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The chemical and structural properties of chromia on titania
have been investigated after different pretreatments and after use
for the low temperature selective catalytic reduction (SCR) of NO
by NH;. A series of catalysts containing 0.5 to 30 wt% chromia
was prepared by impregnation with aqueous chromium nitrate
solution. The catalysts exhibited high activity for SCR in the low
temperature range (T < 470 K). The NO conversion rate was
proportional to the chromia loading up to 5 wt%. Higher loadings
resulted in a less efficient use of the chromia species. Selectivities
to N, and N,O were not influenced by the amount of deposited
chromia at higher loadings (=5 wt%), but depended markedly on
the pretreatment of the catalysts. Oxidative pretreatment at 573
K for 3 h led to enhanced formation of undesired N,O, whereas
previous exposure to a H,-containing atmosphere at T < 720 K
yielded selectivities ot N, exceeding 90%. The overall conversion
of NO was comparatively little influenced by these pretreatments.
Thermal analysis (TG, DTA) and temperature-programmed re-
duction indicated the formation of Cr(III) species upon reduction
in the H,-containing atmosphere at 720 K. These species were
reoxidizable in air at 670 K and probably highly hydroxylated, as
indicated by the substantial formation of water during the thermo-
analytical run. Exposure to higher temperatures (>720 K) in an
inert or a hydrogen-containing atmosphere led to the formation
of less active a-Cr,0Q; which was not reoxidizable under similar
conditions. Electron paramagnetic resonance (EPR) measurements
of catalysts exposed to SCR conditions indicated uniformly sized
clusters of Cr(III) together with Cr(V) surface species. After oxida-
tive pretreatment and SCR use, EPR revealed the existence of
Cr(I) species, probably present as {CrNO}** surface complexes.
Such species were not observed after reductive pretreatment of the

catalysts. ©: 1994 Academic Press, Inc.

INTRODUCTION

The selective catalytic reduction (SCR) of nitric oxide
with ammonia in excess oxygen has gained considerable

"' To whom correspondence should be addressed.

importance due to its efficiency. In the search for highly
efficient catalysts various materials have been examined
(1). The most intensively studied catalysts are based on
vanadia/titania, while other oxides have received consid-
erably less attention. Chromia-containing catalysts have
been investigated for SCR by several authors (2-4). The
significant N,O production above 470 K made the
chromia-based catalysts unsuitable for technical applica-
tions. However, recently we have shown that amorphous
chromia exhibits interesting properties for low tempera-
ture SCR of NO (5). The amorphous chromia was found
to reduce NO selectively to N,, whereas with crystalline
chromia formation of N, and N,O occurred together with
significant NH; oxidation (6). This difference in catalytic
behavior has been attributed to the fact that the labile
oxygen or crystalline chromia is more weakly bound than
that on amorphous chromia, and therefore desorbs from
the surface at lower temperature. The higher activity of
amorphous chromia in SCR has been attributed to the
higher density of labile oxygen available on the surface
under reaction conditions (7-10).

Upon deposition of chromia on a support, its surface
structure and reduction behavior may change signifi-
cantly. It has been demonstrated that Cr(VI) can be stabi-
lized on SiO, (11), Al,O; (12), and TiO,. For CrO,/Al,O,
a stronger interaction of the Cr(VI) oxide species with
the support was found than for CrO,/TiO, (13). With this
in mind we have extended our previous studies to titania-
supported systems.

Structural and chemical changes induced by the differ-
ent preparation steps studied by EPR have been reported
in Part I of this series (14). After calcination at 573 K,
using pure oxygen, Cr,O, clusters of different sizes
were found to coexist with Cr(V) and Cr(Vl) surface
species. For low Cr contents Cr(V) and Cr(VI) were
found to be predominant, whereas for higher Cr contents
(>5 wt%), the existence of antiferromagnetic a-Cr,0,
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(and ferromagnetic CrQ,) crystallites on the surface
was proposed.

Here we focus on the catalytic behavior of these cata-
lysts and the structural changes resulting from different
pretreatments and exposure to SCR conditions.

EXPERIMENTAL

Catalyst Preparation

The preparation of titania-supported chromia catalysts
has been described in detail in Part I (14). Titania P25
(Degussa) was impregnated in an aqueous solution of
Cr(NO;); - 9H,0 (Fluka) and subsequently dried. To avoid
undesired crystallization of «-Cr,0O, during preparation,
calcination was carried out under an oxygen atmosphere
at 573 K. Samples with chromia contents of 0.5, 1, 2, 3,
5,10, and 30 wt%, referred to wt% Cr, 0, per total catalyst
mass (TiO, and Cr,0;), were prepared.

Two reference catalysts were used in the catalytic tests:
these were a vanadia/titania catalyst prepared by grafting
of vanadyl alkoxide according to the procedure reported
in Ref. (15), referred to as V,05/TiO,, and an amorphous
chromia sample described in Ref. (6).

Catalyst Characterization

Temperature-programmed reduction (TPR). The ap-
paratus used for TPR measurements has been described
in detail elsewhere (16). The measurements were carried
out using 6% hydrogen in argon as reductant gas and a
flow rate of 75 ml (STP) min~!. Sample weights were
between 0.2 and 0.5 g, depending on the chromia content.
Granules of 300-500 pm were used. The temperature was
ramped from 298 to 973 K at 10 K min~'.

Thermoanalytical studies. Differential thermal analy-
sis (DTA) and thermogravimetry (TG) measurements
were performed on a Netzsch STA 409 instrument, using
20-50 mg of sample and a heating rate of 10 K min~!,
Samples of 10 wt% chromia/titania were used for the
measurements. Runs were performed under a pure Ar
atmosphere (30 cm® min~') and under Ar that contained
6% H, (60 cm® min~'). a-Al,O; was used as a reference
material. Gases evolving during thermal analysis were
monitored with a Balzers QMG 424 mass spectrometer.

EPR measurements. EPR spectra were recorded on
a Bruker ESP300 system at X-band frequency (or a Varian
E-9 spectrometer at Q-band frequency) at temperatures
between 77 and 293 K. The spectra were measured at a
microwave frequency of about 9.4 GHz for X-band (or
35.0 GHz for Q-band), with microwave powers of 1-5
mW, a modulation amplitude of 0.2 mT, and a modulation
frequency of 100 kHz. For more details, see Part I (14),
Measurements after exposure to SCR reaction conditions
are included in this study.
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Catalytic Tests

Catalytic tests were carried out in a continuous flow
tubular fixed-bed microreactor. The reaction gas mixture
consisted of 900 ppm NO, 900 ppm NH; , and 1.8% O, with
a balance of argon. This gas mixture, which is referred to
as the SCR feed, was mixed from argon (99.999%) and
single component gases in a balance of argon (3600 ppm
NO/Ar, NH,/Ar certified by 2%, Union Carbide). Feed
and product concentrations of NO, NO,, NH;, H,0, N,0,
O,, and N, were quantitatively analyzed using a comput-
er-controlled Balzers quadrupole mass spectrometer
QMA 112A. Details of the apparatus have been described
elsewhere (6).

Volumes of 0.09-0.11 ¢m? corresponding to 80—140 mg
of catalyst sieved to 300-500 um particle size were used
for the measurements. If not specially mentioned, the
calcined catalysts (O,, 3 h, 573 K) were used for the
catalytic tests without further pretreatment. Additionally,
samples containing 5 wt% Cr,0; were pretreated in 6%
H,/Ar at 653 or 723 K, or subsequently heated to 873 K
in Ar before activity measurements.

Conversion measurements as a function of temperature
were carried out at a gas hourly space velocity (GHSV)
of 24,000 (N m* h~') m3} after steady-state SCR activity
had been established at 423 K (typically after 2 h). For
activity measurements the space velocity was gradually
raised to 100,000 h~' and the temperature was adjusted
to keep the NO conversion below 20%, which was found
to be suitable for maintaining differential reactor condi-
tions. Selectivities to N, and N,O are defined as §; =
2-Fi/(Fnoin + Fabzin = Frowow — FNzow). Where Fiis
the molar flow-rate (mol/s) of species i (N, or N,O) at the
reactor outlet and the subscripts “‘in’” and “*out’’ indicate
the flow rates of NO and NH; at the reactor inlet and
outlet, respectively. Both reactants, which were equimo-
larly mixed in the SCR feed, were taken into account
because of the uncertain stoichiometry of the reactions
leading to N, and N,O formation, respectively (17).

For all measurements a nitrogen balance including feed
and product stream concentrations of all N-containing
compounds was calculated. Even for high conversions of
NO and NH,, the error in the N-balance did not ex-
ceed =5%.

RESULTS

Properties of Calcined Catalysts

Properties of the calcined catalysts are listed in Table
1. The BET surface areas of all titania-supported samples
were within 47 = 2 m® g~!, indicating that the textural
properties of the titania support did not markedly change
by the impregnation. This was further confirmed by pore
size distribution measurements using the BJH method
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TABLE 1

Catalyst Properties

SBET CrQ, 5 loading CrOy 5 loading H,-TPR TPR
Sample mgh (wmol g71) (umol mggy) (umol g~ H (AOS CrO))

0.5 wi% Cr,0,/TiO, 47 66 1.4 75 2.3
1 wt% 48 131 2.7 178 2.7
2 wt% 46 260 5.7 295 2.2
3 wt% 45 390 8.9 452 2.4
S wt% 49 650 13 799 2.6
10 w9 48 1300 27 785 1.2
30 wt% 49 3950 80 1271 0.64
Amorphous Cr,0; 248 13,160 — 3448¢ 0.52¢
Crystalline Cr,0, 86 13,160 — 184 0.03¢
V,04/TiO, 45 5.3

Note. H-TRP (umol g ') represents total hydrogen consumption during TPR; TPR (AOS CrO,) represents hydrogen consump-

tion expressed as average decrease of oxidation state.
“ Taken from Ref. (6).

» VO, < respectively, determined by consumption of hydrogen during TPR.

(18). The chromia loadings are given in wt% chromia out
of total catalyst weight assuming that all chromia exists
as Cr,0,, and as umol CrO, s referred to mass or BET
surface area, respectively.

TPR profiles of some samples are shown in Fig. 1. Pure
TiO, did not show any significant H, consumption. For
the chromia catalysts a prominent peak was found at
573-578 K, which shifted to higher temperatures with
increasing loading. A second maximum appeared at
680-710 K. The relative amount of H, corresponding to
the second peak did not exceed 5% of the total consump-
tion and decreased with increasing chromia content. The
specific total hydrogen consumptions determined by TPR
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FIG. 1. TPR profiles of chromia on titania catalysts. In order of

rising main peak maximum: catalyst carrier (TiO,, no consumption), 1
wt%, 3 wt%, 10 wt%, and 30 wt% Cr,0,. The hydrogen consumption
is represented by the TCD response in uV g~ '.

(both peaks included) are listed in Table 1 (H,-TPR) for
all CrO,/TiO, catalysts. As only CrO, is reduced, the
consumption of H, can be expressed as an average de-
crease of the oxidation state (AOS) of Cr. The AOS values
of 2.2 to 2.7 listed in Table 1 indicate a considerable
reducibility of the CrO, species. Above 5 wt% loading
increasing CrO, contents yield lower AOS, which indi-
cates lower relative amounts of higher oxidized CrQ, spe-
cies after calcination.

In order to gain information about the decomposition
(Fig. 2) and the redox behavior, thermoanalytical (TG,
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FIG. 2. Decomposition of 10 wt% chromia/titania under an argon

atmosphere studied by thermogravimetry (TG) combined with mass
spectroscopy (MS) (m/e = 18, 32). The sample was previously calcined
for 3 h under an oxygen atmosphere at 523 K. MS data are reported as
the ion currents of the corresponding masses.
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FIG. 3. Reduction behavior of 10 wt% chromia/titania sample under

a hydrogen-containing atmosphere (6% H,/Ar) studied by TG and DTA
combined with MS. The sample was previously calcined for 3 h under
an oxygen atmosphere at 523 K. Intensities (MS) are reported as ion
currents of the corresponding masses. Temperature differences (DTA
curve) between sample and reference (50 mg of a-Al,O;) are expressed
in xV for Pt 10% Rh—Pt thermocouple.

DTA) measurements were carried out with the 10 wt%
sample calcined at 523 K in oxygen for 3 h. During decom-
position under an argon atmosphere the main species
evolving was oxygen, accompanied by evolution of ad-
sorbed water below 670 K (main broad maximum at 470
K, lower maximum at 620 K). The oxygen evolution
showed two maxima at 620 K and 690 K and was complete
at 920 K. The loss of weight due to oxygen evolution was
1.3%, corresponding to 0.3 mol O, per mol Cr assuming
total decomposition of CrO, species to Cr,0;.

Figure 3 depicts the reduction behavior measured by
thermal analysis using the same gas composition as used
for TPR. A similar shape of the reduction profiles is ob-
served as in TPR (Fig. 1). Due to the different calcination
temperatures of the samples used for thermal analysis
(523 K) and TPR (573 K), the amount of Cr species with
valence (V) or (VI) was smaller in the thermoanalytical
investigations, leading to a smaller weight loss than ex-
pected from the hydrogen consumption measured in TPR.
During catalyst reduction, water (m/e = 18) evolved in
three discernible steps. Below 570 K mainly adsorbed
H,0 evolved, resulting in a weight loss of 0.3%. The
prominent peak spanning from 570 K and 720 K is due
to water originating from the exothermal reduction of
surface species by hydrogen (m/e = 2). This process is
partially overlapped by the third significant evolution of
water which occurred in a wide temperature range up to
970 K. The total weight loss during thermal analysis up
to 1073 K amounted to 1.8%.

ENGWEILER ET AL.

The water, which evolved between 570 and 970 K,
corresponds to 1.5 wt% of the catalyst. In the temperature
range from 720 to 970 K the total water which evolved
from the system exceeded the hydrogen consumption sig-
nificantly. This behavior indicates the formation of
CrO,(OH), species and their subsequent dehydration at
higher temperatures.

To obtain a high amount of the CrO,(OH), species two
other 10 wt% samples were isothermally reduced for 3 h
at 693 K in Ar containing 6% H,. One of the samples
was subsequently heated under Ar atmosphere. Water
evolved with two distinguishable maximum rates around
620 and 820 K. Each evolution resulted in a weight loss
of approximately 0.1%. Small amounts of oxygen evolved
between 720 and 1020 K causing a loss of 0.05 wt% (not
shown). The other sample was reoxidized in air at 673 K
for 1 h. The thermal analysis of this sample in Ar atmo-
sphere (Fig. 4) shows the evolution of oxygen between
580 and 1020 K with a maximum rate at 780 K causing a
loss of 0.6 wt%. No water evolved above 570 K. Note
that the water which evolved below 570 K had been ad-
sorbed after the pretreatment during the transfer of the
sample.

Properties of Catalysts after Use in SCR

The calcined samples with chromia contents of 0.5, 2,
and 10 wt% were exposed to SCR feed gas at temperatures
up to 620 K for several hours or days. The EPR spectrum
of the 0.5 wt% sample measured immediately after this
treatment consists of two superimposed powder spectra
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FIG. 4. Oxygen and water evolution from 10 wt% chromia/titania
sample. The calcined sample was first reduced for 3 h at 693 K under
a hydrogen-containing atmosphere (6% H,/Ar) and then reoxidized in
air at 693 K for I h.
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DPPH

FIG. 5. EPR spectrum of the chromia/titania catalyst (0.5 wt%} after
SCR (10 h T,,,, = 400 K), T = 293 K; assignment: (a) Cr'~ (y-signal),
(b) {CrNO}*~.

(Fig. 5). Spectrum (a) is identical with the Cr(V) y-signal
(g, = 1.974, g, = 1.959), whereas spectrum (b) is charac-
terized by a comparatively large g anisotropy (axial sym-
metry): g, = 1.989, gy = 1.944, A Cr) = 17 x 1074
cm~!. In the “*perpendicular part’’ a hyperfine triplet with
A, =5 x 107* cm™'is indicated (interaction with one
nucleus / = 1, "N). The same g tensor parameters were
derived from the analysis of the Q-band spectra. Identical
spectra were obtained by the use of NH; (T = 473 K)
instead of SCR feed gas. Using NO as feed gas, only the
v-signal was observed. The temperature dependence of
the intensity of the powder spectra (Fig. 6) is similar as
striking as that of the y-signal after calcination (antiferro-
magnetic exchange coupling, discussed in Ref. (14)). For
high receiver gain, a broad g-signal (AB,, = 70 mT, X-
band) superimposed by the spectra described above is
observed. In the spectra for higher Cr content, this Cr(111)
B-signal clearly dominates. The linewidths of the 8-signal,
however, are equal for all samples, indicating about the
same average cluster size of (amorphous) Cr,0; for all
chromia contents: AB,, = 70 mT (60 mT for Q-band) at
room temperature and 85 (70) mT at T = 130 K. The size
of chromium(Ill) clusters seems to be uniform and too
small to show collective magnetic properties (amorphous)
for all total chromia contents. For 10 wt%, additionally,
some amount of Cr(III) incorporated into the rutile lattice
is observed. The Cr(VI) content is remarkably reduced
by SCR treatment as deduced from experiments with eth-
ylene glycol (see Ref. (14)).

Based on chemistry and spectroscopy, we interpret
spectrum (b) as arising from {Cr'NO}** surface com-
plexes. The EPR parameters agree well with those of
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comparable Cr(I} nitrosyl complexes (34°, ‘‘low-spin,”” §
= £(19). Itis known from chromium chemistry that Cr(VI)
forms {Cr'NO}** complexes by reaction with hydroxyl-
amine (20). A similar reaction with gaseous NH; is well
imaginable. Analogous complexes were observed by EPR
and FTIR on Cr(IilI)-exchanged zeolites reduced by H,
upon adsorption of NO (21). The reductively pretreated
chromia/titania catalysts (H,, 573 K) show only traces of
Cr(V) (y-signal) after SCR, but do not show the signal
assigned to {Cr'NO}?* by us.

Catalytic Behavior

The catalytic behavior of the various catalysts in the
selective reduction of NO has been tested and the results
are listed in Table 2. The selectivity to undesired N,O
is given for two different temperatures (423 and 453 K)
because the catalysts showed NO conversion in tempera-
ture ranges which only partially overlap. The kinetics are
characterized by the nitric oxide reaction rate at 423 K
referred to the BET surface area, by the turnover fre-
quency (TOF) at 423 K expressed as NO molecules, which
reacted per chromium atom, and by the apparent activa-
tion energy E, for the NO conversion.

Temperatures at which NO conversion reached 50%
(TXNO:M) provide an additional measure for the activities
of the catalysts. Note that these temperatures decrease
from 527 to 421 K when the chromia loading increases
from 0.5 to 30 wt%. A pronounced decrease in Ty, _ . is
observed when the chromia loading is increased from 0.5
to 3 wt%, while a further increase of the chromia loading
has only a minor effect. Complete conversion of ammonia
was achieved at a temperature of 463 K for the 30 wt%
chromia/titania catalyst together with a maximum NO

DPPH
a
b
C
S ml
B

(]

FIG. 6. Temperature dependence of the EPR spectrum of the
chromia/titania catalyst (0.5 wt%) after SCR: (a) T = 413 K, (b) 293
K, and (c) 130 K (identical recording parameter).
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TABLE 2

Results of SCR Activity Measurements

Conversion Rateng an k TOF;mk Eno In kono

Sample Ty, o (K) (107 mol s™' ' m™) (107" NOCr-'s™) (kJ mol™H (mol cm™'s7) Sn,0asK Sn,0.423K
0.5 wt% 527¢ 0.2 15° — — 0.23¢ —4
1 wt% 501 0.5 19 5122 10.5 0.24 —
2 wi% 467 1.2 21 47 =2 10.2 0.22 —
3 wt% 448 2.0 23 47 =2 11.0 0.17 0.09
5 wt% 438 2.8 21 St =3 12.1 0.16 0.08
10 wt% 433 4.3 16 522 13.1 0.17 0.08
30 wt% 421 6.6 8 5t x4 13.4 0.16 0.07
Amorphous Cr,0, 388 3.1 (4.6) S0 x2 9.8 — 0.10
V,04/TiO, 448 2.2 39¢ 56 + 4 — <0.01 <0.01
S wt%; H, 653 K 427 2.9 22 45 = | 10.6 0.08 0.03
5 wt%; H, 723 K 441 2.4 18 42 =2 9.5 0.02 0.01

“ Determined at constant GHSV of 24,000 h~! for all samples.
» TOF based on total amount of Cr in catalyst.

¢ 95% confidence limits of Arrhenius-type linear regression.

¢ TOF based on total amount of V in catalyst.

conversion of 81%. The corresponding values for the 10
and 0.5 wt% catalysts were 486 K, 82% and 543 K, 70%,
respectively. The rate of NO reaction referred to the total
surface area increases almost linearly with the chromia
loading up to 5 wt%, as emerges from the rate versus
chromia content plot shown in Fig. 7. A further increase
of the loading appears to be less effective. Compared to
the 5 wt9% sample, the 10 wt% catalyst shows a 1.6-fold
greater rate of NO conversion and the 30 wt% catalyst a
2.4-fold greater rate. The rates of NO conversion referred
to surface or mass are plotted together with results of the
two reference samples (amorphous chromia and V,O./
Ti0,) in the Arrhenius-type plots shown in Fig. 8. The
TOF values (Table 2), all around 20 x 1077 s~ ! for the
I to 5 wt% samples, pass through a maximum at a chromia
loading of 3 wt%. The lower TOF values for the 0.5 and
the 10 and 30 wt% samples indicate that the chromia
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FIG. 7. Increase of specific rate of nitric oxide conversion at 423 K

as a function of the chromia loading. Catalyst pretreatment was 3 h in
oxygen at 573 K.

species of these catalysts are either less active or less
accessible for NO conversion. The selectivity to unde-
sired N,O decreases with increasing chromia loading up
to 3 wt%. Higher loading has no further influence on the
selectivity. For the higher loaded samples, selectivities
comparable to that of amorphous chromia (6) were found.
It is noteworthy to mention that during a long term activity
test under SCR conditions for 150 h at temperatures be-
tween 420 and 520 K, a 5 wt% sample did not show
any deactivation.

Using hydrogen (6% H, in Ar) and temperatures higher
than 570 K for the pretreatment, the 5 wt% sample reached
a higher activity than the corresponding oxidatively cal-
cined catalyst. The highest activity was obtained with the
catalyst pretreated at 653 K. Ty, _,s was lowered by 11
K and the rate of NO conversion and TOF values were
increased. This increase of the activity emerges also from
the results shown in the top two sections of Fig. 9, where
the conversions of NO and NH, are plotted as a function
of temperature for differently pretreated 5 wt% chromia/
titania samples. Pretreatment at 723 K in H,/Ar lowered
the activity to slightly below the one obtained by calcina-
tion. After further heating in an argon atmosphere up to
873 K (2 h), the activity is significantly lower as shown,
in the X vs T plots (Fig. 9). The starting activity (until
conversion corresponding to a steady-state had been es-
tablished in the reactor; i.e., after ca 2 h at 423 K) also
depended on the pretreatment. After reaching a maximum
starting activity within a few minutes (high NO and NH,
conversion), it decreased to a steady state activity in the
case of reductively pretreated catalysts, whereas after O,
calcination during a starting period (ca 20 min) total NH,
consumption together with gradually rising NO conver-
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FIG. 8. Arrhenius-type plots of the rates of nitric oxide reaction at
maximum 209% NO conversion for the entire series of chromia/titania
catalysts (full lines). Reference catalysts: amorphous chromia and the
V,04/TiO, catalyst (dotted lines). (a) Rates referred to the BET surface
area of the catalysts. (b) Rates referred to the mass of the catalyst.

sion was monitored. The selectivity to N,O decreased
significantly upon reductive pretreatment compared to the
oxidatively calcined catalysts (Fig. 9 and Table 2). With
the sample pretreated in H,/Ar at 723 K and the one which
was subjected to further annealing in Ar, the concentra-
tion of N,O detected in the product stream did not exceed
12 ppm in the temperature range up to 463 K. This concen-
tration was slightly above the limit of detection (5 ppm).

The values for the apparent activation energy E, for
NO conversion were calculated from the Arrhenius-type
linear regression of the data shown in Fig. 8. E, values
of 47 to 52 kJ - mol ~! were obtained. The kinetic data of the
0.5 wt% catalyst did not fit an Arrhenius-type regression,
indicating the competition of at least two reactions in the
temperature range 420—-490 K. For the catalysts which
had been pretreated in hydrogen, slightly lower E, values
were found.

DISCUSSION

For the chromia/titania catalysts after calcination, the
presence of large amounts of chromia of higher valence
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states can clearly be deduced from the hydrogen con-
sumption during TPR. This represents further support for
the results of Part I (14), where the coexistence of (at
least) the oxidation states +3, +35, and +6 was found
subsequent to calcination. These findings are also in
agreement with the results of other authors for chromia
supported on different carrier oxides (12, 22-24), where
Cr(VI) was found to form the predominant surface species
up to a certain saturation coverage strongly dependent
on the carrier oxide (TiO,, Al,0,, SiO,, ZrQ,). Higher
loadings resulted in the partial formation of @-Cr,0O, crys-
tallites on all carrier materials, as also found by us for
titania (14).

The TPR profiles shown in Fig. 1 indicate that the cata-
lysts were reduced in two stages. An average decrease
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FIG. 9. Conversions of nitric oxide and ammonia and selectivity to
nitrous oxide as a function of temperature for differently pretreated 5
wt% catalysts. The pretreatments were: (@) Calcination for 3 h in oxygen
at 573 K. (O) In situ calcination in 6% hydrogen/argon for 3 h at 653
K. (&) In sitt calcination in 6% hydrogen/argon for 2 h at 723 K. (V)
Further annealing in argon for 2 h at 873 K.
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of the oxidation state, AOS, of between 2 and 3, as found
for low and moderate chromia contents (Table 1), would
correspond to the total reduction of all Cr(V) and Cr(VI)
species to Cr(III). The lower total hydrogen consumption
for moderately and highly loaded samples confirms the
existence of larger Cr(11l) fractions in the calcined cata-
lysts, which likewise agrees well with the EPR results (14).

Very similar TPR behavior was found for chromia sup-
ported on alumina by Griinert et al. (12, 25). They ob-
tained AOS values between 2.35 for low and 1.4 for high
chromia loadings. The formation of Cr valences lower
than + 3 during the high temperature reduction (7 > 640
K), as proposed by Griinert for a small part of the Cr on
AlLQ;, cannot be excluded for our system. Only a small
part of the Cr(I1I) seems to be accessible for further reduc-
tion as the maximum contribution due to high temperature
reduction indicates (5% of total H, consumption; 1 wt%
sample).

The hydrogen consumption profile obtained by thermal
analysis (TG, DTA; m/e¢ = 2, Fig. 3) is in agreement with
the TPR profile. The difference of hydrogen consumption
(little) and evolution of water (pronounced) from the sys-
tem at temperatures between 725 and 1000 K indicates
that the hydrogen uptake (525-725 K) is accompanied
by the formation of hydrogen-containing species in the
catalyst. This behavior can be attributed to two different
processes, namely to the hydroxylation of dispersed
Cr(II)O, surface species on the one hand and the forma-
tion of a hydrogen-containing Cr(I11)O,(OH), phase, e.g.,
CrOOH, on the other.

The interconversion of orthorhomic CrOOH and tetrag-
onal CrO, was summarized by Alario-Franco and co-
workers (26, 27} in the following scheme:

0, (400°C)

THO &
v

H, (330°C)

CrOOH CrO,

After partial decomposition of CrO, to Cr,0;, only the
non-a-Cr,05 part was accessible for reoxidation.

The comparison of TPR and decomposition under an
Ar atmosphere using thermoanalytical methods (Fig. 2)
showed that the evolution of oxygen takes place in the
same temperature range as the reduction in a hydrogen
atmosphere, but it could be resolved into two steps. The
small difference in the weight loss compared to the reduc-
tion in hydrogen (decomposition of CrO,: — 1.35%; reduc-
tion: —1.51%) is caused by the difference in the final
oxidation state and by the incompleteness of the decom-
position, respectively. As already mentioned, it is as-
sumed that the final oxidation state of chromium is +3.
The appearance of two discrenible steps could represent,
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e.g., the formation of Cr(V) surface complexes, which
have been shown to be stable on the TiO, surface after
calcination, and the subsequent reduction of the Cr(V) to
Cr,0;. Solid state reactions such as the incorporation of
cations into the TiO, are supposed to occur favorably
above 900 K and have to be taken into account as well.
The superimposition of several processes leading to a
possible evolution of oxygen may explain the long tailing
of the oxygen evolution curve observed in Fig. 2.

The formation of reoxidizable Cr(I111)O (OH), in cal-
cined chromia catalysts during exposure to H./Ar at mod-
erate temperatures (690 K) was evidenced by the addi-
tional thermoanalytical experiments. The nature of the
reoxidized species cannot be further assigned, but the
possibility of partial reoxidation after reduction in hydro-
gen is pointed out. The reoxidation of the chromia on
titania seems to be possible, as long as neither a-Cr,0,
is formed nor Cr(III) is incorporated into the support.

The uniform size of the Cr(I1I) clusters after SCR for
all loadings deduced from EPR indicates that the small
«-Cr,0; crystallites, monitored in the calcined 10 wt%
sample, had been decomposed by SCR. This demon-
strates the high mobility and the ease of oxidation/reduc-
tion processes of chromia supported on TiO, under
SCR conditions.

The catalysts used in this work exhibit high activity for
SCR in the low temperature range (420-470 K), and the
NO conversion rate of the calcined samples rises almost
linearly with the chromia loading up to 5 wt%. A further
increase of the loading enhances the NO reaction rate per
unit surface area slightly, but is less effective with regard
to the TOF. At the same loadings crystallites of «-Cr,0,
have been found in the calcined samples. The capacity
of a theoretical monolayer of Cr,O; on the titania support
(P25) calculated from the area need of a virtually cubic
cell of one Cr atom would be in the same range (8.25 wt%).
Taking into account the different reaction conditions, the
results of our calcined catalysts are in good qualitative
agreement with Xy, versus temperature characteristics
as well as the product distribution reported by Wong and
Nobe (2) for a chromia on titania catalyst. The distinct
increase of the N,O production at 480 K, described by
them for a 10 wt% catalyst, was found for all chromia
concentrations in our system.

A comparison of the NO reaction rates using the Ar-
rhenius-type plots (Fig. 8) shows that the favourable prop-
erties of the bulk amorphous CrO, are mainly based on
the four times higher specific total surface area compared
to that of the TiO, (P25) supported catalysts. If the reac-
tion rate is referred to the surface area, the supported
systems reach at the saturation coverage the same activity
as the amorphous chromia. Activation energies of 50 =
5 kJ mol~" are typical for SCR (2). The slightly lower
activation energies observed after reductive pretreatment
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correspond to results found by Curry-Hyde et al. for
amorphous chromia (6).

The selectivity to undesired N,O was higher for low
chromia concentrations than for loadings of at least 3
wt%. As there is no significant change in the selectivity
characteristics from 3 to 30 wt%, it is stated that the
selectivity is independent of the chromia concentration.
This is in agreement with the observation of uniformly
sized chromia clusters after exposure to SCR conditions
for this range of chromia concentrations.

Based on the results of this study, no mechanism for
the formation of N,O on chromia/titania can be suggested.
The kinetic measurements indicate a stronger temperature
dependence (higher activation energy, typically 100 =
10 kJ mol ') for the formation of N,O compared to N,
production (40 = 5 kJ mol ). However, similar tempera-
ture dependences were found for the consumption of NO
and NH;. Therefore the source of N,O formation cannot
be determined unambiguously. Investigations of NH; oxi-
dation in the absence of NO and of NO reduction with
NH; in the absence of O,, as made in Ref. (17) for pure
chromia samples, as well as isotope labelling of the re-
actants, could provide further information about the
source of N,O.

In particular, the selectivity and the initial activity of
the titania-supported chromia catalysts depend markedly
on the pretreatment. In the series of reductive pretreat-
ments at temperatures below 720 K, an improved selectiv-
ity to N, of >90% was found for reaction temperatures
up to 470 K without loss of the NO reaction rate. The
lowering of the activity due to further annealing in Ar
at 873 K is attributed to the partial crystallization of
a-Cr,0; and to the incorporation of Cr(lII) into titania.
These two processes have been proposed above to limit
the reoxidizability of the Cr(III) species as well.

The improved selectivity and the higher starting activity
due to reductive pretreatment at moderate temperatures
can be discussed in the context of the reduction of Cr(VI)
and Cr(V) surface species, taking place during such a
pretreatment, and in the context of the hydroxylation of
the Cr(III) surface species.

In the case of samples calcined in O,, Cr(VI) complexes
cover Cr(IIl) species partially or completely (14). At the
beginning of the SCR experiment, NH, is consumed to re-
duce Cr(V]) to give, e.g., {Cr'NO}** surface complexes,
which is in agreement with the analysis of the gases leaving
the reactor. The resulting Cr(I) complexes are obviously
stable under SCR conditions and as a result possibly block
catalytically active sites. On the catalysts subjected to re-
ductive pretreatment, no Cr(VI) is present and, conse-
quently, Cr(I) is neither expected to be formed, nor found.
Active sites are not blocked and no NH; is consumed for
the reduction of undesired Cr(VI) at the beginning of the
reaction. This leads to an increased starting activity.
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Hydroxylated Cr(I1l) species formed during reductive
pretreatment represent potential Brgnsted acid sites when
located at the surface. Such sites have been proposed to
be the main active sites for SCR on vanadia/titania cata-
lysts by Topsge (28). The question remains of whether
CrO,(OH), species are stable under SCR reaction condi-
tions and how they contribute to the catalytic activity.
As no in situ vibrational spectroscopy was used in this
study, all correlations of reactivity characteristics with
ex situ observations (e.g., thermal analysis, TPR, EPR)
need further in situ investigations for evidence. Tempera-
ture programmed reaction and desorption (TPRD) stud-
ies, combined with in situ FTIR, will be presented in a
forthcoming paper (29).
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