadia con- 
tent of the catalysts are illustrated in Fig. 7. 

The shift in T,,, is most prominent be- 
tween 10 and 20 wt% vanadia content. We 
also note that in this composition range 
the reduction peak becomes significantly 
broader and shows even a pronounced 
shoulder on the higher-temperature side 
(Fig. 6). This behavior is attributed to the 
occurrence of a smaller superimposed sec- 
ond reduction peak with higher T,,,,, and 
indicates that in the catalysts containing 
more than lo-20 wt% vanadia a significant 
amount of a less easily reducible phase was 
present. 

The reducible fraction of vanadia in the 
catalysts (Fig. 7) increased from about 40% 
for the catalyst containing 1 wt% vanadia to 
about 90% for the catalysts containing 50 
wt% vanadia. Note that for the calculation 
of the vanadia species from the hydrogen 
consumptions it was assumed that reduc- 
tion from Vs+ to V3+ occurs. The error 
introduced in the determination of the re- 
ducible fraction by the fact that in the 
samples with high vanadia content some of 

10 20 30 40 50 

vanadia amount Iwt% 

FIG. 7. Characteristic parameters derived from TPR 
measurements. (a) Reducible fraction of vanadia as 
determined from the hydrogen consumption and X-ray 
fluorescence measurements. (b) Ease of reduction of 
the vanadia in the mixed gels as reflected by the 
temperature of maximum hydrogen consumption 
(Tmad. 

the vanadia was present as V307 and V6013 
was estimated to be less than 4%. 

4. Catalytic Activity 

An analysis of possible interparticle and 
intraparticle heat transfer effects on our 
kinetic results (17) indicated that interphase 
and intraparticle temperature gradients 
could be neglected under the diluted gas 
conditions used (see under Experimental). 
In order to check for possible intraparticle 
mass transfer effects we performed a series 
of kinetic measurements with different van- 
adia-silica catalysts of O.Ol- to 0.15 and 
OS- to l-mm grain size and evaluated them 
by calculating the corresponding Dam- 
kohler numbers according to the procedure 
described in Ref. (18). The test series indi- 
cated that intraparticle diffusion limitations 
were unlikely under the conditions used for 
collecting the kinetic data. 

Below 570 K all catalysts tested cata- 
lyzed selectively the reaction 

NO + NH3 + $02 + N2 + $HzO 

At higher temperatures N20 was formed in 
addition to NZ , whereas NO2 formation was 
never detected. 

Both the overall activity and the specific 
activity were determined. The temperature 
(Td necessary to obtain 50% conversion of 
NO to N2 under standard conditions was 
taken as a measure for the overall activity. 
The values measured for Tso were: pure 
silica, no activity; 0.1 wt% vanadia-silica, 
no activity; 1 wt% vanadia-silica, 504 K; 10 
wt% vanadia-silica, 412 K; 20 wt% vana- 
dia-silica, 456 K; and 50 wt% vanadia- 
silica, 391 K. Note that pure silica as well 
as 0.1 wt% vanadia-silica did not exhibit 
any activity under the conditions used. 

The specific activity (specific reaction 
rate) was calculated as the number of moles 
of NO converted to NZ per mole of Vs+ per 
second. The number of Vs+ species was 
calculated from the hydrogen consumption 
measured during TPR assuming that reduc- 
tion from V5+ to V3+ occurred. 

Figure 8 shows the dependence of the 
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FIG. 8. Arrhenius plots of specific reaction rates for 
SCR measured over mixed gels of vanadia-silica and a 
silica-supported vanadia layer @i-IV). Percentages 
denote contents (wt%) of vanadia in the mixed gels. 
Note that the mixed gel catalyst containing 0.1 wt% 
vanadia and pure silica did not exhibit significant 
activity under the conditions used. 

specific reaction rates measured under the 
standard conditions quoted in the Experi- 
mental section. As mentioned above, silica 
and 0.1 wt% vanadia-silica were not active 
below 600 K. The silica-supported vanadia 
layer catalyst exhibited an activity curve 
with a maximum at 430 K and a minimum at 
about 510 K. This behavior was already 
reported elsewhere (8). It is interesting to 
note that the activity of the silica-supported 
vanadia layer at low temperatures was 
about the same as that measured for mixed 
gels with low amounts of vanadia. At higher 
temperatures, the silica-supported vanadia 
exhibited an activity similar to that of the 
mixed gels with high vanadia content. 

DISCUSSION 

1. Textural, Bulk Structural, and 
Chemical Properties 

It has been shown that the textural prop- 
erties of the vanadia-silica mixed gels de- 
pend strongly on their chemical composi- 
tion (Table 1). The textural changes result 
from significant bulk structural changes 
which occur in this composition range. 

Neither the XRD patterns (Fig. 2) nor the 
high-resolution electron micrographs (Figs. 
3 and 4) give any indication of the presence 
of a crystalline phase in the fresh catalysts 
with low vanadia contents. Silica is present 
as a completely amorphous phase in all 
samples. Vanadia exhibits a more complex 
behavior. At low concentrations it forms an 
amorphous phase; i.e., there exists no dis- 
tinct three-dimensional long-range ordering 
of the constituents. At higher vanadia con- 
centrations (> 10 wt%), some of the vanadia 
exists as small microcrystalline domains of 
V307 and V6013 which are embedded in the 
amorphous silica matrix. 

More detailed bulk structural information 
emerges from the ESR investigations. The 
ESR spectra (Fig. 5) can be described as a 
superposition of the spectra due to three 
different paramagnetic V02+ species: well- 
dispersed VO*+ ions arrays of VO*+ spe- 
cies, and microcrystalline vanadium oxide. 
The latter phase exists as small microcrys- 
talline domains embedded in the amor- 
phous matrix as evidenced by HREM. 
The proportions of the different vanadium 
oxide species change with temperature. 
Higher temperatures favor the formation of 
the microcrystalline phase, probably due to 
the loss of adsorbed water and subsequent 
agglomeration of the VO*+ species. We 
note that the well-dispersed VO*+ species 
are considerably more stable in the samples 
with lower vanadia content. In these 
samples the VO*+ species are well sepa- 
rated by the silica matrix and consequently 
their agglomeration is suppressed. 

Aldebert et al. (19) proposed that V205 
gels consist of flat fibers crosslinked into 
layers. The fibers do not exhibit any orien- 
tation in the layer, but the distance of the 
layers is well defined and depends on the 
water content of the gel. With a decreasing 
amount of water the size of the coherence 
domain increases. Upon removal of the 
chemisorbed water above 623 K the V205 
platelets are allowed to rearrange and crys- 
tallization occurs. Our investigations pro- 
vide evidence that silica stabilizes the dis- 
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ordered V205 phase in the same way as the 
chemisorbed water does so in vanadia gels; 
i.e., it separates the vanadia layers or fibers 
and prevents them from coagulation and 
crystallization up to the calcination temper- 
ature of 873 K. 

Temperature-programmed reduction 
(Figs. 6 and 7) revealed that this separation 
was complete for very low amounts of 
vanadia (0.1 wt%). In such samples practi- 
cally no vanadia was accessible for reduc- 
tion by hydrogen, suggesting that most of 
the vanadia was occluded by the silica 
matrix. This conclusion is further sup- 
ported by the observed inactivity of these 
samples for SCR. With an increasing 
amount of vanadia the fraction of accessi- 
ble and reducible vanadia increases 
strongly (Fig. 7) reaching about 90% when 
50 wt% vanadia is present in the mixed gel. 

The ease of reduction expressed as the 
temperature of maximum reduction rate 
(T,,,,,) in the TPR profiles (Figs. 6 and 7) 
decreases with an increasing amount of 
vanadia. Above 10 wt% of vanadia the 
formation of a less easily reducible vana- 
dium oxide phase is indicated by a second 
TPR peak at higher temperatures. This be- 
havior is in line with the formation of 
microcrystalline domains of vanadium ox- 
ide observed by HREM (Fig. 4) in the 
catalysts containing 10 and more wt% vana- 
dia and with the ESR results (Fig. 5) which 
indicate a trend toward an increase in the 
concentration of agglomerated vanadium 
oxide species with increasing vanadia con- 
centration and temperature. It is interesting 
to note that the specific activity (Fig. 8) of 
the vanadia-silica decreases markedly 
when the second peak in the TPR profiles 
becomes dominant. 

2. Catalytic Activity 

The specific rates presented as turnover 
frequencies in Fig. 8 were based on the 
determination of the accessible Vs+ sites by 
TPR. Thus the specific rates are based on 
the assumption that the Vs+ sites accessible 
for hydrogen are equally well accessible for 

the reactants in SCR. This assumption is 
not necessarily valid. In any case the turn- 
over frequencies represent conservative es- 
timates, since some of the V5+ sites may be 
accessible for hydrogen but not for the 
reactant. 

We note that highest specific rates were 
exhibited by the mixed gels containing 1 
and 10 wt% of vanadia. The specific rate is 
significantly lower for the mixed gels con- 
taining 20 and 50 wt% vanadia, where part 
of the vanadia was existing as a microcrys- 
talline phase. The transformation of parts 
of the amorphous vanadia into the micro- 
crystalline phase observed with catalyst 
samples containing 10, 20, and 50 wt% 
vanadia results in a decrease in the specific 
rate. Note that both the 20 and the 50 wt% 
vanadia-silica catalysts exhibit a bend 
around 430 K in the Arrhenius plot (Fig. 8). 
The bend in the Arrhenius plot of the 50 
wt% vanadia sample is not shown in Fig. 8, 
since under the conditions used complete 
conversion of NO was already obtained at 
lower temperatures. However, it could al- 
ways be observed when the conditions 
were such that complete conversion was 
not obtained, e.g., when higher feed rates 
were applied. 

The decrease in the activation energy 
with higher temperatures is attributed to 
the thermally induced agglomeration of 
the well-dispersed vanadia species, which 
leads to an increase in the fraction of the 
microcrystalline vanadium oxide phase in 
these samples. 

We note that under the conditions where 
agglomeration did not occur, the activation 
energies of all catalysts were in the range of 
42 + 5 kJ/mol which is in good agreement 
with literature data (20). 

The agglomeration of the well-dispersed 
vanadium oxide species under SCR condi- 
tions in the catalysts containing 20 and 50 
wt% vanadia is supported by the results of 
the ESR investigations performed at differ- 
ent temperatures (Fig. 5). Thus it can be 
stated that the well-dispersed vanadium ox- 
ide species in the mixed gels with high 
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vanadia content (20 and 50 wt%) tend to of vanadia led to the formation of micro- 
agglomerate and then finally form micro- crystalline domains of vanadia. The micro- 
crystalline domains at higher temperatures. crystalline vanadia was less easily reduc- 
Conversely, in the mixed gels containing ible and exhibited a lower specific rate for 
low amounts of vanadia (< 10 wt%), the SCR. The latter result provides further sup- 
well-dispersed vanadium oxide species re- port for our earlier conclusion (21) that 
main stable even under reaction conditions disordered vanadium oxide is considerably 
due to their stabilization by the silica matrix more active in SCR than crystalline vana- 
which suppresses agglomeration. dium oxide. 

Finally it is interesting to compare the 
activity behavior of the mixed gel catalysts 
with that of the silica-supported monolayer 
of vanadia, since this catalyst was found 
earlier (8) to undergo a structural transfor- 
mation from well-dispersed vanadium ox- 
ide species at lower temperatures to micro- 
crystalline vanadia at higher temperatures 
under SCR conditions. 
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We note that the low-temperature activ- 
ity of the “monolayer” is about the same as 
the activity of the 1 wt% or the 10 wt% 
vanadia-silica mixed gel. However, at 
higher temperatures the activity dropped 
below the activity of the 20 wt% or the 50 
wt% vanadia-silica mixed gel, indicating 
that the structural stability of the well- 
dispersed vanadium oxide species was in all 
mixed gels higher than that in the silica-sup- 
ported monolayer of vanadia. 
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