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Metal oxide xerogels of pure vanadia, vanadia—titania, and vanadia-titania—silica were prepared
by the hydrolysis of vanadium, titanium, and silicon alkoxides. The structural and chemical transfor-
mations of the gels occurring during thermal treatment under oxidizing and inert gas atmosphere
were studied using thermoanalytical methods (TG, DTA) combined with mass spectroscopy, X-ray
diffraction, and electron microscopy. Crystallization of the amorphous vanadia was found to be
considerably retarded in the mixed gels compared to the pure vanadia gel. The mixed gels remain
amorphous at 520 K, whereas crystallization already occurs in the pure vanadia gel at this tempera-
ture. All mixed gel phases separate after stabilization at 870 K, with the formation of V,0;s platelets
and globular TiO, (anatase) particles. No other phases were detected by X-ray diffraction at this
temperature. Addition of silica sol increases the overall surface area of the gel catalysts. This,
however, does not increase the dispersion of vanadia in the amorphous matrix or stabilize it
sufficiently to prevent crystallization under oxidizing conditions. Heat treatment of the gels at
temperatures close to the melting point of vanadia results in rapid transformation of anatase to
rutile. The stability and catalytic activity of the gels for the selective catalytic reduction of NO
with NH; (SCR) were studied following thermal treatments under in situ and oxidizing (7% O,)
atmosphere. Low temperature SCR testing (T = 520 K) showed that the same kinetic behavior
typical of titania-supported vanadia exists in all gels, with activity behavior being a function of gel

composition and dispersion.
INTRODUCTION

Vanadia-based catalysts are highly active
and selective for the selective catalytic re-
duction (SCR) of NO with NH,,; yielding
almost exclusively nitrogen product for tem-
peratures below 600 K (7). At issue in these
catalysts is the active phase structure, re-
ducibility, and dispersion of vanadia, which
can be influenced by support type, and prep-
aration conditions. Low-loaded, well-dis-
persed vanadia catalysts (2) often perform
as well as co-precipitated catalysts (3), yet
may contain considerably less vanadia as in
the latter catalyst. One way of synthesizing
well-dispersed and ‘‘molecularly-mixed’’
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components of defined pore structure and
crystallinity is by the sol-gel method (¢-7),
using metal alkoxides as precursor mole-
cules. Since the precursors and solvents
used may be obtained in high purity, the
purity and compositional homogeneity of
dried gels and ceramics may be more pre-
cisely controlled than in other methods. As-
prepared V,0s-TiO, catalysts, with V,0s
contents up to 10%, showed large improve-
ments in NO conversion with increasing va-
nadia content (8), with the catalyst con-
taining 10% V,0O; of activity comparable to
conventionally prepared catalyst, although
catalyst activity declined due to surface area
loss from anatase to rutile conversion of the
TiO,.

Mixed gels from hydrolyzed vanadium
and silicon alkoxides were more thermally
stable, having been calcined at 870 K prior
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to catalytic use (9). These gels were amor-
phous for concentrations less than 10%
V,0s, but microcrystalline domains of par-
tially reduced vanadia phases were detected
at higher loadings. Highest specific activi-
ties, in terms of mols NO converted per V>*
basis, estimated from TPR, were registered
for the 1 and 10% V,0; catalysts. Activity
loss was also noted at higher temperatures
for catalysts containing higher V,0; con-
tents; however, the unstable nature that was
seen in V,0,-Si0, catalysts prepared by a
grafting method (10) is absent from any of
the mixed gel catalysts. Structural transfor-
mation of the amorphous gel is often depen-
dent upon the treatment conditions. With
pure vanadia gel activated at 520 K under
in situ conditions for methanol oxidation to
formaldehyde, catalytic activity increased
with time on stream, achieving a steady
state level nearly 30 times higher than the
initial level (11). This was due to the crys-
tallization of partially reduced vanadia
phases in the gel, which is not seen with
catalysts initially consisting of V,05 crys-
tallites.

Here we compare the reaction behavior
and structural evolution of vanadia in a pure
gel and in a mixed oxide gel matrix. The
structural and catalytic properties of SCR
of pure vanadia gel are contrasted with the
corresponding properties of mixed va-
nadia-titania gel of 1:1 V:Ti mole ratio,
and a ternary gel mixture formed by combin-
ing the sol of mixed vanadia—titania with an
amount of pure silica sol to give a V: Ti: Si
mole ratio of 1:1:2.

EXPERIMENTAL
Catalyst Preparation

All gels were made from the hydrolysis of
vanadyl triisopropoxide (VTIP; Alfa Prod-
ucts, Inc., ca. 98%), titanium tetraisopro-
poxide (TIOT; Fluka Chemicals, Inc.,
=95%), and silicon tetraethoxide (TEOS;
Fluka Chemicals, Inc., =98%). All metal
alkoxides were used without further purifi-
cation. All hydrolysis—gelation steps were
performed at ambient temperature. To form

the porous xerogels, excess solvent was re-
moved by first drying on a Biichi rotating
evaporator at 320-350 K, followed by dry-
ing overnight in a muffle oven maintained at
393 K.

Pure vanadia gel (V Gel) was formed by
the slow addition of pH = 9 ammonia water
(diluted 4 : 1 inisopropanol) to VTIP (diluted
5:linisopropanol) to a water-to-VTIP ratio
of 10/1. A thick reddish-orange wet gel was
formed, which upon drying turned dark
green.

The binary vanadia—titania gel (VTi Gel)
of V:Ti = 1:1 content was formed by first
adding enough distilled water (diluted 5: 1
with isopropanol) to TIOT (diluted 4:1 in
isopropanol) until a water-to-TIOT ratio of
two was reached, or theoretically, half the
stoichiometric amount of water to displace
fully the isopropoxy groups on TIOT. An
appropriate amount of VTIP (diluted 4: 1 in
isopropanol) was then added to achieve the
1:1 V:Tiratio. After stirring the mixed sol
for ca. 30 min, hydrolysis was completed by
an excess addition of distilled water (diluted
4:1 in isopropanol). The wet gel was
orange-colored and upon solvent removal
became a yellow-green xerogel.

The ternary gel of 1:1:2 V:Ti: Si mole
proportions (VTiSi Gel) was formed in the
following way. A silica gel was prepared
by vigorously stirring a 2:1 (v/v) distilled
water : TEOS mixture for ca. 20 h at ambi-
ent temperature. The white translucent sol
was then added to an appropriate portion of
the wet orange gel of the VTi Gel, and stirred
for several hours to insure a homogeneous
gel mixture. The mixture dried to a dark
green, brittle xerogel.

Catalyst Characterization

Structural transformation of gels. Ther-
moanalytical studies (differential thermal
analysis, DTA; and thermogravimetry, TG)
were performed on a Netzsch STA 409, us-
ing a sample size of 20-50 mg and a heating
rate of 10 K/min. Runs were performed in
both flowing argon (60 cm®min~!) and in
flowing air (60 cm’min~!). Gases evolved
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during runs could be monitored with a
Balzers QMG 424 mass spectrometer. X-ray
powder diffraction patterns of the gels were
measured on a Siemens D5000 powder
X-ray diffractometer. Diffraction patterns
were recorded with CuKe radiation in step-
mode between 20° and 80° 26, using a step-
size of 0.02° and 2 sec/step.

Surface area and pore properties. Surface
area and pore size information were ob-
tained from nitrogen adsorption/desorption
isotherms at 77 K, using a Micromeritics
ASAP 2000 analyzer. Prior to measurement,
all samples were degassed to 0.1 Pa. Gels
treated above 393 K were degassed at
473 K, while gels dried at 393 K were de-
gassed at this temperature. BET areas were
calculated assuming a cross-sectional area
of 0.162 nm? for the nitrogen molecule. As-
sessments of microporosity were made from
t-plot constructions, using the Harkins—Jura
correlation (12) for t as a function of p/p,.
Parameters were fitted to a low-area, nonpo-
rous silica. In cases where micropores were
present, the surface areas reported are those
obtained from the slope of the r-plot. Meso-
pore size distributions were calculated using
the Barrett, Joyner, and Halenda (BJH)
method, assuming a cylindrical pore model
(13).

Selective reduction of NO with NH,. Cat-
alyst testing for the selective catalytic re-
duction of NO with NH, was performed in
a 6-mm OD quartz tube reactor with on-line
analysis of reactant and product gases by a
mass spectrometer. The reactor bed con-
sisted of 0.1 g of 0.3-0.5 mm granules of
the dried gels. The reactor setup and the
analysis methods employed have been de-
scribed in detail elsewhere (14). The simu-
lated stack emission feed consisted of 900
ppm NO and NH;, 18,000 ppm O,, with
argon being the carrier gas. Routine testing
involved an integral test and a differential
test. In the former, the product yields of N,
and N,O were studied by increasing cata-
lyst temperature at a constant space veloc-
ity of ca. 24,000 GHSV. Differential testing
was performed in the 320-520 K range

while maintaining conversion at 20% or
lower.

RESULTS
Structural Transformation of Gels

Figures 1-3 show the structural transfor-
mations occurring during heat treatment of
the vanadia, vanadia-titania and va-
nadia—titania-silica gels as revealed by the
thermoanalytical and XRD investigations.
The DTA and TG curves which were per-
formed under air atmosphere show in gen-
eral the following phenomena: dehydration,
removal and oxidation of organic residues,
transformation of titania and/or vanadia into
crystalline phases, and melting of vanadia.
All gels show the evolution of physisorbed
and weak, lattice-bound water starting al-
ready at 300 K. The DTA curve of the va-
nadia Gel (V Gel) (Fig. 1) shows the crystal-
lization of the vanadia (exothermicity with
peak at 574 K) followed by its melting (en-
dothermicity with peak at 949 K). XRD pat-
terns (Fig. 1 bottom) of the sample before
(sample corresponding to position A on
DTA curve) and after (position B) the exo
peak clearly indicate the crystallization. The
loss of the weight (11.7%) (TG curve, Fig.
1) in the temperature range 300-570 K is
due to the evolution of water and CO,. Mass
spectroscopic analysis of the evolved spe-
cies showed a maximum in the water evolu-
tion rate at about 395 K, whereas CO, evo-
lution became significant at about 430 K and
reached a maximum at 530 K. The evolution
of CO, is attributed to the oxidation of the
isopropoxy groups remaining in the amor-
phous gel. Similar measurements carried
out under an argon atmosphere (not pre-
sented) indicated that the vanadia contains
V,0; and V,0; after crystallization (peak at
~600 K) and CO, evolution. The TG curve
indicated that about 50% of the vanadia was
reduced to V,;0; during crystallization,
where the oxidation of the isopropoxy
groups and consequently the CO, produc-
tion was most prominent. Under air atmo-
sphere (Fig. 1), the vanadia reduced is im-
mediately re-oxidized (note small increase
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FiG. 1. Thermoanalytical (DTA and TG) curves and
XRD patterns of vanadia gel heated under air. Heating
rate 10 K min~!; sample weight 20.2 mg; air flow rate
60 cm’min~'. Temperatures at which samples were
taken for XRD analysis are marked on DTA curve.
XRD patterns of V,0;s calculated from JCDPS file 9-387
are shown as reference at the bottom of the figure.

of the weight on TG curve at about 580 K),
and only well crystalline V,0;s is detected
after the crystallization peak (samples B and
O).

The DTA curve of the vanadia—titania gel
(VTi Gel) (Fig. 2) measured under air atmo-
sphere shows the following characteristic
features. An endothermal peak due to the
evolution of water appears at about 410 K,
which is followed by exothermal peaks at
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576, 676, and 737 K, and an endothermal
peak at 947 K. Simultaneous mass spectro-
metric analysis of the evolved species
showed the production of CO, during the
first exothermal event (peak at 576 K), indi-
cating the oxidation of organic residues of
the precursor remaining in the gel. It is note-
worthy to mention that sample B was still
completely X-ray amorphous after this oxi-
dation process. The exothermal peak at
676 K is due to the formation of small crys-
talline anatase domains, as was revealed by
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FiG. 2. Thermoanalytical curves and XRD patterns

of vanadia-titania gel heated under air. Heating rate 10

K min~'; sample weight 34.3 mg; air flow rate 60 cm®
min~1,
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FiG. 3. Thermoanalytical curves and XRD patterns
of VTiSi gel heated under air. Heating rate 10 K min~1;
sample weight 50.1 mg; air flow rate 60 cm’min~!.

XRD (trace C in Fig. 2) and TEM. The crys-
tallization of V,0Os occurs at higher tempera-
ture (peak at 737 K with shoulder). This is
confirmed by the XRD patterns of samples
C and D shown in Fig. 2. Note that concomi-
tantly with the crystallization of vanadia the
crystallinity of anatase increases (compare
trace C and D). Upon further heating to
900 K, the structure of the mixed oxide does
not change significantly, as evidenced by
XRD; however, after the endo peak (947 K)
due to the melting of vanadia, the anatase
has completely transformed to rutile (trace
F). It seems likely that the melting and con-
comitant spreading of the vanadia phase ac-

celerated the rutilization, since in measure-
ments performed under similar conditions
with pure titania complete rutilization was
observed at significantly higher tempera-
tures (T > 1120 K, (I15)).

The major structural changes of the ter-
nary vanadia—titania—silica gel (VTiSi Gel)
occurring during heating in air are shown in
Fig. 3. The first endothermal peak (389 K)
inthe DTA curve is again due to the removal
of water, and the subsequent exothermal
peak (543 K) to the oxidation of the organic
residues orginating from remaining precur-
sor materials, as evidenced by mass spec-
troscopy. In contrast to the ViTi Gel, with
the ternary VTiSi Gel, the anatase and V,0;
crystallizations are not separate events, and
there is no significant crystallization oc-
curring with samples heated to ~700 K, as
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F1G. 4. Nitrogen adsorption and desorption iso-
therms of V, VTi, and VTiSi gels. Note that all in situ
stabilized catalysts were exposed for 3 h to the reactant
mixture flow at the given temperatures. (a) V gel, (——)
393 K, dried overnight; (——-) 513 K, stabilized in situ.
(b) VTi gel, (——) 513 K, stabilized in situ; (~—-)
870 K, stabilized in 7% O,/Ar for 3 h. (c) VTiSi gel,
( ) 513 K, stabilized in situ; (——-) 870 K, stabilized
in 7% O,/Ar for 3 h.
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TABLE 1

Textural Properties of Gel Catalysts Treated
(Stabilized) at Different Temperatures

Conditions of Catalyst v VTi VTiSi

pretreatment

393 K; dried SA (m%/g) 94 — —
overnight Vime (cc/g) 0.43 — —

Vmicro (€C/8) 0.007 —_ —

S13K; SA (m*g) 27 139 340
stabilized Vi (cc/g) 0.21 0.16 0.25
in situ, 3 h Vmicro (zcjc;g) 0.003 ](1).000 5;).030

870 K, SA (m%/g —_
stabilized in V5. (cc/g) — 0.04 0.21
7% O,/ Ar, Vicro (€€/8) — ) 0.003
3h

Note. SA represents BET surface area; Vg, , total specific
pore volume; and, Vg, specific micro pore volume. V =
vanadia gel, VTi = vanadia-titania gel, VTiSi = vanadia-
titania-silica gel.

evidenced by XRD. Crystallization occurs
with a maximum in the DTA curve at 727 K,
and after this event the sample contains
crystalline V,05 and anatase only. Note that
in contrast to the behavior of the VTi Gel
there is no crystallization of anatase detect-
able by XRD below 700 K. Again the rutili-
zation occurs mainly during the melting of
the vanadia phase (endo peak at 941 K).
After this event, rutile is the dominant

TABLE 2

Apparent Activation Energies for the Selective Re-
duction of NO with NH, over Various Gel-Type Cata-
lysts

Catalyst, treatment E,pp (kJ/mol)

(temp, atmosphere)

V Gel, 393 K, in situ 48 = 9¢
513 K, in situ 41 £ 9
VTi Gel, 513 K, in situ 49 £ 3
870 K, in 7% O, 576
VTiSi Gel, 513 K, in situ 39 + 2
870 K, in 7% O, 46 = 7

Note. All in situ stabilized catalysts were exposed
for 3 hto the reactant mixture flow at the given temper-
atures prior to commencement of the kinetic measure-

ments.
9 95% confidence limits of estimated apparent activa-

tion energies.
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F1G. 5. Plots of conversion and selectivity for the
reduction of NO with NH;. (a) NO conversion vs tem-
perature for amorphous gels. GHSV = 24,000-30,000
h=!. (b) NO and NH, conversions for catalysts V gel
(393 K) and VTi gel (870 K) GHSV = 24,000 h™'. (c)
Selectivity for N,O as a function of temperature for V
gel (393 K) and VTiSi gel (870 K).

phase, but some anatase is still present (cf.
XRD patterns of sample F).

Similar measurements carried out under
argon atmosphere showed no distinct crys-
tallization in the temperature range below
800 K. XRD analysis of samples taken after
heating to 900 K indicated that these sam-
ples contained mainly rutile besides small
amounts of anatase and traces of an uniden-
tified phase which did not correspond to any
pure vanadium or titanium oxide. After fur-
ther heating to 1050 K (i.e., above the melt-
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F1G. 6. Temperature dependency of NO conversion
rate: (a) rate expressed per gram vanadia; (b) rate ex-
pressed per surface area of catalyst. Data for va-
nadia-silica mixed gels from Ref. (9).

ing temperature of V,0;) the reflections of
the unidentified phase disappeared, and
XRD indicated that the sample contained
mainly rutile, little anatase, and traces of
crystalline V,0s.

Surface Area and Pore Properties

The adsorption—desorption isotherms of
the three gel materials are depicted in Figs.
4a—c and surface and pore volume data are
listed in Table 1. All low temperature stabi-
lized amorphous gels exhibit H2 hysteresis
(IUPAC designation, (I6)), indicative of
mesopores with poorly defined size and
shape. In low pressure regions, the knee in
the adsorption isotherms of V(393 K) and

VTi(513 K) Gels is well defined, whereas
with VTiSi(513 K) Gel, the knee is more
rounded, suggestive of Type I behavior in
the filling of very narrow slit pores or micro-
pores. The isotherm resembles more closely
that of the pure component silica gel, rather
than the vanadia—titania component, as rep-
resented by VTi(513 K) Gel. The distribu-
tions of mesopore diameters are unimodal
and nearly symmetrical. The average pore
diameters ((d) = 4V/A) are 16 nm, 4.6 nm,
and 2.5 nm for V(393 K), VTi(513 K), and
VTiSi(513 K), respectively. The V and VTi
amorphous gels are essentially non-micro-
porous. In the amorphous VTiSi Gel, micro-
porosity accounts for ca. 15% of the total
pore volume (Table 1), though it has the
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FiG. 7. X-ray powder diffraction patterns of gels after
use in SCR experiments: (a) V gel, (b) VTi gel, (c)
VTiSi gel. Temperatures indicated correspond to pre-
treatment (stabilization) temperatures.
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highest mesopore area of the three gels, at
340 m?/g contained in the 2.5 nm pores.

Surface area and pore properties undergo
large changes at higher temperatures with
the appearance of crystallization events.
The pure vanadia gel is least stable, with
crystallization of V,Q;s after prolonged treat-
ment at 513 K producing a shift of the hys-
teresis to high reduced pressure and Type
H1 behavior. This type of hysteresis is asso-
ciated with void spaces between globular
particulates such as bulk crystallites. The
shift in the pore diameter distribution to
greater size and decreased pore volume also
is indicative of general sintering behavior.
Of the two 870 K treated gels, the VTi Gel
experiences a one order of magnitude drop
in surface area, and increase in pore size.
The knee of the isotherm is sharper than
before, since most of the micropores have
disappeared. The mesopore development is
more complex than the simple pattern estab-
lished in the V and VTi Gels. Most of the
3—-4 nm mesopores have been replaced by
new pores of 11 nm and 25 nm sizes, the
latter being the most predominant. Despite
the sevenfold drop in mesopore area, the
mesopore volume decline is only ca. 20% of
the initial value. Pure component silica gel,
treated at 870 K, contains only the small 3-4
nm mesopores, and in view of the sintering
behavior of V and VTi Gels and phase sepa-
ration into V,0s and TiO, domains, these
pores may represent regions of purely silica
nature in the ternary gel, of which the silica
content is 26% by weight.

Selective Reduction of NO with NH,

All catalysts were stabilized under the re-
action mixture flow for at least three hours
at the temperature given in Table 2, prior to
commencement of the routine testing proce-
dure. Results from the integral tests show
trends similar to those observed with other

vanadia-titania catalysts (/7). Figures
Sa—c. depict typical conversion and selec-
tivity relationships over the temperature
range investigated. Ammonia conversion
was up to 5% higher than NO conversion at
higher temperature, due to a small loss to
direct oxidation, but the primary reaction is
represented by

NO + NH, + 10, N, + §H,0.

As shown by the catalysts in Figs. 5b,c, N,O
production was minimal, with the highest
levels, of several ppm, seen in catalysts
tested near the upper temperature region. It
should be noted that these levels are close to
the detection limit of the analytical system.
The amorphous V Gel displayed the highest
NO conversion per bed volume of all gels,
reaching 50% conversion (GHSV =
24,000), at 363 K (Fig. 5a). Data points ob-
tained for VTi and VTiSi Gels in the amor-
phous state show similar conversion per bed
volume, though at a 30 K higher tempera-
ture than for V Gel.

The temperature dependence of activity,
expressed in terms of the NO conversion
rate per weight of V,0;s, is shown for all
three gel preparations in Fig. 6a. The appar-
ent activation energies (Table 2) are compa-
rable to those of vanadia catalysts in dilute
gas conditions and an oxidative environ-
ment (/). Of the amorphous catalysts, pure
vanadia gel shows slightly higher activity
than the mixed gel catalysts. More signifi-
cant changes in activity occurred with crys-
tallization of the vanadia component. The
approximately threefold decline in activity
per gram V,0; of the V Gel, when thermally
stabilized at 513 K, is not severe enough to
decrease its turnover efficiency much below
the one of the amorphous mixed oxide gels.
A far greater decline is noted for the VTi
and VTiSi Gels, calcined in 7% O,/Ar for
3 h at 870 K before SCR testing. That these

FiG. 8. Transmission electron micrographs of various gel structures: (a) V gel (393 K), close-up
shows fine structure; (b) V gel (513 K), platelet crystallites of V,0Os; (¢) VTi gel (870 K), two platelet
V,0; crystallites surrounded by small spherical anatase crystallites.
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two catalysts display similar activity behav-
ior (per V,0s) seems to indicate that the
number of vanadia sites accessible for reac-
tion is the same. It is interesting to note that
the BET areas of the 870 K treated mixed
gels differ by a factor of six. The BET area
is non-selective (i.e., surface vanadia sites
are not selectively titrated), yet if it may be
assumed that the active site is not influenced
by compositional or chemical effects, then
the vanadia has achieved the same state of
dispersion in both gels.

The correlation between activity decline
and loss of dispersion is illustrated in Fig.
6b, where activity is expressed in terms of
moles NO converted per unit area of sur-
face, using the BET area for computation.
Despite reductions in the BET area, the ac-
tivity per catalyst area remains the same
within each gel composition, the activity or-
der being V Gel > VTi Gel > VTiSi Gel.
The excellent correspondence between
amorphous and crystalline catalysts of the
pure vanadia gel clearly demonstrates the
relationship between activity decline and
loss of dispersion. Assuming that all compo-
nents are homogeneously dispersed
throughout the multi-component gels, the
activity per surface area should vary with
the vanadia content. This pattern is seen in
the ordering according to gel composition,
from the gel containing the least amount of
vanadia (VTiSi) being least active to the
pure vanadia gel being most active. How-
ever, the activity decrease with decreasing
vanadia content is lower than expected from
a simple component mixture. For instance,
between pure and mixed gels, almost a two-
fold decrease would be expected for VTi (56
wt% vanadia) and nearly a threefold de-
crease for VTiSi (31 wt% vanadia). The ac-
tual activity decreases are by a factor of 6
and of 30, respectively. These discrepancies
indicate that the vanadia dispersion in the
mixed gel preparations is less than expected
from a simple linear combination of pure
components. An alternative explanation
could be that a portion of the vanadia com-
ponent is physically blocked or rendered

chemically inactive by the mixing process.
The relative vanadia area may be unchanged
during the transformations in the mixed
gels, and hence the amorphous and crystal-
line gel data superimpose on each other.
Without more specific knowledge of the va-
nadia exposure, however, it is difficult to
elaborate on other processes that might be
involved.

XRD and TEM Analysis of Used
Catalysts

Following the activity measurements, the
morphology and crystallinity of all three gels
were studied by transmission electron mi-
croscopy and X-ray powder diffraction.
X-ray data (Fig. 7a.) of 393 K treated V Gel
show two broad peaks at 26° and 50° 26,
characterizing a poorly crystalline material.
TEM analysis showed only weakly diffract-
ing particles, even at high magnifications
(Fig. 8a.), and selected area diffraction pat-
terns did not show anything other than a
diffuse ring, corresponding to the broad
XRD peak centered at 20 = 26°. The va-
nadia structures consisted of loosely inter-
connected sheets of varying sizes. Crystalli-
zation of bulk V,0s is evident upon
treatment of 513 K. The micrograph of the
513 K treated V gel (Fig. 8b.) shows that
much of the very fine detail seen in 393 K
treated gel is lost.

In the multi-component VTi and VTiSi
Gels, crystallization into V,05 and the ana-
tase form of TiO, has taken place. Rutile
was not detected. The V,0s that appears in
513 K treated V gel, and in 870 K treated
VTi and VTiSi Gels, exists in the form of
highly crystalline platelets. Selected area
diffraction patterns also confirm the pres-
ence of anatase crystallites. The micrograph
of 870 K treated VTi Gel (Fig. 8c.) shows a
well-developed V,0;5 platelet surrounded by
spherically shaped particles. Energy disper-
sive X-ray (EDX) and microdiffraction anal-
ysis of both particle structures showed that
the spherical particles are pure anatase, and
the platelets are made up of pure V,Os, with
the (010) face exposed as the basal plane.
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Within EDX detection limits, no vanadium
emission was detected with anatase parti-
cles, nor was any titanium detected on the
platelets; i.e., the vanadia and titania com-
ponents are associated with separate struc-
tures. Although the silica matrix lowered
electron beam transmission, the anatase and
V,0s; morphologies in the 870 K treated
VTiSi Gel are identical to those seen with
the VTi gel. This is further supported by
the XRD patterns shown in Figs. 2 and 3
(curves D).

DISCUSSION

Polymeric gels have been formed from
vanadia oxo-hydroxo precursors via oxola-
tion reactions, which form chains composed
of [VO(OH),(OH,)], octahedral subunits,
and by further reaction lead to a fibrous
structure. Flat ribbons ~10 nm in length and
1 nm thick have been observed (I8), and
these are similar to the fibrous fine structure
observed here. The poorly defined morphol-
ogy lends itself to loose packing configura-
tions that give it mesoporous structure. Va-
nadia dispersion could not be directly
measured in the mixed gels. A rough esti-
mate of the vanadia dispersion in the pure
vanadia xerogel can be calculated using an
assumed vanadia surface density of 4.9 V3+
sites/nm?, from the (010) face of V,0;s (19),
and the BET area. This yields a value of 0.8
mmol/g, or just under 10% dispersion. Yet
it seems unlikely that the vanadia would be
physically less dispersed than in pure xero-
gel form. Both pure component titania and
silica sol produce xerogels of high area and
mesoporosity, and this is evident in the
mixed gel data. Crystallization into V,0s
platelets causes the decline of vanadia dis-
persion in all gels.

The thermoanalytical data (DTA) show
the relative stability of the three gels, and
are consistent with the surface area and pore
results of gel samples subjected to pro-
longed exposure of low temperature SCR
conditions. The pure vanadia gel is least sta-
ble of the three, and in order to maintain the
high surface area of the amorphous struc-

ture it must be operated under SCR condi-
tions not far above 400 K. Otherwise, a con-
siderable loss in activity must be expected,
due to the decline of surface area with crys-
tallization.

The VTi Gel, however, provides a more
stable amorphous structure up to 513 K.
Treatment at higher temperatures under air
eventually produced crystallization into
spheres of anatase and platelets of V,05. It
is surprising that no evidence is found for
a dispersed vanadia phase on the anatase
crystallites, which usually forms during the
thermal treatment of vanadia salt-impreg-
nated TiO, catalysts.

In the amorphous VTiSi Gel, the vanadia
component also exists in a highly dispersed
state. This gel has the highest surface area,
owing to its large silica component, and the
highest resistance to dispersion loss by crys-
tallization. As with the VTi Gel, bulk V,0;
and anatase phase coexist, but do not seem
to be interacting. In spite of the silica matrix,
the crystallization of vanadia in this gel does
not seem to be sufficiently retarded in the
870 K treated (7% O,/Ar) gel relative to the
VTi Gel treated under the same conditions,
and hence the vanadia dispersion is lost.

It is interesting to compare the activity of
amorphous VTi Gel with that of a va-
nadia-silica mixed gel of 50 wt% V,0; con-
tent reported previously (9). The V-Si gel
(BET area, 94 m%/g) was calcined in air at
870 K and characterized by high resolution
electron microscopy and XRD as having ca.
20% of the vanadia in the form of microcrys-
talline (<50 nm), partially reduced bulk
phases (V;0;, V4Oy3), but no crystalline
V,05 phase. This appears to demonstrate
that the silica gel is more capable of re-
tarding the crystallization and sintering of
vanadia than the titania sol used in VTi Gel.
Any retarding effect was absent, however,
in the ternary VTiSi Gel investigated here.

On the activity per gram vanadia basis,
better performance is seen with respect to
the 870 K stabilized VTi or VTiSi Gels, vet
poorer than these gels in their amorphous
state. When compared on a per-surface-area
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basis, the vanadia—silica gel activity line su-
perimposes on the lines of the VTi Gel in
both amorphous (513 K stabilized) and crys-
talline (870 K stabilized) state, implying that
a similar state of vanadia dispersion has
been reached in gel material of the same
composition.

CONCLUSIONS

In summary, highly active, amorphous
mixed gels containing vanadia can be pre-
pared by the sol-gel method, exhibiting
catalytic behavior for the SCR reaction simi-
lar to that of conventional, titania-supported
vanadia catalysts. A loss in activity occurs
upon thermal stabilization at elevated tem-
peratures, due to surface area loss because
of crystallization and particle sintering. Un-
der the preparation conditions used in this
study, the mixed gels were more stable to
surface area loss than pure vanadia gel, with
overall surface area best maintained in the
silica-containing ternary gel. In spite of this,
the addition of silica sol did not lead to a
more efficient utilization of vanadia species
forreaction;i.e., vanadia dispersion was not
improved over the VTi gel, of lesser surface
area but higher vanadia content.
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