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Highly dispersed vanadia-titania aerogels with high surface
area have been synthesized by a two-stage sol-gel process with
ensuing high-temperature supercritical drying. A titania gel was
prepared by the addition of an acidic hydrolysant to tetrabutoxy-
titanium(IV) in methanolic solution. The vanadium alkoxide
precursor was added after redispersing the titania gel. The
influences of different preparation conditions on the morphologi-
cal and chemical properties of the aerogels were studied. The
aerogels were characterized by means of nitrogen physisorption,
X-ray diffraction, transmission electron microscopy, and thermal
analysis (thermogravity, differential thermal analysis) coupled
with mass spectrometry. The meso- to macroporous vanadia—ti-
tania aerogels possess a BET surface area of 140 to 220 m? g™!
after calcination up to 673 K and contain well-developed anatase
crystallites of ca. 10 nm mean size. Crystalline V,0; was detected
only for samples calcined at 723 K. All other aerogel catalysts,
calcined at lower temperature, showed no indication for long-
range ordered vanadia domains. Thermal analysis revealed that
even calcination at 723 K was not sufficient for complete removal
of organic residues, which were entrapped during supercritical
drying. The catalytic properties of the aerogels were tested for
the selective catalytic reduction of NO by NH;. An increase in
the vanadia loading from 5 to 30 wt% V,0; resulted in a marked
increase in overall as well as specific activity, whereas the
apparent activation energy decreased from 66 to 55 kJ mol™!.
An increase in the calcination temperature from 573 to 673 K
led to a significant rise in the activity of the vanadia—titania
aerogel catalyst. The aerogel with 30 wt% V,0; showed a reaction
rate referred to the vanadium content (turnover frequency) that
is similar to that of multiply grafted well-dispersed vanadia/
titania catalysts. Among all catalysts presented in this work,
this aerogel exhibited the highest reaction rate per gram of

catalyst. © 1994 Academic Press, Inc.
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INTRODUCTION

Aerogel catalysts offer unique morphological and chem-
ical properties (1-3). These properties originate from their
wet-chemical preparation by the solution-sol-gel (SSG)
method (4) and the subsequent removal of solvent by
supercritical drying (SCD). As this ‘‘gentle’’ drying proce-
dure is capable of ‘‘preserving’’ the structural properties
of an open gel network (5), the aerogels are usually solids
of large porosity and specific surface area.

Vanadia-based catalysts (6) are used for various pro-
cesses such as the selective catalytic reduction of NO
by NH,, ammoxidation of aromatic hydrocarbons, and
partial oxidation reactions. Several methods have been
applied for the preparation of vanadia/titania catalysts,
including impregnation (6), selective grafting from non-
aqueous solutions (6~8) or by chemical vapor deposition
(6, 9), mechanical mixing of V,0s5 and TiO, (6), coprecipi-
tation (6), sequential precipitation (10), as well as SSG
processes based on metal alkoxide precursors (11, 12).

The coupling of the sol-gel process with supercritical
drying offers the combination of the intrinsic advantages
of the SSG method (dispersion, homogeneity, molecular
mixing) with the favorable textural characteristics of aero-
gels. Such a direct SSG preparation of a binary oxide—ox-
ide solid with high dispersion and accessibility of the ac-
tive component requires careful control of the preparation
conditions and knowledge of the sol-gel reactivity of the
metal alkoxides used.

In a recent survey, Livage (13) reports on the chemical,
structural, and electrical properties as well as the interca-
lation and ion-exchange behavior of differently prepared
V,0; (aqueous and alkoxidic SSG route). Nabavi ef al.
(14) investigated the hydrolysis and polycondensation of



VANADIA-TITANIA AEROGELS, |

different vanadium alkoxides with respect to dependence
on the hydrolysis level, i.e., molyg:mol,oxige- They
showed that the nature of the resulting material varies
significantly. Hydrolysis levels smaller than the stoichio-
metric amount led to the production of polymeric oxo
species with incorporated organic groups. Such xerogels
are generally X-ray amorphous after drying at ambient
conditions. An aqueous gel is obtained by a large water
excess, leading to a layered structure similar to V,0O;
prepared by aqueous polycondensation of vanadic acid.
Hirashima et al. studied the synthesis of vanadia xerogels
(15, 16) and aerogels (17, 18). Sudoh and Hirashima (18)
demonstrated the preparation of vanadia aerogels with
about 200 m® g~ surface area by hydrolysis of vanadium
oxide triethoxide in ethanol and subsequent high-tempera-
ture supercritical drying. The resulting aerogels were
black due to the reduction by the supercritical alcohol.
Based on their systematic studies on the effects of hydro-
lysis level, alkoxide concentration, alkoxide type, and pH
(15), the authors demonstrated the regimes in which sols,
precipitates, or monolithic gels are formed. Addition of
acid usually increases the rate of hydrolysis and decreases
the gelation, i.e., polycondensation. On modification of
the alkoxide ligands, the hydrolysis rate decreased in the
order ethoxide, butoxide, and isopropoxide (15). The hy-
drolysis rate decreases with increasing steric hindrance
of the alkoxide ligands, which is a common property of
many other alkoxide systems (4). This behavior implies
that small, linear, easily hydrolyzable alkoxide ligands
together with an acidic sol-gel medium seem to fulfill
the requirements for forced hydrolysis. Consequently,
nucleation dominates over particle growth, which leads
to high dispersity.

As already mentioned, among the many SCR catalysts
studied (19), vanadia~titania is still the one that is most
widely used. Commercial TiO, with 50 m?> ¢! (e.g., P25
Degussa) is frequently employed as support material. Re-
cently we succeeded in preparing a meso- to macroporous
titania aerogel with a BET surface area of nearly 200 m?
g~ (20). The crystalline part of this titania consists of
well-developed anatase crystallites. The procedure for
preparation of this material offers an interesting alterna-
tive to the commercial titania prepared by flame hydroly-
sis. With this in mind, we developed a method for the
direct synthesis of vanadia-titania aerogels. Instead of
mixing titanjium and vanadium alkoxides at the beginning
of the SSG process, we tried to return to the “‘primary’’
structure of the titania matrix via redispersion of titania
gels. This procedure provides the advantage of homoge-
neously dispersing the vanadium precursor in the SSG
sample. Another beneficial aspect arises from the use of
preformed ‘*colloidally’” dispersed titania, which helps to
prevent the incorporation of the active vanadium con-
stituent.
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TABLE 1

Aerogel Designations and Corresponding Preparation
Conditions”

Solution-sol-gel stage Supercritical drying stage

Aerogel Varied parameter Aerogel Varied parameter
V20STA VL0 20 wi% (18.0 at.%) STAndard
Calcination Temperature Heating Rate

V205TAB23 623 K V20HRY 8Kh'
V20STA673 673 K V20HR30 0 Kh
V208§TA723¢ 723K V20HR120 120 K h™!

Vanadium alkoxide
V20viP VO(i-OPr),

Sol-Gel Temperature Pressure-release Rate

V208GT273 23K V20PR3 IMPah™
V205GT323 2K V20PR12 12MPah !

Hydrolysis catalyst
V20H2804 H.S0,

V.0, loading Extra Methanol

Vo - 0wt% V20£M0 0 ml
Vs 5 wt% (4.4 at.%)
V10 10 wi% (8.9 at.%) Nitrogen Prepressure
V30 30 wi% (27.4 at.%) V20NPI10 10 MPa
V100 100 w9

“ Those conditions that deviate from the standard synthesis pro-
cedure.

 The amount of vanadia is calculated on the basis of nominal vanadi-
um(V) pentoxide (‘V,0s).

¢ Calcination temperature studies were carried out with portions of
the raw standard aerogel V20STA.

In this work a direct route for the preparation of va-
nadia-titania aerogels with high dispersion and accessibil-
ity of the active vanadia component, as well as catalyti-
cally favorable textural properties, is shown. The
influence of crucial wet-chemical and supercritical drying
conditions on the structural and chemical properties of
vanadia-titania aerogels was investigated, and their cata-
lytic performance in the selective catalytic reduction
(SCR) of NO by NH; was tested.

EXPERIMENTAL

Sol-Gel-Aerogel Synthesis

Throughout the article a set of acronyms for the individ-
ual aerogels is used. A survey of the aerogel designations
and corresponding preparation conditions, i.e., those con-
ditions that deviate from the standard synthesis proce-
dure, is given in Table 1.

Standard synthesis. Analytical-grade reagents were
used throughout this work. The preparation of the titania
gels followed basically that of aerogel C in (20). In brief,
the SSG process was carried out in an antiadhesive, closed
Teflon beaker, under nitrogen atmosphere and at ambient
temperature (297 + 2 K). Two solutions were prepared.
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The first solution consisted of 32.0 g of tetrabutoxytita-
nium(IV) (TBOT) dissolved in 120 mi methanol, and the
second of 6.78 ml bidistilled water and 0.52 ml nitric acid
(65 wt%) in 30 ml methanol. The latter was added to
the TBOT solution in a closed, initially nitrogen-flushed
system under vigorous stirring (ca. 1000 rpm). The as-
prepared, translucent gels (gelation time 2-3 min) were
aged 4 h to increase the rigidity of the gel network by
successive polycondensation reactions. After this first
aging process the titania gels were redispersed under am-
bient atmosphere with 72 ml extra methanol and a glass
rod, to favor a homogeneous distribution of the vanadium
alkoxide. The suspension was homogenized for 10 min
again under nitrogen atmosphere and reduced stirring (ca.
500 rpm). An opaque, nonviscous solution resulted. Then
5.0 g vanadium(V) oxide tri-n-propoxide (VOTP) diluted
in 18.6 ml methanol was introduced by syringe. After a
second aging step of additional 4 hunder vigorous stirring,
1.12 ml of bidistilled water diluted in 4.5 ml methanol
was added in the same way, to adjust the stoichiometric
hydrolysis level. The corresponding overall molar ratio,
H,O:(TBOT + VOTP): HNO,, was 3.94:1:0.065. The
orange translucent solution was stirred vigorously for an-
other 15 h.

To exceed the critical conditions without formation of
a vapor-liquid interface inside the pores (5), the sol-gel
product as described above was transferred in a stainless-
steel liner into an autoclave with a net volume of 1.09
liters together with 130 ml of additional methanol (outside
of the liner), to give ca. 375 mlin all cases, thus surpassing
the critical volume of the mixed solvent. The correspond-
ing critical data for methanol, as the dominating compo-
nent of all SSG solvents used here, are V. = 118 ml mol ™!,
T, = 513 K, and p. = 8.1 MPa (21). The high-pressure
system was flushed with nitrogen, pressurized to 5 MPa,
hermetically closed, and heated with a temperature ramp
of 1 K min~! to 533 K. The autoclave was kept at the
final temperature for 30 min to ensure complete thermal
equilibration. The final pressure was about 19 MPa. Then
the pressure was released isothermally at 0.1 MPa min~'.
The system was flushed with nitrogen and allowed to cool
to ambient temperature. The resulting violet-black aerogel
clumps were ground in a mortar. The color indicated a
strongly reduced oxidation state of the vanadium compo-
nent [vanadium(III) sesquioxide, black; vanadium(1V) di-
oxide, blue; vanadium(V) pentoxide, orange], as pre-
sented previously (18).

Finally, a portion of the uncalcined (raw) aerogel pow-
der was calcined in a tubular reactor with upward flow.
The temperatures given corresponded to the oven temper-
ature. GHSV amounted to ca. 1000 h™' (ca. 3 g aerogel
sample). To remove most of the organic residues prior to
calcination, all aerogel samples were first pretreated in a
purified nitrogen flow of 0.5 liters min~! at 573 K for 1 h.
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After being cooled to about 353 K in nitrogen and heated
again at S K min~!, this time in air flowing at 0.5 liters
min~!, the portion of the raw aerogel was calcined for
another 5 h at 573 K. The color turned from violet-black
to brown-green.

The loadings are expressed by weight percent of nomi-
nal vanadium(V) pentoxide (‘V,0s’) throughout the
text. They are generally calculated on the basis of the
weighted amounts, assuming a theoretical stoichiometry
*V,0s=TiO,’. Such a description, especially in the case
of the vanadia component, implies a slight systematic
error. The stoichiometry is not exactly V,0s, as will be
shown later. Therefore, atom percentages of vanadium
are given in Table 1. The contents in atom percentages
of vanadium and thus nominal weight percentages ‘V,0Oy’
were independently confirmed by thermogravimetry (oxi-
dation—reduction cycles).

In the following subsections more detailed information
is given for the single preparation condition series investi-
gated. In general, the conditions varied and their effects
are pointed out.

Calcination temperature. Portions of V20STA, the
standard aerogel, were used for the calcination investiga-
tions. The thermal pretreatments were carried out as de-
scribed above, with the calcination temperature changed
to 623, 673, or 723 K.

Sol-gel temperature. Additional preparations were
performed with the wet-chemical sol-gel temperature ad-
justed to 273 and 323 K (both with a certainty of =2 K).
Prior to use, all solutions were thermally equilibrated at
the specified temperatures. At 273 K a white titania sus-
pension developed; at 323 K a titania gel formed immedi-
ately. The additional procedure followed the standard
one.

Hydrolysis catalyst. Nitric acid (hydrolysis catalyst)
was replaced by 0.4 ml sulfuric acid (95-97 wt%), resulting
in the same molarity. The use of sulfuric acid did not lead
to gelation; on the contrary a white suspension developed.
No extra methanol and a nitrogen prepressure of 10 MPa
were used for the SCD, which resulted in a final pressure
of ca. 26 MPa. A gray, sticky powder was obtained. Fur-
ther processing was as stated above (standard synthesis).

Vanadia loading. As mentioned, the loading was var-
ied based on theoretical weight percentages of ‘V,0.’.
After redispersion of the titania gel the desired quantity
of VOTP was added. The quantities that were changed
in the corresponding preparations for VO to V30 are sum-
marized in Table 2. The additional procedure followed
the standard one. With V30 a highly viscous solution de-
veloped on addition of the VOTP solution.

With V100 two solutions were prepared. The first solu-
tion consisted of 22.8 g VOTP in 165 ml methanol, and
the second of 20.1 ml bidistilled water and 0.52 ml nitric
acid in 80 ml methanol. The latter was added to the VOTP
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TABLE 2

Changes in the Preparation Conditions for Varying the
Vanadia Loading

Hydrolysant:
Methanol used VOTP (g) in H,0 (m)) in
for redispersion methanol methanol
Aerogel (ml)* (ml)? (ml)°
Vo 72 0 18.6 0 4.5
1% 90 1.05 4 0.24 1
V10 85 22 8.2 0.5 2
V30 56 8.6 314 1.91 7.6

2 Amount of methanol used for redispersion of the titania gel.

5 Composition of vanadium oxide tri-n-propoxide (VOTP) precur-
sor solution.

¢ Composition of the hydrolysant “‘completing’” the stoichiometric
hydrolysis of VOTP.

solution. An orange suspension developed, which turned
transparent red after ca. 10 min. The as-prepared vanadia
sol was aged 19 h and, at last, supercritically dried at
538 K instead of 533 K (final pressure ca. 20 MPa). Note
the increased water content, which led to that slight in-
crease in the SCD temperature due to the higher critical
temperature of water, 7, = 647 K (22). A black powder
was obtained. The strongly reduced state after SCD be-
came apparent in the marked exothermicity after expo-
sure to air (especially with V30 and V100).

Nitrogen prepressure and extra amount of methanol
for SCD. To exceed the critical state without formation
of a vapor-liquid interface inside the pores (5), thus avoid-
ing detrimental differential capillary forces, the total
amount of methanol needed is commonly derived from
the specific critical volume of the solvent together with
the void volume of the autoclave. Mulder and van Lierop
(23), however, showed that such a prerequisite can be
circumvented by applying an inert-gas prepressure, by
which possible bubble formation due to temperature in-
homogeneities can be suppressed as a consequence of
the increased total system pressure (23). V20EMO0 and
V20NP10 were thus supercritically dried with nitrogen
prepressures of 5 and 10 MPa, respectively, and no extra
methanol (total methanol ca. 245 ml). The additional pro-
cessing was as stated above (standard synthesis). The final
pressures amounted to ca. 16 and 24 MPa, respectively.

Physicochemical Characterization

Nitrogen physisorption. The Specific surface areas
(Sger), mean cylindrical pore diameters ({d,,)), and specific
adsorption pore volumes (V) were obtained from nitro-
gen physisorption at 77 K using a Micromeritics ASAP
2000 instrument. Prior to measurement, all samples were
degassed to 0.1 Pa at 423 K. BET surface areas were
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calculated in a relative pressure range of (.05 to 0.2, as-
suming a cross-sectional area of 0.162 nm? for the nitrogen
molecule. The pore size distributions were calculated by
applying the Barrett—Joyner—Halenda method (24) to the
desorption branches of the isotherms (25). The assess-
ments of microporosity were made from ¢-plot construc-
tions (0.3 < ¢ < 0.5 nm, calcined acrogels; 0.5 <t < 0.8
nm, raw aerogels), using the Harkins—Jura correlation
(26).

X-ray diffraction. X-ray powder diffraction (XRD)
patterns were measured on a Siemens 6/ D5000 powder
X-ray diffractometer. The diffractograms were recorded
with CuKq radiation over a 20 range of 10° to 80°. The
detector used was either a position-sensitive detector with
Ni filter or, in the case of poorly crystalline samples, a
scintillation counter with secondary monochromator. The
mean crystallite sizes were determined from the Scherrer
equation with the normal assumption of spherical crystal-
lites (27) and the (200) or (101) reflection (only in the
presence of crystalline V,0,) for anatase (28), the (110)
reflection for rutile (29), and the (001) (only with V100)
or (400) reflection for crystalline V,Os (shcherbinaite) (30),
using the Split Pearson? fit function.

Transmission electron microscopy. Samples for
transmission electron microscopy (TEM) were loaded dry
onto perforated, thin carbon films supported on copper
grids, aerogel powder being poured five times onto the
carbon film and shaken off.

Diffraction-contrast TEM was performed using a Hi-
tachi H-600 electron microscope operated at 100 kV, with
a point resolution of about 0.5 nm. The instrumental mag-
nification had previously been calibrated, using the phase
contrast from catalase crystals. High-resolution, phase-
contrast TEM was carried out on a Philips CM30ST elec-
tron microscope at 300 kV, with a point resolution of 0.19
nm. Here the 0.352-nm lattice fringes from anatase were
employed as an internal calibrant of the magnification.

Thermal analysis. Thermogravimetry (TG) and differ-
ential thermal analysis (DTA) were performed on a Netz-
sch STA 409 coupled with a Balzers QMG 420 quadrupole
mass spectrometer, equipped with Pt—-Rh thermocouples
and Pt crucibles. A heating rate of 10 K min~! and an air
flow of 25 ml min~! were used. The sample weight was
50-100 mg, and the a-ALO, reference weight, 60-80 mg.

Total carbon and hydrogen contents were determined
with a LECO CHN-900 elemental microanalysis appara-
tus. Total sulfur content was determined by Schoniger
decomposition (31) and subsequent ion chromatography.

Selective Catalytic Reduction of NO by NH,

Catalyst testing for the selective catalytic reduction of
NO by NH, was performed in a quartz tube fixed-bed
microreactor with 4-mm inner diameter. Reactant and
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product gases were analyzed on line with a quadrupole
mass spectrometer (Balzers QMG420/QMA 120). Prior to
catalytic testing the aerogel powders were agglomerated
at 2 MPa for 1 min. These conditions proved to be suffi-
cient to yield fairly stable granules, leaving the textural
properties virtually unchanged. The reactor bed consisted
of 44-mg granules (120-300 wm) with a constant bed vol-
ume of 0.126 cm® and a constant bed height of | cm.
Exceptions are explicitly stated. The simulated stack
emission feed consisted of 900 vppm NO and NH; and
1.8 v% O,, with argon being the balance gas. Prior to
catalytic runs the aerogel catalysts were pretreated in 7
v% O,-Ar at 573 K for 1 h and then exposed to SCR
reactant gas at 423 K for another hour. Routine testing
involved an integral reactor test and a differential reactor
test. In the former, the product yields of N, and N,O
were studied under steady-state conditions by increasing
catalyst temperature at a constant space velocity of ca.
24,000 h™' (273.15 K, 1 atm, STP). Differential reactor
tests were performed between 372 and 470 K for space
velocities of 17,000-100,000 h~! (STP), while maintaining
conversion at 17-22%.

Preliminary tests with greatly different granule fractions
of the standard aerogel V20STA showed that the kinetic
data determined between 395 and 440 K were independent
of particle size (<500 um), indicating that internal mass
transfer influences could be ruled out. However, a rough
estimate, using the criterion of Weisz and Prater, (—r),
LZ/(Dng) <1, for negligible pore resistance (32), yielded
a value of 2 for V205TA (470 K, 0.1 MPa), suggesting
that at temperatures of ca. 470 K and higher, pore diffu-
sion effects could become influential. For that reason the
majority of the kinetic tests were run at temperatures
lower than 440 K.

The experimental error of the catalytic testing was esti-
mated from three consecutive measurements with
V20STA. The resulting experimental error was ca. 10%.
The linear regression errors of the apparent activation
energies calculated from the corresponding Arrhenius
analysis amounted to 1-5%. Repetitive preparations of
selected aerogels showed that the materials could be well
reproduced and yielded activities that differed by less
than 6%.

RESULTS

Morphological and chemical properties of both the cal-
cined aerogel catalysts and their parent raw aerogels are
listed in Table 3.

Physicochemical Characterization

Nitrogen physisorption. Caution must be exerted
when interpreting absolute physisorption data derived
from such highly structured aerogels (33). Usually the
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specific pore volumes (V) measured are too low in the
light of the appropriate bulk densities. Obviously the
largest pores, which contribute most to V,y,, are not de-
tected by nitrogen physisorption. Nevertheless, compari-
sons within a series of similarly prepared materials are
meaningful.

Figure | depicts the adsorption/desorption isotherms,
the differential pore size distribution derived from the
desorption branch (25), and the #-plot (top left) for the
V20S5TA sample, calcined in air at 573 K. These features
are representative of all binary aerogels calcined at
573-673 K (excluding V20H2S§ 04, synthesized with sulfu-
ric acid). They all show a type IV isotherm with an H1
desorption hysteresis according to IUPAC classification
(34) and pronounced meso- to macroporosity with only
little microporosity. The specific micropore surface areas,
estimated from the corresponding -plot analysis,
amounted to =13 m’ g~ !. They possess Spet of 173 to 220
m? g!, V,, of 0.87 to I.11 cm® g™!, and very broad,
asymmetric pore size distributions (Fig. 1). The latter
feature also emerges from comparison of the pore size
maxima (ca. 50 nm, Fig. 1) with the mean cylindrical pore
sizes <d,> given in Table 3. Only the V20ViP sample
(synthesized with vanadium oxide tri-isopropoxide) and
the V20HR8 sample (prepared with the slowest heating
rate), both calcined at 573 K, show significantly lower
Sger of 157 and 152 m? g™ !, respectively. For comparison,
raw V20HRS8 has a BET surface area of 182 m?> g~'. The
textural properties of a raw aerogel (degassed at 423 K)
are exemplified by the uncalcined V20STA, which is char-
acterized by an Sgpyof 212m* g™ a V y of 0.98 cm’ g™,
and a specific micropore surface area of 24 m”>g~' (derived
from the corresponding t-plot shown in Fig. 1, top right).
The t-plot with its reduced adsorption capacity at low
relative pressures is characteristic of the raw aerogel ma-
terials, suggestive of some weak interaction of the adsorp-
tive (N,) with the raw aerogels covered by organic resi-
dues (see thermoanalytical studies below). Comparison
with data for the catalyst V20STA calcined at 573 K (Table
3) reveals that the calcination causes mainly a loss in
microporosity, but otherwise the textural properties are
almost preserved.

With respect to the influence of calcination tempera-
ture, it emerges from Table 3 that calcination at 723 K
(V205§TA723) leads to a drastic decline in both Sggp (42
m*g~")and V. (0.38 cm’ g~'; see X-ray diffraction stud-
ies presented below). This calcination virtually eliminates
pores smaller than ca. 10 nm, but preserves the meso- to
macroporous network.

Figure 2a depicts the adsorption/desorption isotherms
and the differential pore size distribution derived from
the desorption branch (25) for V20H2504, prepared with
sulfuric acid and calcined at 573 K. It shows a type IV
isotherm with an H1-H3 desorption hysteresis (34), which
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TABLE 3

Morphological and Chemical Properties of Both the Aerogel Catalysts Calcined in Flowing Air
at 573 K (Excluding the Calcination Series V20STA623, V20STA673, V205STA723) and Their Raw

Parent Aerogels

Carbon

Sger (5)° (dy) Vo, content

Aerogel (m%/g) (am}* (cm'/g) XRD crystallinity and (4.} (nm)* (wtgzy!
V2057A 192(11) 21 1.00 A 7.3 (6.5) 2.2
V205TA623 2020109 21 1.06 A 7.0 (6.5) 2.2
V20STA673 178(8) 23 1.01 A 7.2 (6.5) 2.2
V20STA723 42(2) 36 0.38 AR, S 18, 40, 22 (6.5) 2.2
V20ViP 157(10) 25 0.97 A 8.9 (6.4) 2.3
V205GT273 173(9) 23 1.00 A 89 (6.5) 2.0
V20SGT323 191(13) 20 1.04 A 7.5 (7.3) 1.5

V20H2504 134(8) 22 0.74 A 9.0 (8.9) 1.2 2.1
154 182(13) 16 0.71 A 7.4 (7.4) 1.3
Vs 194(10) 20 0.95 A 73 (7.0) 2.8
V1o 183(11) 20 0.93 A 7.5 (6.5) 2.5
V3o 195(7) 22 1.09 A 13 (13) 1.6

V100 25(1) 27 0.16 S,V i8, 16; — (—) 0.57

V20HRS8 152(9) 26 0.97 A 9.7 (7.0) 2.2
V20HR30 196(12) 19 0.95 A 7.0 (6.5) 2.8
V20HR120 181(9) 20 0.88 A 7.9 (6.1) 2.6
V20PR3 208(12) 21 1.08 A 6.6 6.5) 2.8
V20PRI12 199(13) 20 0.87 A 7.0 (6.5) 2.4
V20EMO 20111y 20 0.99 A 8.0 6.3) 2.7
V20NPI0 220(12) 20 .11 A 6.5 (6.3) 2.7

¢ §, in parentheses is specific micropore surface area derived from r-plot analysis.

b (d,) = 4V ./ Sper-

¢ A (anatase), R (rutile), S (shcherbinaite, V,05), V (vanadium(IV) oxide, most likely VO, and/or V,0,) in
order of decreasing intensity; (d.) corresponding mean crystallite sizes (~—, not determinable), in parentheses

the values of the raw aerogels.

¢ Carbon content (in parentheses sulfur content) of the raw aerogels determined by elemental microanalysis.

results in an almost bimodal pore size distribution with
a symmetric, narrow mode at ca. 20 nm. The specific
surface area of 134 m? g7 is the lowest value obtained
among the vanadia—~titania aerogels calcined at 573 K.

Textural characteristics of the pure vanadia aerogel
V100, both raw and calcined at 573 K, are illustrated
in Fig. 2b. They both have a type 1V isotherm and an
H1-H3 desorption hysteresis (34), again indicative of
bimodal differential pore size distributions. Calcination
at 573 K shifts the hysteresis to higher relative pressures,
and consequently the two pore size modes are shifted
to larger pore sizes, i.e., from ca. 6 and 20 nm to ca.
15 and 60 nm. In addition, the specific surface area
decreased drastically from 80 to 25 m? g~! (see X-ray
diffraction studies below) and the specific pore volume
dropped from 0.25 to 0.16 cm® g™'. The specific micro-
pore surface area remained virtually unaltered (3 and
I m? g7!, respectively).

X-ray diffraction (XRD). Vanadia~titania aerogels,
both raw and calcined at 573-673 K, contain well-devel-

oped anatase crystallites (28) of mean sizes 6.1-8.9 nm
{without V20H28504, 6.1-7.4 nm) and 6.5-9.7 nm, respec-
tively, as indicated in Table 3. Calcination generally
causes an increase of the mean crystallite size, often,
however, within the precision of the line-broadening anal-
ysis. Only the aeroge! with the highest vanadia loading,
V30 (30 wt% ‘V,05’), contains significantly iarger anatase
crystallites of mean size 13 nm. Table 3 also indicates
that the vanadia component of all binary aerogels is
X-ray amorphous up to 673 K.

The X-ray patterns of the V205 TA series, both raw and
after calcination at different temperatures, are shown in
Fig. 3. Itis apparent that up to 673 K (patterns a—d) neither
the crystallinity of anatase changed nor did crystalline
vanadium oxide (20 wt% ‘V,0;’) become detectable. At
723 K, however, crystalline V,0; (30) evolved, and con-
comitantly a part of the anatase phase topotactically trans-
formed into rutile (29), resulting in a rutile-to-anatase ratio
of ca. 0.31 (35-37) (Fig. 3). Thus, the V2057A723 sample
(calcined at 723 K) consists of highly crystalline anatase,
rutile, and shcherbinaite with mean crystallite sizes of 18,
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FIG. 1. Textural properties of acrogel V20STA calcined at 573 K in
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K, I atm); middle: differential pore size distribution derived from the
desorption branch of nitrogen physisorption; top left: ¢-plot of the cal-
cined aerogel (+, linear regression points); top right: ¢-plot of the raw
aerogel {+, linear regression points).

40, and 22 nm, respectively (Table 3). These transforma-
tions were accompanied by a loss of specific surface area
and specific pore volume (Table 3).

Figure 4 represents the XRD patterns of the vanadia
aerogel V100, both raw and calcined at 573 K. It is obvious
that high-temperature supercritical drying led to marked
reduction of the vanadia aerogel, showing crystalline va-
nadium(IV) oxide [mostly likely VO, and/or V,0, (38)]
as the main phase together with V,O,; (39) and traces
of V,0; (30) (pattern a). However, calcination at 573 K
reoxidized most of the vanadia component to crystalline
V,0s, with a residual of vanadium(IV) oxide. As already
stated in the section on physisorption, this oxidation-re-
crystallization resulted in a significant decrease in both
the specific surface area and the specific pore volume
(Table 3).

Transmission electron microscopy (TEM). A repre-
sentative TEM image from a portion of V20STA calcined
at 573 K is given in Fig. 5. The ultrastructure of branched
and interconnected colloidal primary particles, which
form ultrafine cells (<100 nm), is characteristic of acrogel
materials. The high-resolution TEM image in Fig. 6 re-
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(d) 673 K, (e) 723 K. ¥, Anatase; %, rutile; ©, shcherbinaite.
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veals additionally that these building blocks are mostly
anatase single crystals, as determined from the anatase
lattice fringe spacings for the (101) reflection (0.352 nm).
Besides the crystalline sectors, more diffuse parts can
be seen, suggestive of amorphous or poorly crystalline
regions. The primary particle diameters of titania lie be-
tween 5 and 11 nm, being in good agreement with the
corresponding mean crystallite sizes derived from XRD.
With respect to the vanadia component (0 wt% *V,0s’ in
V0, 20 wt% in V20STA), the TEM images provide no
indication of the presence of the vanadia phase in some
long-range ordered state (small crystallites, multilayers
on the anatase crystallites), suggesting remarkably high
dispersion of the vanadia constituent.

Thermal analysis. Thermal analysis was performed
in flowing air with a heating rate of 10 K min~'. The
thermoanalytical results measured for the raw aerogel
V20S7A (standard synthesis) are depicted in Fig. 7, which
is representative of most of the raw, binary aerogels with
20 wt% ‘V,05’. The weight loss originated from the oxida-
tion of organic residues and predominantly from the
evolution of water (desorption of physisorbed water,
dehydroxylation), which was already present in the
aerogels. This conclusion clearly emerges from relating
the TG curve with the monitored ion intensities of
m/z(CO5) = 44 (CO,) and m/z(H,0™) = 18 (water) (Fig. 7).
The liberation of water, representatively displayed in
Fig. 7, began at room temperature and reached a maximum
at488 K withaprecedingshoulderatca.410K. H,0O evolu-
tion at the beginning originated mainly from physisorbed
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water; at higher temperatures it was dominated by the
contribution of water from the oxidation of organic con-
taminants. A broad three-step CO, evolution was de-
tected, which started at ca. 370 K and attained a maximum
at 508 K followed by two shoulders at higher tempera-
tures. In accordance with these gravimetric results, the
DTA curve is dominated by two broad exothermal peaks
at 480 and 557 K followed by a minor shoulder, all three
related to the corresponding oxidation of organic residues
and concomitant formation of CO,. The exothermal DTA
peak at 793 K reflects crystallization of the vanadia com-
ponent to V,0s, which later started to melt at ca. 910 K
with the corresponding endothermal DTA peak at 946 K.
At ca. 670 K the reoxidation of the partly reduced vanadia
component, related to the weight uptake and indicated
by the TG curve, began to dominate over CO, and H,0
evolution.

The binary aerogels with 20 wt% ‘V,0;’, calcined at
573 K in air (standard calcination) showed virtually the
same thermoanalytical characteristics as the correspond-
ing raw (original) aerogels. Exothermal CO, evolution
extended from ca. 470 to 770 K, which shows that despite
the calcination at 573 K for 5 h, a considerable amount
of organic residues persists in the aerogels. These organic
residues are =0.1 wt% carbon, compared with ca. 2 wt%
in the raw samples (Table 3). H,O evolution was found
to take place from ca. 300 to 850 K and was dominated
mainly by the endothermal desorption of physisorbed wa-
ter. Crystallization of V,05 was reflected by an exother-
mal double peak at 780-800 and 805-840 K, respectively.
Endothermal melting of V,O; began at ca. 910 K and
revealed a maximum at ca. 950 K. However, the weight
increase due to oxidation of the vanadia component was
still apparent despite the calcination at 573 K. The appro-
priate weight gain began at ca. 670 K. Besides the green-
brown color of the aerogel samples after calcination at
573 K, such a weight uptake further indicates that the
vanadia component is still present in a partly reduced
state. Although the weight uptakes of 0.44-0.65 wt% are
superimposed by CO, and H,0 evolution, they are sugges-
tive of a theoretical stoichiometry V;0,, which is based
on a theoretical uptake of 0.606 wt% for the oxidation of
V50, to V,0q (referred to 20 wt% ‘V,05").

The traces of CO, and H,O evolution of the raw aerogel
V20STA and portions of this material calcined in air at
573-723 K are summarized in Fig. 8. The content of or-
ganic contaminants decreased with increasing calcination
temperature, but some residues were still present even
after calcination at 723 K. The maxima of CO, evolution
of the caicined samples were shifted to ca. 600 K (Fig.
8). Moreover, a shallow second stage occurred at ca. 790
K, indicative of the restructuring due to crystallization of
V,0;5 and concomitant partial phase transformation of
anatase to rutile (Figs. 8a—d). Consequently, the associ-
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FIG. 5.

ated organic residues are not completely removable with-
out major changes of the structural properties. It emerges
from the H,O evolution that the amount of physisorbed
water is comparable for both the raw aerogel and the
samples calcined up to 673 K, all reaching a maximum at
ca. 395 K (Fig. 8). Only the sample calcined at 723 K with
a concomitant decrease in the specific surface area has
significantly suppressed water adsorption capacity.

Diffraction-contrast TEM image of aerogel V20STA calcined at 573 K in air (standard).

The thermoanalytical behavior of V20H2S04, synthe-
sized with sulfuric acid and calcined at 573 K, is illustrated
in Fig. 9a. Apart from the traces of H,O and CO, evolution,
which are comparable to those of the other equally
calcined aerogel samples (Fig. 8), the trace for SO,
(m/z = 64) with a maximum at ca, 830 K reveals the oxida-
tion of sulfur-containing residues. This behavior emerges
from the marked weight loss starting around 730 K and the
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FIG. 6. High-resolution transmission electron micrograph of aerogel V20STA calcined at 573 K in air (standard).
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broad exothermal DTA signal with a maximum at 835 K.
The concomitant shallow maximum in CO, evolution (Fig.
9a) indicates a restructuring of the solid, which may imply
that the mentioned sulfuric residues are partly trapped in
the solid. In addition, the above-mentioned crystallization
of the vanadia constituent (ca. 800 K) must be taken into
account. The sulfuric contaminants obviously originate
from the sulfuric acid used for the sol-gel preparation,
which persisted in the sol-gel product (40) and was reduced
during supercritical drying. This reduction manifested as
a slightly increased final pressure of 26 MPa, suggestive of
the production of volatile sulfuric compounds (H,S). More-
over, sulfur deposits were observed inside the autoclave.
When compared with the nominal sulfur content of 2.56
wt%, the amount of sulfur in the raw aerogel (derived from
elemental microanalysis) amounts to 2.1 wt%, which con-
firms that part of the sulfur must have beenlost during SCD.

Thermoanalytical results for the raw vanadia aerogel
V100 are depicted in Fig. 9b. H,O evolution occurred at ca.
300 K and reached a maximum at 380 K. CO, evolution
startedatca. 370 K and reached amaximumat 560 K, which
was consistent with the exothermal DTA peak at 560 K.
This exothermicity was superimposed by the exothermal
oxidation—crystallization of the reduced vanadia compo-
nent. The corresponding weight uptake became dominant
at ca. 500 K and provided further evidence for the reduced
oxidation state, as already illustrated in Fig. 4 (pattern a).

SCHNEIDER ET AL.

The carbon content of the majority of raw vanadia-
titania aerogels ranges from 2 to 2.8 wt%, as derived
from elemental microanalysis. These organic residues are
attributed mainly to the realkoxylation of surface hy-
droxyl groups during SCD (4, 41). Probably to a small
extent, some unhydrolyzed, incorporated alkoxide li-
gands must also be taken into account. The lower carbon
contents of raw V20SGT323, V20H2504, and V100 can
be attributed to enhanced hydrolysis conditions, which
are represented by the highest sol-gel temperature, the
double protonic acid H,SO,, and the highest hydrolysis
level, respectively. With V100 an additional effect is based
most likely on some competitive hydroxylation of the
oxidic surface due to the large amount of water used
(see Experimental) during SCD. In essence, all aerogels
contain a considerable amount of organic residues after
high-temperature SCD, which persists partly even after
calcination at 723 K.
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FIG. 8. CO,evolution (top) and H,0 evolution (bottom) during ther-
moanalytical runs of V20STA catalysts calcined at different tempera-
tures in air: (a) raw, (b) 573 K, () 623 K, (d) 673 K, (e) 723 K. Heating

rate: 10 K min™'; air flow: 25 ml min~!,
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Selective Catalytic Reduction of NO by NH,

Specific and overall activities are summarized in Table
4. Note that the specific activities at 423 K were compared
on the basis of turnover frequency [TOF in (mol NO)
{mol V)~ ! s71], reaction rates per BET surface area [(mol
NO) m~2 s~ !] as well as reaction rates per gram of catalyst
[(mol NO) (g " s™']. TOF values were calculated on
the basis of nominal, molar loadings of vanadium, as noted
under Experimental. Since it is very likely that a part of
the vanadium species is not accessible to the reactant
gases, such TOF data represent ‘‘conservative’’ estimates
of intrinsic TOF values. Therefore, the term "TOF’ is
used with single quotation marks throughout this work.
It is obvious that the BET surface area (Sggp) is not a
selective measure of the vanadia surface area (surface
vanadia sites are not selectively titrated). Yetif we assume
that the compositional and chemical effects on the active
sites are represented by the ‘TOF’ value, then the Sggr-
related reaction rate (r,) should lend itself to reasonable
estimates of changes in vanadia dispersity. As a measure
of overall activity, the temperature necessary for 50% NO
conversion (T5,;) under standard conditions was quoted.

It emerges from Table 4 that the majority of the va-
nadia—titania aerogel catalysts with 20 wt% *V,0y’ loading
(calcined at 573 K) reached 50% NO conversion at
434-439 K. Only V20H2S504, which contains a consider-

1. air flow: 25 ml min~'.

able amount of sulfuric contaminants (sulfuric acid as
sol-gel catalyst), attains T, at 468 K.

Typical NO and NH; conversion plots of the loading
series VO to V100, all calcined at 573 K, are depicted
in Fig. 10. The overall activity increases distinctly with
increasing loading from 0 to 30 wt% ‘V,0;’ (Fig. 10, Table
4). Note that the integral reactor test of V100 was per-
formed with 118 mg instead of the 44 mg used for other
catalysts of the loading series. NH, conversions were
generally up to 5% higher than NO conversions at higher
temperatures due to a small loss to direct oxidation.

With the most active catalysts this oxidation generally
occurred at ca. 470 K and seemed to stay at a constant
level up to 558 K (the highest temperature used in the
integral reactor test). N,O production was also minimal
and became apparent beyond ca. 510 K. It reached con-
centrations of several vppm, which were close to the
detection limit of N,O.

Arrhenius plots of the vanadia loading series in Fig.
11 reflect that the specific activity per overall vanadium
(‘TOF’) increases significantly with increasing loading.
The highest ‘TOF’ obtained among all aerogels is compa-
rable to that of a multiply grafted vanadia on titania cata-
lyst, which possesses a high vanadia dispersion (7) (Table
4, Fig. 11). Comparison of ‘TOFs’ with reaction rates per
BET surface area at 423 K (Table 4) suggests that two
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TABLE 4
Selective Catalytic Reduction of NO by NH;

‘TOF™® x 10* re x 10° r, x 107 E, Tson

Aerogel (mol NO/mol V/s) (mol/m?/s) (mol/g,/s) (kJ/mol) (K)
V20STA 1.4 1.6 3.0 : 59 435
V205TA623 1.4 1.5 3.0 60 436
V20STA673 1.7 2.1 3.6 60 429
V205TA723 0.9 4.8 2.0 57 431°
V20ViP 1.4 1.9 3.0 60 437
V205GT1273 1.3 1.7 2.9 60 437
V205GT323 14 1.7 3.2 58 434
V20H2504 0.4 0.6 0.8 65 468
Vo — —_ — —_ —_
14 0.4 0.1 0.2 66 520°
V1o 0.7 0.4 0.7 59 469
V3Q 2.4 4.0 7.8 35 414
V100 0.2 8.7 2.2 44 430
V20HRS 1.4 2.0 3.0 61 436
V20HR30 1.4 1.6 3.2 58 434
V20HRI120 1.4 1.8 3.2 61 436
V20PR30 1.4 1.5 3.1 60 436
V20PRI12 1.3 1.4 2.8 58 438
V20EMO0 1.5 1.6 3.3 60 435
V20NPI10 1.5 1.5 3.2 58 435
Ti-3v* 2.7 2.0 0.6 43 410
Tigel-2V¢ 2.7 1.5 1.2 — —
VTi Gel* 1.0 4.5 6.1 49 —
Pat¢ 1.7 1.2 0.8 43 397

Note. The kinetic data measured at 423 K are represented as turnover frequency (‘TOF’), reaction rate per
BET surface area (r,), reaction rate per gram of catalyst (r,), and apparent activation energy (E,). Results of
integral reactor tests are represented as temperature necessary to reach 50% NO conversion,

4 Reaction rate referred to the designed vanadium content (‘'TOF’) on the basis of the assumption that all

vanadium species are accessible to the reactant gases.

b V20STAT723: 78 mg,; VS: 184 mg,, 0.524 cm® (V,,), differential reactor testing GHSV 8400-24,000 h~';
V100: 118 mg,,, ; otherwise as specified under Experimental.

¢ From Ref. (7) with the same experimental conditions except for GHSV (9000 h™'): Ti-3V, vanadia grafted
on P25 (Degussa) with 1.8 wt% ‘V,05’, 27 m*> g™, | g, ; Pat, vanadia-titania prepared by sequential precipitation
based on the Mitsubishi patent (10) with 4.8 wt% ‘V,0¢", 67 m?> g™!, 1 g,

4 From Ref. (42) with the same experimental conditions: Tigel-2V, vanadia grafted on titania xerogel with 4.4

wit% ‘V,05', 86 m* g7, 0.1 g,,,.

¢ From Ref. (12) with the same experimental conditions: VTi Gel in situ 513 K, vanadia-titania xerogel
prepared by a two-stage sol-gel process with 53 wt% ‘'V,04, 139 m’ g7/, 0.1 g.,,.

effects are likely to be discernible due to the loading in-
crease. The increase in ‘TOF’ involves some desired
chemical and/or compositional changes of the active va-
nadia sites (42, 43), which is consistent with the decline
in the apparent activation energies from 66 to 55 kJ mol™!
(Table 4). However, this beneficial effect is not sufficient
to explain the much more pronounced increase in reaction
rates per BET surface area (Table 4). Considering the
comparable Sgg; within the loading series (V0-V30) and

the above-mentioned assumptions, the second beneficial
effect is supposed to be a concomitant significant increase
in vanadia dispersion. The markedly lower ‘TOF’ of crys-
talline V,0; (V100 calcined at 573 K) is attributed to the
poor accessibility of the vanadium species. However, the
reaction rate per Sgper, which represents the more appro-
priate estimate of accessible vanadium sites in this case,
is by far the highest for crystalline V,0; (Table 4) (12).
This behavior is further supported by a more reliable
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FIG. 10. Piots of conversion of the vanadia loading series for the
reduction of NO by NH;. Top: NO conversion; bottom: NH, conver-
sion. ¥, VO: &, V3. O, VI10: X, V20: &, V30, &, VI00. Catalyst designa-
tions are explained in Table 1.

“TOF" calculation for the vanadia aerogel V100. For this
purpose the number of accessible surface sites was esti-
mated from the measured BET surface area and an as-
sumed surface density of 4.87 V=0 sites per square nano-
meter (30). The corresponding ‘TOF’ for V100 calcined
at 573 K amounts thus to ca. 11 x 107# s~!, which is the
highest ‘TOF’ value among all presented catalysts (Table
4). To preserve the high specific surface area, the raw
vanadia aerogel was activated /n situ under SCR reactant
gases at 513 K (91 mg_,,). Although the structural proper-
ties remained unchanged, such activation did not lead to
improved catalytic peformance. The lower reaction rate
per BET surface area (3.0 compared with 8.7 x 107% mol
m~2s~! for V100 calcined at 573 K) indicates that crystal-
line vanadium(IV) oxide (most likely VO, and/or V,0,,
main phase of the in situ pretreated V100 sample} does
not reach the high intrinsic activity of crystalline V,0;.
Handy et al. (12) reported reaction rates per BET surface
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FIG. 11. Arrhenius plots of specific reaction rates of the vanadia
loading series for the reduction of NO by NH;. %. V5; O, V10; X, V20;
&, V30; A, VI00: ©, Ti-3V for comparison from Ref. (7). Catalyst
designations are explained in Table 1.

area and Sypr-related “TOFs’ of vanadia xerogels that are
about three times higher than the values reported in this
work. The apparent activation energies of the vanadia
aerogel catalysts amounted to 44 kJ mol~! and are in good
agreement with those of the vanadia xerogels in Refs.
(7, 12).

The catalytic effects of the calcination temperature are
shown in Fig. 12 and listed in Table 4. Calcination up
to 623 K did not lead to significant changes; however,
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FIG. 12. Arrhenius plots of specific reaction rates of the V20574
series calcined at different temperatures for the reduction of NO by
NH,. ¥, V20STA; &, V205TA623; O, V20STAG6T3: X, V20STAT23.
Catalyst designations are explained in Table 1.
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calcination at 673 K revealed similar beneficial increases
in both ‘TOF’ and reaction rate per Sypr, which indicates
significant temperature-induced migration—-agglomeration
and/or partial removal of organic contaminants from the
active vanadia surface fraction, as indicated in the section
on thermal analysis and illustrated in Fig. 8. Both effects
thus result in larger accessibility of the vanadia species.
In contrast, the aerogel calcined at 723 K shows a marked
decline in both “TOF’ and the reaction rate per gram of
catalyst. This is interpreted in terms of the crystallization
of vanadia to crystalline V,05 and the concomitant de-
crease in Syt (see XRD and physisorption studies above).
Note, however, that the reaction rate per BET surface
area shows a pronounced increase even surpassing the
corresponding reaction rate of V30, again indicative of
the high intrinsic activity of V,04 (7, 12).

A comparison of the reaction rates per gram of catalyst
reveals that the highest activity among the catalysts listed
in Table 4 is obtained for V30 (30 wt% ‘V,0;’) calcined
at 573 K. With the exception of V20H2S504 all vanadia-ti-
tania acrogels with 20 wt% *V,Os’ show comparable reac-
tion rates per gram of catalyst, which of course parallels
the fairly similar *“TOF’ values (Table 4). Moreover, the
apparent activation energies amounted to ca. 60 kJ mol ™!,
which reflects again the marked similarity of the majority
of vanadia-titania aerogels with a loading of 20 wt%
‘V,05 in the range of the preparation conditions investi-
gated (Table 4).

DISCUSSION

As mentioned under Experimental, the preparation of
the titania gels basically followed that of acrogel C in Ref.
(20). In contrast to the previously reported titania aerogel,
the titania aerogel prepared in this work (V0, Table 2) was
redispersed at the gel stage using an additional amount of
methanol, and the resulting sol was dried under supercriti-
cal conditions. Although the structure together with the
macroscopic appearance of the sol-gel product was com-
pletely different [polymeric gel in (20), sol in this work],
the properties of the dried titania aerogels were virtually
identical. This essential finding rendered the homogeneous
introduction of another component to the preformed **col-
loidally’” distributed titania feasible and could thus be
transferred to the preparation of multicomponent systems.

Within a wide range of investigated sol-gel and super-
critical drying conditions, meso- to macroporous aerogels
with high specific surface area were obtained in all cases
(Fig. 1, Table 3). The porous structure results from the
poorly defined morphology of these aerogel materials,
which lends itself to loose packing configurations (Fig.
5). Moreover, these aerogel catalysts generally contain
well-developed anatase crystallites in a fairly narrow size
range (Fig. 3, Table 3). All binary aerogels calcined at
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573 K did not show any evidence of long-range order
of the vanadia constitutent (Figs. 3, 5, 6; Table 3). The
comparable onsets of crystallization show that the relative
stability of the vanadia component is very similar among
the vanadia~titania catalysts examined. This behavior and
the comparable catalytic performance (Table 4) imply a
high dispersion, which remains largely uninfluenced by
the majority of preparation conditions investigated (ex-
cluding the hydrolysis catalyst, calcination temperature,
and loading discussed later). Similar findings have been
reported by Wachs et al. (44), who suggested that loading
and calcination temperature are among the most decisive
factors that control the molecular design of an oxide-ox-
ide catalyst. Considering the direct preparation method
used,it is remarkable that within the wide range of condi-
tions examined, the catalytic performance of the vanadia
component remained virtually the same (Table 4). Struc-
tural evolution of the vanadia species with respect to
dependence on the preparation conditions is reported in
more detail in Part 11 of this study (45), which presents
the data from the spectroscopic studies, including laser
Raman, Fourier transform infrared, *'V nuclear magnetic
resonance, and secondary ion mass spectroscopy.

Only a few of the aerogels revealed significant morpho-
logical differences based on the synthesis procedure em-
ployed. Calcination of portions of V20S5TA showed that
calcination in the range 573-673 K is dominated by some
temperature-induced migration—agglomeration of the va-
nadia constituent and/or removal of part of the organic
contaminants from the active vanadia surface fraction.
These beneficial changes are reflected in the markedly
increased ‘TOF’, reaction rate per BET surface area, and
reaction rate per gram of catalyst of the V2057TA673 cata-
lyst calcined at 673 K (Table 4, Fig. 12). The occurrence
of temperature-induced migration-agglomeration is sup-
ported by the results of our spectroscopic studies pre-
sented in Part 11 (45), which reflect an increasing contribu-
tion of oligomeric, ill-defined clusters covering and
connecting the titania matrix. Thermoanalytical studies
on the organic residues revealed that the content of or-
ganic contaminants decreases with increasing calcination
temperature, but a minor part is still present even after
calcination at 723 K (Fig. 8). In conjunction with X-ray
diffraction studies, one can conclude that the organic con-
taminants are not completely removable without major
changes in the structural and chemical properties of the
aerogels (Figs. 3 and 8, Table 3). Note, however, that the
appropriate CO, evolutions represent only integral data,
which do not allow any assignment of the location of the
evolved organic residues. Consequently, some uncer-
tainty concerning the influence of the organic residues on
the catalytic properties remains. At 723 K agglomera-
tion—crystallization processes dominate, resulting in the
appearance of crystalline V,0; and the partial polymor-
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phic transformation of anatase to rutile (Fig. 3e, Table
3). It is well known that this phase transition can be cata-
lyzed in the presence of vanadia (35-37). This crystalliza-
tion—transformation is clearly the reason for the decline
in specific surface area as well as specific pore volume
(Table 3). Due to the formation of bulk V,0Os the number
of accessible vanadium sites decreases, which leads to a
corresponding decline in the *‘TOF’ per overall vanadium
(Table 4, Fig. 12).

The positive partial charge of titanium in the alkoxide
precursor is significantly higher than that of vanadium
in the related alkoxide (46), which enhances the sol-gel
activity of titanium over vanadium. This property often
results in a “‘core—shell”’ structure, with titania forming
the ‘‘cores’ in this case. Considering this behavior and
the two-stage synthesis procedure applied (preformation
of the titania matrix), it is likely that the (partly) hydro-
lyzed vanadium alkoxides react directly with the pre-
formed titania-bound surface hydroxyl groups (hetero-
condensation), which leads to the high dispersion as well
as accessibility of the vanadia component, as deduced
from the good SCR activity obtained. Fourier transform
infrared (FTIR) spectra of the OH stretching region, pre-
sented in Part II (45), provide clear evidence for a chemi-
cal reaction between the two components. Moreover, it
is shown that for the higher concentrations of (partly)
hydrolyzed vanadium alkoxide precursor, homoconden-
sation of vanadium species (linking of adjacent V-OH
groups) competes efficiently with anchoring at the remain-
ing acidic Ti-OH groups. Consequently, vanadia clusters
grow at the surface of the partly vanadia-covered titania
matrix and/or in solution.

When vanadia nuclei are formed in the sol-gel solution
(preferably by high nucleation rate), the ratio of homoco-
agulation to heterocoagulation of the vanadium oxo clus-
ters becomes a decisive factor, which further influences
the dispersion of the vanadia component. The acidic pH
of the sol-gel solution should lead to positively charged
titania particles and negatively charged vanadia clusters
due to the distinctly different isoelectric points [pH,,,
(Ti0,) = 4.5-6.3, pH,,. (V,05) = 1.4 (47)]. Thus, this
property of the sol-gel solution should favor heterocoagu-
lation processes of vanadia clusters.

In essence, the above-discussed sol-gel properties
yield high dispersion as well as accessibility of the vanadia
component, as inferred from the SCR data obtained (Table
4) and Raman spectroscopy (45).

The choice of vanadium oxide tri-n-propoxide for the
standard vanadium alkoxide is based on its enhanced hy-
drolysis reactivity (high nucleation rate, high hetero-
condensation rate with titania-bound surface-hydroxyl
groups) (15) combined with ease of handling. Steric fac-
tors exert the strongest influence on the hydrolytic stabil-
ity of such alkoxide compounds. Introduction of an alkoxy

341

group with a more complex structure retards the hydroly-
sis; the hydrolysis rate is lowered the most by branched
alkoxy ligands (4, 15). When compared with the n-pro-
poxy ligand, the isopropoxy group is thus more stable
with respect to hydrolysis. However, this difference does
not lead to significant changes in the catalytic activity.

Replacement of nitric acid with sulfuric acid showed
two effects. Sulfuric acid is a very strong acid with two
protons, which accelerates hydrolysis. Moreover, titani-
um(IV) forms hydrogen sulfate complexes in sulfuric
acidic solution. This changed sol-gel activity might be
the reason for the distinctly different textural properties
(smaller Sz, bimodal pore size distribution; Table 3, Fig.
2a) of the corresponding aerogel. The sulfate (complex)
species are either adsorbed onto the surface or incorpo-
rated into the matrix, which results in deposition and/or
inclusion (40) of sulfuric contaminants by reduction during
supercritical drying (Table 3, Fig. 9a). The oxidation of
these sulfuric residues occurs at ca. 730 K, as determined
by thermal analysis of V20H2504 calcined at 573 K (Fig.
9a). This persistence of the sulfuric contaminants up to
high temperatures is a likely explanation for the signifi-
cantly decreased catalytic performance of the aerogel cat-
alyst V20H2504 (Table 4). 1t is suggested that the sulfuric
contaminants act as chemical and/or physical inhibitors
of active vanadium sites, and can be removed in air only
at elevated temperatures (ca. 700 K). However, such a
calcination procedure would lead to significant structural
changes, as presented for V2057TA723 calcined at 723 K
(Table 3, Fig. 3).

The textural and morphological properties remained
largely unchanged on an increase in ‘V,0;’ loading up to
20 wt%. Only with V30 (30 wt% *V,0y’) were larger ana-
tase crystallites observed to develop, suggestive of some
enhanced crystal growth of anatase above a certain vana-
dium concentration. When compared with the structure
sensitivity of multiply grafted vanadia/titania catalysts
(7.42), acomparably beneficial effect of increased vanadia
content was observed with the vanadia—titania aerogels,
which is represented by the increasing ‘TOF’ values at
423 K (Table 4, Fig. 11). The spectroscopic studies, pre-
sented in Part II (45), show that, up to a “V,0;’ content
of 20 wt%, signals due to (V=0) stretching vibrations
are detected only in the FTIR spectra. In general, the
vanadia phase is present in the form of mostly amorphous
patches, including small, ill-defined vanadia clusters.
With increasing vanadia loading, amorphous vanadia lay-
ers cover and connect the titania matrix, until at the high-
est loading of 30 wt% ‘V,0s’ (V30), three-dimensional
aggregates resembling crystalline V,0; and two-dimen-
sionally extended layer structures develop. The most ac-
tive vanadia sites may thus be associated with two-dimen-
sional disordered arrays of octahedrally bound vanadium
oxo oligomers, as suggested in Refs. (42, 43). In addition,
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FIG. 13. Comparison of reaction rates referred to the vanadia con-
tent (*TOF’) and reaction rates per gram of catalyst (r,) of aerogel V30
calcined at 573 K (30 wt% 'V,05’) with corresponding literature data.
Ti-3V, vanadia grafted on P25 (7); Tigel-2V, vanadia grafted on titania
xerogel (42); VTi Gel, xerogel prepared by a two-stage sol-gel process
(12); Pat, sequential precipitation according to the Mitsubishi patent
7, 10).

the much more pronounced increase in the Sygr-related
reaction rates (Table 4) shows that besides this composi-
tional-chemical effect, an increase in the vanadia disper-
sion is likely to occur.

Excellent vanadia dispersion on a high-surface-area ti-
tania matrix can be achieved by the direct preparation of
both constitutents. This property enables the efficient use
of a larger amount of accessible and active vanadium
sites (Table 4). This beneficial property of vanadia-titania
aerogels is illustrated in Fig. 13 by a comparison with
literature data. The most active aerogel catalyst (V30 with
30 wt% ‘V,05’) reaches an activity per vanadium atom
similar to that of the well-dispersed multiply grafted cata-
lysts (Ti-3V, Tigel-2V). However, due to high loading
with excellent accessibility, the vanadia-titania aerogel
possesses the highest activity per gram of catalyst.

The prominent effects of the heating rate during SCD
are the drying rate and the time of exposure to elevated
temperatures. The drying rate is crucial to hydrodynamic
resistance and contact forces. These phenomena are
known to have an impact on the concomitant differential
drying forces (3, §), which can affect the morphological
and/or structural properties. In addition, the time of expo-
sure to elevated temperatures influences various wet-
chemical processes, including dissolution, reprecipita-
tion, depolymerization, repolymerization, alkoxylation,
and enhanced syneresis (network densification), leading
to chemical and/or restructuring phenomena in such mate-
rials. The processes mentioned include some Ostwald rip-
ening, coalescence—coarsening, sintering, and syneresis.
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However, within the range of heating rates examined a
significant effect on the morphological and chemical prop-
erties was not evident (Table 3). Only with V20HRS, su-
percritically dried at 8 K h™!, did the slightly lower Sggr
of the vanadia—titania aerogel seem to be caused by the
longer exposure to elevated temperatures.

V20NP10 supercritically dried with a nitrogen prepres-
sure of 10 MPa shows the highest Syt and specific pore
volume among all catalysts studied in this work (Table
3). Apparently, these textural properties have to be attrib-
uted to a positive influence of nitrogen on solvent behavior
(e.g., capillary forces), leading to reduced drying forces.
This phenomenon merits further investigation.

CONCLUSIONS

The present study demonstrates that highly dispersed
vanadia-titania aerogels with high acccessibility of the
vanadia component can be synthesized by a two-stage
sol-gel procedure with subsequent high-temperature su-
percritical drying. Within the range of preparation condi-
tions investigated the properties of the titania matrix re-
main largely unchanged. A marked influence is observed
only for the acid catalyst used in the sol-gel synthesis
(nitric or sulfuric acid). In contrast, both the structural
evolution and the dispersion of vanadia are predominantly
influenced by the loading and the calcination temperature.
Among the vanadia—titania aerogels prepared, samples
with a loading of 30 wt% ‘V,04 exhibited the highest
activity for the selective catalytic reduction of NO by
NH;. The reaction rate referred to the vanadium content
(‘TOF’) is similar to that of highly dispersed, multiply
grafted vanadia on titania catalysts, which indicates that
vanadia, contained in the three-dimensional gel network,
is well dispersed and exhibits SCR activity similar to that
of multiply grafted vanadia species. The advantage of the
aerogel catalysts resides in the higher vanadia loadings
that can be achieved and, consequently, in higher reaction
rates per catalyst weight.
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