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The low-frequency capabilities of infrared emission spectroscopy
(IRES) were exploited to examine the reduction of vanadium pen-
toxide (V20s) by ammonia and hydrogen, and the reoxidation of
reduced vanadia by oxygen. The catalytic reduction of NO with
NH3; over V,0s5 powder in the absence of O, was also investigated
with IRES. The reduction of V,0s was found to occur stepwise
(V5 — V4 — V&) with the rate being controlled by the diffusion
of oxygen through the crystal lattice. Vanadia reduction occurred
even in high NO/NH3 atmospheres, although the presence of NO
did effect the rate of reduction.  © 1998 Academic Press

INTRODUCTION

Metal oxide catalysts are employed in many oxidation
and reduction processes during which the catalyst is se-
quentially oxidized and reduced. Furthermore, under some
conditions net changes in the structure and in the metal
valance state of a metal-oxide catalyst can occur during a
catalytic oxidation/reduction process. These changes may
in turn have a profound effect on the catalytic properties
of the oxide. Knowledge of the interaction of reducing and
oxidizing reactants with the metal oxide and the redox pro-
cesses which result is key to the complete understanding of
the catalytic mechanism.

Characterization of Metal Valance State of Metal Oxides

Several techniques have been employed to study the
role of redox processes in catalytic reactions. Centi et al.
(1) studied the oxidation of n-butane to maleic anhydride
over a vanadium-phosphorous—oxide (VPO) catalyst with
a varying hydrocarbon-to-oxygen feed ratio. Using a vari-
ety of ex situ analyses to characterize the oxidation state,
including wet chemical analysis, electron paramagnetic res-
onance (EPR) and diffuse-reflectance spectrophotometry,
they were able to correlate the selectivity to butenes, and
partial oxidation products other than maleic anhydride to
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the reduction of vanadium atoms from V°* and V** to 3+
at a high butane-to-oxygen ratio. The authors proposed a
mechanism involving two redox cycles: (i) a V*-V3 cycle in
the oxidation of n-butane to olefins and (ii) a V°-V* cycle
in the oxidation of olefins to maleic anhydride.

Similarly, Lunsford (2) used EPR to study the mechanism
of the NO—-NHg3; reaction over a Cu-Y zeolite catalyst and
found that the rate of N, formation dropped along with the
Cu?* EPR signal at elevated temperature. The selective
reduction of NO to N, was proposed to occur on Cu?* sites,
while a slow reduction of Cu?* results in the deactivation
of the catalyst.

Bielanski et al. (3) have shown that the vanadia reduction
rate is limited by solid-state lattice diffusion, and the vana-
dium reduces stepwise, i.e., V°* — V4 — 3+ using ex situ
EPR and wet chemical analysis.

Each of the techniques used in these studies requires ex
situ analysis. Furthermore, EPR (as employed by Bielanski
et al. (3) can only detect paramagnetic species such as V4,
but not V> or V3*. In a previous paper (4), we demon-
strated the ability of IRES to record in situ spectra of the
metal-oxygen stretching region (<1000 cm™1). It was sug-
gested that changes in the oxidation state of metal oxide
catalysts could be correlated to changes in this region of the
IR spectra. Furthermore, infrared emission spectroscopy
(IRES) provides a near-surface measure of the oxidation
state of the sample.

Radiation which is emitted from a point within a solid
must transmit through the bulk of the solid. Some of this
radiation isabsorbed. The maximum depth of the solid from
which emitted radiation can be detected is ~5/«, where «
is the absorbtivity of the solid. Less than 1% of the radiant
flux can transmit through this distance. The absorbtivity is
defined by

o = 4nn|\3, [1]

where n is the wave number (the reciprocal of wavelength)
of the radiation, and n,; is the imaginary part of the com-
plex refractive index (5). Assuming n;~ 1, a conservative
estimate for the maximum depth of penetration for IR ra-
diation at 1,000 cm~t is 4 um.
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NO Reduction by NH3 over Vanadia Catalysts

Nitric oxides (primarily NO and NO,) are an important
class of air pollutants which result largely from the reac-
tion of N, with O; in high-temperature combustion pro-
cesses. The selective catalytic reduction (SCR) process has
become the dominant NOy abatement technique used in
power generation plants which contribute nearly half of
U.S. NOy emissions (6). This dominance is primarily due to
the high NOy conversion which can be achieved with SCR
(6-8). The process involves the selective reduction of NO by
NHj in the presence of O, over a catalyst. The most pop-
ular commercial catalyst is vanadia supported on titania,
due to its high activity at low temperature and resistance to
poisoning by SO, (7).

The NO—-NHj3; reaction, in the absence of O,, can be de-
scribed by two reactions which produce N, and NO, re-
spectively:

6NO +4NH3; — 5N, + 6H,0 [2]
8NO + 2NHs — 5N,0 + 3 H,0. 3]

In the presence of Oy, oxidation of NH3 can also occur as
follows:

4NH3+30; - 2N, + 6 H,0 [4]
2NH3 +20, - N,O + 3H,0 [5]
4NHs + 50, — 4NO + 6 H,0. [6]

Miyamoto and co-workers (9-13) proposed an Eley-
Rideal mechanism (Fig. 1) to explain the kinetic behavior
of the reaction in the presence of O, over vanadia catalysts
under dilute, commercial conditions (<1000 ppm NO and
NHs3). They found that negligible N, was produced when
the catalyst was treated with NO and O, at 250°C and sub-
sequently exposed to NH3. However, significant amounts
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FIG. 1. Eley-Rideal mechanismfor NO-NHjsreactioninthe presence
of O, on V;0s5 (after Miyamoto (12)).
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of N, and water were produced when the catalyst was
treated with NH3 and subsequently exposed to gaseous NO
at 100°C and higher. Furthermore, the reaction was found
to be first-order with respect to NO and zero-order with
respect to NH3. They proposed that NH3 adsorbed strongly
(as NHJ) (14) while NO adsorbed very little or not at all
on a fully oxidized V,0Os surface (15). Instead gaseous NO
reacted with adsorbed NH3; to produce N, and H,O. In the
process, the vanadia is reduced by hydrogen atoms from
NH3; decomposition (16). Gaseous O, or to a lesser ex-
tent NO, can reoxidize the vanadia to complete the redox
cycle.

A key point of thismechanismis the role of O,. Miyamoto
claimed that the reaction involved a redox cycle where lat-
tice oxygen was incorporated into the reaction products,
thus leaving an oxygen vacancy on the surface which could
be reoxidized by O,. Miyamoto proposed that reduction
takes place at the terminal oxygen sites on the basal planes
of vanadia (Fig. 1); however, this point has been disputed
(17, 18). The key conclusion was that O, was not neces-
sary for the NO—NH; reaction directly, rather its role was
to maintain the oxidation state of the vanadium. Miyamoto
points out that lattice O atoms in the subsurface layer of the
catalyst can also reoxidize the surface in the absence of (or
at low levels of) gaseous O,. Inomata et al. (10) confirmed
this role by showing that low levels of O, increased the re-
action rate but that O, had little additional benefit above a
gaseous concentration of 1% at atmospheric pressure. Also,
Janssen et al. (16) showed that **0 was readily incorporated
into the surface (and possibly subsurface by diffusion) of
unsupported and various supported V,Os catalysts during
reaction with NO, NH3, and 20..

In the absence of gas-phase O,, the NO-NH3; reaction can
lead to bulk reduction of the vanadia. Inomata et al. (10)
showed that the vanadia was reduced after prolonged (60—
70 min) reaction at 250°C in the absence of O, over initially
oxidized V,0s. The average composition of the reduced
vanadia was determined to be roughly V,0, by estimating
the amount of O removed as H,O. The ex situ transmis-
sion IR spectra resembled those of V0,4, and ex situ EPR
indicated the presence of V4.

Gas-Solid Reduction of a Metal Oxide

A general introduction to the gas—solid reduction of
metal oxides can be found in the review by Koga and
Harrison (19). Figure 2 shows the situation schematically.
Initially the surface and bulk are fully oxidized. As the sur-
face reduces and vacancies are formed, the subsurface layer
reacts with vacancies at the surface to reoxidize the surface,
leaving anion vacancies beneath the surface (Fig. 2a). Asthe
surface continues to reduce, deeper layers must supply the
oxygen to the surface. Vacancies diffuse deeper into the lat-
tice while oxide anions move toward the surface (Fig. 2b).
The oxide anions diffuse through the lattice by moving from
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FIG. 2. Schematic diagram of gas—solid reduction of a metal oxide:
(a) shortly after reduction begins; (b) formation of and subsequent prop-
agation of the reduced phase by counter diffusion of anion vacancies (CJ)
and oxide ions (O?"); (c) continued propagation of the reduced phase into
the unreduced core.

the current lattice position to an adjacent vacancy. The va-
cancies diffuse into the crystal lattice toward the core while
the oxide anions diffuse out of the lattice toward the sur-
face. At a sufficiently high density of lattice vacancies, the
crystal structure becomes unstable. Thus, a new (reduced)
crystalline phase will form by the local rearrangement of
atoms to eliminate vacancies. As the surface gas—solid re-
duction continues, the reduced phase propagates further
into the core of the oxide particle (Fig. 2c).

Many catalytic oxidation reactions over metal oxides may
involve a balance between two sequential gas-solid reac-
tions: reduction and reoxidation of the catalyst. Depending
on the ratio of oxidizing and reducing agents in the gas
phase, a net gas—solid reduction can result. The resulting
change in metal valance state can change the kinetic be-
havior of the reaction. The present study focuses on the
situation when the gas—solid reactions are not in balance
for the NO—NHj3 reaction in the absence of Os.

The transformation of the metal-oxygen stretching re-
gion of the IR spectrum is monitored in situ to provide a
relative measure of the near-surface concentrations of V°*
and V** during the interactions of NH; and other reducing
agents with V.05 powder. IRES is also used to character-
ize the oxidation state of vanadium oxide in situ during the
NO-NHj3; reaction in the absence of O,. The mechanisms
of the gas—solid reduction of vanadia with and without the
presence of NO are compared.

EXPERIMENTAL

Apparatus

A detailed description of the in situ, flowthrough IR emis-
sion cell and flow system used in this study was presented
previously (4, 20). A thin layer of catalyst powder (see Sam-
ple Preparation) was dispersed on a low-emissivity metal
disk which is mounted on the heated sample stage (see
Fig. 3). The sample is the source of IR radiation in the
emission experiment; the IR source in the spectrometer is
turned off and the source collection mirror removed for the
emission experiments. Infrared radiation, which is emitted
by the heated sample, is collimated by a paraboloidal col-
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lection mirror mounted above the cell. The collimated IR
beam isdirected into the Fourier transform infrared (FTIR)
spectrometer (Mattson, Cygnus 100) where the spectrum is
analyzed. The radiation emitted by the sample follows the
normal source beam path to the mercury cadmium telluride
(MCT) detector. A graybody sample, composed of a thick
layer of V,05 at the same temperature as the catalyst, was
used to measure the background spectrum (4, 20).

The in situ IR cell and flow system described previously
(4, 20) were modified for these studies in the following man-
ner. A single 17-gauge (1/16-inch O.D.) No. 5 needle tube
inserted so that the ~1-mm-diameter opening in the side of
the tube is located directly above center of the sample was
used to introduce the gas. A 0.020-inch, type-K thermocou-
ple (Omega) was inserted to contact the sample disk near
the center. A 0.75-inch-diameter-by-0.062-inch-thick solid-
gold (99.99%) disk was employed to support the sample.
The solid-gold disk provided the necessary low emissivity
and did not oxidize under the conditions used in this study.

Helium (zero grade), ethylene (CP), oxygen (zero grade),
nitric oxide (99%), and ammonia (anhydrous) were used
without further purification. All experiments were run at
atmospheric pressure.

The transmission IR spectrum was measured with the
spectrometer in its normal configuration, i.e., the glow-bar
source was on, and the source collection mirror was in-
stalled. The sample was mounted in the sample compart-
ment using a magnetic sample holder (Mattson).

One vanadia sample was reduced with 100 cm® (STP)/min
of 1% NHj (balance He) at 375°C for a period of >4 h to
determine the degree of bulk reduction. The sample was
reduced in a 6-mm-O.D. pyrex microreactor which is de-
scribed elsewhere (20). Two methods of analysis were used:
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FIG. 3. A schematic of the custom in situ IRES cell and collection
mirror. Not to scale.
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FIG. 4. The metal-oxygen stretching region of the IR spectrum for
V,05 powder: (a) Emission spectrum at 350°C; (b) transmission spectrum
(1 wt.% in KBr).

vanadium analysis by atomic absorption spectroscopy, and
temperature-programmed reoxidation with simultaneous
thermal gravimetric analysis (TGA) and differential scan-
ning calorimetry (DSC). The total mass of the sample in the
microreactor after reduction was also compared to the mass
of the initial loading. Vanadium analysis was performed by
atomic absorption spectroscopy (Perkin—Elmer). A stan-
dard solution of vanadium pentoxide (Fisher) was used
for the calibration. The temperature-programmed reoxi-
dation of the sample was done with an STA 625 simul-
taneous thermal analyzer (Polymer Laboratories). The
sample (10.429 mg) was heated to 200°C in flowing air
at 30.0°C/min; then the rate was slowed to 5°C/min up to
575°C.

Sample Preparation

The emission (IRES) samples were prepared by spraying
an ethanol slurry of the V,Os powder (270/325 mesh) onto
the gold disk. The loading was 0.2 to 0.5 mg/cm?. A thicker
sample (~0.8 mm), used to obtain the graybody reference
spectra (20), was prepared by applying the slurry dropwise.

A transmission IR sample was prepared for comparison
with the IRES spectra by pressing V,Os powder (2% in
KBr) into a wafer (~1 mm thick). The wafer was prepared
by grinding and sieving V.05 (Reagent Grade, Fisher) to
270/325 mesh and pressing the resultant powder mixed with
KBr into a ~1-mm-thick disc. A transmission spectrum is
only shown in Fig. 4b; all other spectra shown and analyzed
are IRES spectra for bulk vanadia (no KBr).

Procedure

The preoxidized samples were treated in flowing O,
(20%, balance He) at 400°C for at least 20 min prior to a
reduction run. The sample was heated to the desired reduc-
tion temperature in flowing He. Once the sample reached
thermal equilibrium, the spectrum of the preoxidized sam-
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ple was recorded. Then the reactant gas flow was initiated
and the IRES spectra were recorded automatically at pre-
determined time intervals.

Unless otherwise stated, a stoichiometric reaction feed
refers to a flow consisting of 1.5% NO and 1.0% NHj3 (bal-
ance He).

Data Analysis

All emission spectra are displayed with the graybody rep-
resentation as described previously (4, 20). All spectra con-
sist of 128 scans at 8 cm~* resolution. Spectral bands were
integrated between two fixed wavenumbers. The baseline
was taken as a straight line between the spectrum values at
the endpoints of the integration region.

RESULTS

IR Emission Spectra

The metal-oxygen stretching regions of the IR emission
(350°C) and transmission spectra of VV,Os are compared in
Figs. 4a and 4b, respectively. Emission bands point above
while transmission bands point below the baseline. Both
spectra show a narrow band near 1000 cm~* (1000 cm~? for
emission, 1020 cm~? for transmission) and two broad bands
at 800 and 600 cm™™.,

Insitu IR emission spectra taken during hydrogen reduc-
tion of V,0s at 280°C are shown in Fig. 5. The sample was
preoxidized in 50 cm?® (STP)/min of 20% O, (balance He) at
350°C overnight prior to reduction. Three strong bands are
present in the initial spectrum. A broad band is centered at
800 cm~1, and two narrower bands are located at 910 and
1000 cm~. A weaker band is also present at 950 cm™.

As the reduction with hydrogen proceeds, the intensity
of the band at 910 cm~? increases, becoming the dominant
feature after 40 min. The intensity of the 1000-cm~! band
and the broad band at 800 cm~! both decrease. The 800
and 1000-cm~! bands both split into two narrower bands
(720 and 830 cm~! from the 800-cm~! band, and 970 and
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FIG.5. The in situ IRES spectra of V,05 during reduction with H,
(100 cm® (STP)/min) at 280°C.
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FIG.6. The in situ IRES spectra of V,Os during reduction in am-
monia (2%, balance He) at 350°C: (a) initial spectrum; after (b) 10 min;
(c) 20 min; (d) 60 min; (e) 120 min; (f) 600 min.

1020 cm~* from the 1000-cm~! band) after 20 min. In both
cases, as reduction proceeds, the new bands shift away from
each other and the original parent peak location. The weak
feature at 950 cm~! initially increases but then decreases
after 20 min. Similar results have been obtained from re-
duction with ethylene (20).

Reduction with ammonia (2% in He) proceeds in a man-
ner analogous to hydrogen as shown in Fig. 6. The two initial
bands (800 and 1000 cm~1) decrease, and each splitsinto two
new bands (720 and 830 cm~! from the 800 cm~* band, 970
and 1020 cm~? from the 1000-cm~* band). Two new bands
appear (910 and 940 cm~1) after a few minutes, increase to
a maximum, and then decrease.

The oxidation process mimics the reduction process in
reverse. The reversibility of the reduction process can be
seen in the typical series of spectra taken during the oxida-
tion with oxygen (10% in He, 100 cm® (STP)/min) at 350°C
of a reduced sample in Fig. 7. Initially no strong bands are
present in the spectrum. After 60 min, a strong band ap-
pears at 1000 cm~?, and several weak bands appear at 750,
820, and 910 cm~%. The 1000-cm~! band increases mono-
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FIG.7. The in situ IRES spectra of ethylene-reduced V,0Os during

reoxidation with O, (10% balance He, 100 cm® (STP)/min) at 300°C:
(a) initial spectrum; after (b) 60 min; (c) 120 min; (d) 180 min; (e) 240 min.
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tonically and approaches a steady-state intensity. The 750-
and 820-cm~! bands increase and merge to form a broad
steady-state band centered at 800 cm 1, The 910-cm~* band
increases to a maximum intensity (~60 min) and then de-
creases. Eventually, it disappears.

Integrated Band Intensities—Reduction

Integrated areas of the 1000-cm~! band (970-1030 cm™1)
and the 910-cm~! band (870-930 cm™!) for ethylene (10%
in He) and ammonia (2.5% in He) reduction at various
temperatures are shown in Figs. 8 and 9, respectively. In
both cases, the 1000-cm~! band decreases monotonically,
and the 910-cm~! band intensity increases, goes through
a maximum, then decreases. Both the 1000- and 910-cm™?
bands generally approach zero at long times. However, in
two of the low-temperature runs (ethylene at 300°C and
ammonia at 250°C), the 910-cm~! band did not reach its
maximum value before the experiment was stopped.

A sharp change in the slope of the 1000-cm~! band data
for reduction by ethylene (Fig. 8a) occurs when the area
reaches about 1.25 (arbitrary units) for temperatures above
300°C. The transition corresponds to a point when the
910-cm~! band reaches 60-80% of its maximum area.

As temperature decreases, the reduction time increases
dramatically. Initial reduction rates can be calculated from
the slope of the 1000-cm~! band curves in Figs. 8a and
9a. An Arrhenius plot for initial rates calculated from the

Integrated Band Intensity (arbitrary units)

2000

0 1000
Time (min.)
FIG.8. Integrated intensities of the (a) 1000-cm~! band (970-

1030 cm™) and (b) 910-cm~* band (870-930 cm~?) during ethylene re-
duction at 300°C (A, A), 325°C (<>, #), and 350°C (OJ, W).
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FIG.9. Integrated intensities of the (a) 1000-cm~! band (970-
1030 cm™1) and (b) 910-cm~! band (870-930 cm™!) during ammonia re-
duction at 250°C (#) and 300°C ([J).

ethylene-reduction data is shown in Fig. 10. The apparent
activation energy is 180 kJ/mol (43 kcal/mol). The appar-
ent activation energy for ammonia reduction (134 kJ/mol),
based on the two temperatures that were tested, is similar
to that for ethylene reduction.

Integrated Band Intensities—Oxidation

Integrated areas of the 1000-cm~! band (970-1030 cm ™)
and the 910-cm~! band (870-930 cm™1) for oxidation with
oxygen (10% in He) of ethylene-reduced vanadia at various
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FIG. 10. Arrhenius plot of initial rates of reduction ((J) with ethylene
and reoxidation with O, (#).
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FIG.11. Integrated intensities of the (a) 1000-cm~! band (970-
1030 cm~?) and (b) 910-cm~! band (870-930 cm~?) during reoxidation of
ethylene-reduced V,0s at 300°C (A, A), 325°C (<>, #), and 350°C (O, W).

temperatures are shown in Fig. 11. The 1000-cm~! band
increases continuously to a steady-state value, while the
910-cm~! band increases to a maximum and then decreases
to zero.

The apparent oxidation rate also depends strongly on
temperature. The activation energy (Fig. 10b) for oxida-
tion is 170 kJ/mol (41 kcal/mol) based on the initial rate of
increase of the 1000-cm~* band. This is close to the value
found for reduction with ethylene and ammonia.

IR Emission Spectra—NO-NH3 Reaction

The bulk reduction of V,0s5 during the reaction of NO
and NH; on the surface at 315°C is characterized by the
series of in situ IR emission spectra shown in Fig. 12. The
spectrum of the initially oxidized V,0s (2.5% NO, Balance
He, Fig. 12a) is characterized by a narrow band at 1000 cm™*
and a broader band centered at 800 cm~1. As the reac-
tion proceeds, the spectrum evolves in a manner analogous
to the bulk reduction of V,0s with ammonia alone (see
Fig. 6). The two initial bands (800 and 1000 cm~1) decrease
(Fig. 12b), and each splits into two new bands (710 and
830 cm~! from the 800-cm~! band, and 970 and 1020 cm™*
from the 1000-cm~! band; see Figs. 12¢ and 12d). Two new
bands appear (910 and 950 cm™1) after 30 min (Fig. 12b) and
the intensities increase as the vanadia reduction proceeds
(Figs. 12d and 12e).

Integrated areas of the 1000- and 910-cm~! bands for
a stoichiometric feed of NO and NHj; at 315, 325, and
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FIG.12. The in situ IRES spectra of V,0s powder during the sur-
face reaction between NO (1.5%) and NH3 (1.0%, balance He) at 315°C:
(a) initial spectrum; after (b) 30 min; (c) 60 min; (d) 120 min.

350°C are shown in Fig. 13. The total flow rate was 400
cm?® (STP)/min at 350°C, and 100 cm® (STP)/min at 315 and
325°C. In each case, the 1000-cm~! band decreases mono-
tonically while the 910-cm~! band increases to a maximum.
At longer times, the 910-cm™! band decreases again.

The rate of reduction is a strong function of temperature.
The time for the 1000-cm~* curve to reach steady state (re-
duction time) varies by an order of magnitude from 315 to
350°C. The initial rates of reduction, as estimated from the
initial slope of the 1000-cm~! band data, were used to con-
struct the Arrhenius plot in Fig. 14. The apparent activation
energy is 206 kJ/mol (49 kcal/mol).
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FIG.13. Integrated intensities of the (a) 1000-cm~' band (970-
1030 cm™1) and (b) 910-cm~* band (870-930 cm~?) during the NO-NH;
reaction at 315°C (A, A), 325°C (<, #), and 350°C (I, W).
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FIG. 14. Arrhenius plot of the initial rate of reduction of V,0Os during
the NO—-NHj5 reaction.

Sample Analysis

The mass loss from the total catalyst charge removed
from the microreactor following NHj3; reduction at 375°C
corresponded to 49% reduction from V,0s5 to V,03 (i.e.,
an average composition of V,04). The V analysis re-
sults for the reduced vanadia sample (Table 1) indi-
cate 51.7% reduction, while mass increase (18%) during
temperature-programmed reoxidation corresponds to 47%
reduction from V,0s5 to V,03. The total heat evolved was
13.1 kcal/mol at ~336°C, which is similar to the value
reported for AHgssk for the oxidation of V,0,4 to V,0s
(—18 kcal/mol) (21).

DISCUSSION

Theinfrared emission spectrum provides valuable insight
into the mechanism of the solid-state reduction of V,0s.
Figures 5 and 6 show the transformations in the metal-
oxygen stretching region of the emission spectra during
V,0s reduction with two different reducing agents. The sur-
face is reduced first. As reduction proceeds, oxygen atoms
are removed from the bulk of the crystal lattice. Initially,
the crystal structure may remain intact, though with an in-
creasing number of oxygen vacancies. Eventually the atoms
rearrange, eliminating may of the vacancies and forming a
new crystal structure. The frequency of the V-0 stretch is
sensitive to changes in the vanadium oxide structure.

The spectrum of V,0s5 (Fig. 4) contains three strong fea-
tures which correspond to different types of V—O bonds

TABLE 1

Vanadium Analysis Results of Vanadia after Reduction
in Ammonia at 375°C

V% 0% o o Percent reduction
(wt/wt) (wt/wt) (9/9) (mol/mol) (V203 = 100%)
61.6 38.4 0.623 1.99 51.7
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FIG. 15. The structure of V,0s showing layers parallel to the (010)
plane (after Bielanski (18)).

in the V705 crystal lattice. The structure of V,0s5 can be
represented by a distorted square-based pyramid (Fig. 15)
(18, 22, 23). Vanadium (closed circles) is located inside of
the polyhedron with the oxygen (open circles) atoms at the
vertices. The bases of the pyramids are connected by a com-
bination of shared corners and edges to form layers parallel
to the (010) plane with the apices of the pyramids perpen-
dicular to the layers. A weak coordination bond (2.79 A)
between the layers completes the coordination of six. The
shortest V—O bond (1.54 A), which forms the apex of the
pyramid, is between vanadium and terminally bonded oxy-
gen. This bond has significant double bond character and
is characterized by an IR band at 1020 cm™! (22, 24). The
four remaining oxygen atoms make up the layer. Three of
these (labeled O3) are bonded to three vanadium atoms
while the fourth (Oy) is bonded to two vanadium atoms.
These O—-V-O stretches are characterized by the IR bands
at about 820 and 600 cm~ (22, 23).

Upon mild reduction with Hj, or NH3, the V,O5 spectral
featuresare replaced by new features dominated by a strong
band at 910 cm~! (Figs. 5 and 6). This spectrum strongly
resembles the IR spectrum of V,04 (25).

The 910-cm~! band is most likely due to the O-V**-O
stretch (23, 25). The 1020-cm~! band is absent from the
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spectrum of V,0, since there is no terminal oxygen in the
V,0, crystal structure. Upon further reduction, only weak
features are present in the IR spectrum (Fig. 6), which is
consistent with the IR spectrum of V,03 (25). Further re-
duction to lower vanadium oxides is not expected in this
temperature range (<900°C) (26).

Considering the above assignments, the 1020- and the
910-cm~* band curves represent a near-surface measure of
V5t content (in the V,Os structure) and V** content (in a
V,0, structure), respectively. From these curves, it is ap-
parent that oxidation and reduction occur stepwise, i.e.,
V> - V4 — 3+, During reduction (e.g., Fig. 8), the V°*
signal decreases monotonically as the V®* is initially con-
verted to V** (indicated by the initial increase in the V**
IR signal). The V** signal goes through a maximum and
then decreases as V** is converted to V3*. The V3 con-
tent, if it were measured, would rise in a sigmoidal fashion
to a steady-state value corresponding to complete reduc-
tion. Oxidation occurs by the reverse process (Fig. 11). The
V5* signal resembles the hypothetical 3+ curve described
above for reduction, while a hypothetical VV** curve for oxi-
dation would resemble the V°* curve observed for reduc-
tion. The V** signal behaves similarly for both oxidation
and reduction.

Additional evidence for stepwise reduction was obtained
by Bielanski et al. (3) from ex situ electron paramagnetic
resonance studies of V,0Os reduction with propylene.
Curves of V** content were reported as a function of expo-
sure time. Those curves are very similar to the curves ob-
tained in this study by in situ emission IR. Similarly, Bosch
et al. (26) observed a stepwise reduction during hydrogen
temperature-programmed reduction (TPR) of bulk V,0Os.
Depending on the heating rate, as many as four major TPR
peaks were observed. Additional unresolved peaks were
also apparent. Samples from each of the major TPR peaks
were quenched in N, and analyzed by X-ray diffraction and
thermal gravimetric analysis in air. Both techniques con-
firmed that reduction occurred in a stepwise fashion.

The activation energies observed for oxidation and re-
duction (170 and 180 kJ/mol, respectively) are quite high.
Similar activation energies were observed for reduction
of V.05 by propylene (3) and hydrogen (26) (126 and
200 kJ/mol, respectively).

These apparent activation energies for reduction and oxi-
dation are higher than would be expected if the surface
reaction were rate controlling. Typical values of activa-
tion energy for the latter process are less than 30 kJ/mol
(3, 27). These high activation energies are, however, typical
of solid-state lattice diffusion (28). Unlike gas- and liquid-
phase diffusion, solid-state diffusion by vacancy motion is
an activated process with a high apparent activation energy.
The atoms have to overcome the potential barrier from
changes in association with the surrounding atoms in or-
der to pass from one lattice site to another. The activation
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energy for lattice diffusion is typically very large (100-
300 kJ/mol) while the diffusivity is typically very low
(1071% cm?/s or less for a polycrystalline material at room
temperature) (28). Samsonov (29) reports the activation
energy of 255 kJ/mol for the diffusivity of oxygen through
the lattice of an annealed single crystal of V,Os in the tem-
perature range 560-650°C. Extrapolating these data, the
diffusivity at 350°C is estimated to be ~107Y" cm?/s. The
greater number of vacancies and defects in polycrystalline
V05 greatly facilitates diffusion. The defects result in an
effective diffusivity which is several orders of magnitude
higher and an activation energy which is lower than ob-
served for a low defect single crystal (28).

The diffusivity can also be estimated from the charac-
teristic diffusion length and corresponding diffusion time.
Using the particle radius (25 wm) and the time for complete
oxidation (from Fig. 13, ~1500 min at 350°C) the difussivity
is estimated to be 10~1° cm?/s, which is a reasonable value
for solid-state diffusion in a polycrystalline material (28).

If the gas—solid reaction at the surface of the oxide is
sufficiently fast, solid-state diffusion may control the overall
rate of reduction. A classic result for a diffusion-controlled
process in a semi-infinite medium is that the increase in
the total amount of diffusing material (oxygen atoms) will
scale with 4/t (e.g., Crank (30)). Figure 16 demonstrates
this result for the V** IR signal during oxidation at 325 and
350°C. The V°* signal during oxidation, as well as both V**
and V°* signals for reduction, exhibits, similar behavior.

The IR data (Figs. 12 and 13) demonstrate that NO-NH3
mixtures, in spite of a large excess of NO (up to 100: 1 (20)),
result in a net reduction of V,0s. This result is surprising
considering NO is quite capable of oxidizing vanadia. This
capability was demonstrated by the fact that the sample
used to obtain the data in Figs. 12 and 13 was reoxidized,
in each case, with NO (1-2.5%). The result confirms ear-
lier reports (9, 10, 12, 14, 31) that NH3 is adsorbed more
strongly than NO. Ammonia aparently blocks sites for NO
adsorption, preventing it from reoxidizing the surface. This
explanation is consistent with an Eley—Rideal mechanism,

o 350°C
+ 325°C

0.107 =

0.00 1

Integrated Band Intensity
(Arbitrary Units)

-0.10 g T
0 10 20

Square Root of Time ~ min)
FIG. 16. Plot showing that the 910-cm~* IRES band (for V**) scales

linearly with the square root of time during the oxidation of reduced vana-
dia by O, at 325 and 350°C.
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as has been proposed for the catalytic reduction of NO on
vanadia (7, 9-11, 16, 32). NO reacts with NH3 from the gas
phase or a weakly bonded surface state, but it cannot re-
act with the reduced surface to any great extent when NH;3
is present. In contrast to NO, O, can react with the vana-
dia surface during the NO—NHj3 reaction as noted earlier
(10, 16). Gaseous O, maintains the oxidation state of the
vanadia, while in the absence of O, the vanadia reduces as
observed in the present study.

The time required to reduce the sample with a stoichio-
metric NO—-NH3 mixture is significantly greater than for
NHjsalone. For example, at 315°C, about 200 min is required
for the 1000-cm~! band to disappear with the stoichiomet-
ric feed (Fig. 12), compared to 30 min at 300°C for NH3
alone (see Fig. 9). While the NHj3 reduction data were ob-
tained for a higher NH; level (2.5% vs 1.09%), the presence
of NO clearly affects the reduction rate. Apparently, some
NO was adsorbing and reoxidizing a few vanadia sites; how-
ever, the surface was predominantly covered with NH3;, so
net reduction of the vanadia occurred.

Other than the rate, reduction with NO-NH3 mixtures
appears to occur in exactly the same fashion as for a simple
reductant such as ammonia or hydrogen. V°* (indicated by
the 1000-cm~! band) is reduced to V** (indicated by the
910-cm~* band), which is subsequently reduced to V3* (not
detected with IR) in a stepwise fashion. The high activation
energy (206 kJ/mol; see Fig. 14) suggests that solid-state
diffusion also controls the rate of vanadia reduction during
the NO—-NHj5 reaction.

Both the vanadium analysis and reoxidation results indi-
cate that as a result of NH3 reduction at 375°C, the vanadia
was reduced about 50% from V,Os to V,0O3; i.e., the vanadia
had the average composition V,0,. The IR data indicates
that even at lower temperatures, the near-surface region is
primarily V,O3. This suggests that the vanadia particles are
more reduced near the surface and are increasingly more
oxidized deeper into the particles.

The fact that the vanadia was not completely reduced,
even though the NH3 conversion had become immeasur-
able, suggests that the reduction either stopped or became
imperceptibly slow. The latter seems more likely. Perhaps
the remaining oxygen atoms are in areas of low defect den-
sity, so that the diffusivity approaches that of asingle crystal,
which may be orders of magnitude smaller than the effec-
tive polycrystalline diffusivity.

The sharp change in the rate of decrease of the V°*
IR signal during reduction with ethylene (Fig. 8) indicates
an abrupt change in the mechanism which controls this
rate. The transition consistently occurs at approximately
the same degree of bulk reduction (as indicated by the or-
dinate value in Fig. 8). It seems likely that the new process is
occurring in the bulk of the solid rather than at the surface
since the reduction rate is controlled by oxygen diffusion
through the bulk.
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The IR signal at 1000 cm~ is specifically detecting ter-
minal oxygen atoms bonded to V>* within the V,Os crys-
talline structure. Therefore this signal intensity decreases
via the following mechanism. Oxygen is removed from the
surface via reduction by the gas phase. The resulting oxy-
gen vacancy at the surface can diffuse back into the lat-
tice, and lattice oxygen from the bulk can diffuse to the
surface. The net result is that lattice oxygen is replaced
by vacancies. As the defect density (primarily vacancies)
continues to increase, the V,Os structure becomes unsta-
ble and thus rearranges to eliminate defects. A reduced
phase (e.g., V20,) is formed which does not contain V=0
(33). This rearrangement results in the loss of the VV°*-signal
intensity.

The structural rearrangement can occur by the same
vacancy-diffusion mechanism as the transport of oxygen to
the surface. This mechanism probably results in the initial
rate of decrease in the 1000-cm~! band intensity at a rate
comparable to the oxygen transport mechanism. The dra-
matic acceleration in the rate of decrease of the 1000-cm™!
band intensity suggests that a transition to a much faster
mechanism is responsible.

Faster mechanisms for structural rearrangement are
known to occur (28) in crystalline solids when defects tend
to be located preferentially within a single plane (known
as a slip or shear plane). As the name suggests, these shear
planes can slide along one another in order to eliminate a
large number of defects in a concerted manner. Vanadia is
known to exhibit a homogenous series of phases with the
general formula, V,,O2,_1 (n = 4-8), which is due to the pe-
riodic ordering of shear planes (or Magnéli defects) (21, 29).
Several of these phases were observed by Bosch et al. (26)
during hydrogen TPR of bulk V,0s. This may explain the
fast rearrangement evidenced in Fig. 3.7a.

While the overall rate of reduction appears to be lim-
ited by solid-state mechanisms, the surface chemistry is still
important. This is clear from the fact that the reduction
occurs much more quickly with ammonia than with ethy-
lene as the reducing agent. While ammonia tends to adsorb
on acid sites (both Brgnsted and Lewis (14, 34)), ethylene
probably adsorbs on the cation sites with its = electrons
overlapping the empty d orbitals in vanadium (18). This
difference probably leads to different mechanisms for the
surface reactions involving the two reducing agents, which
may explain the difference in the reduction rates.

CONCLUSIONS

The metal-oxygen stretch region of the IR emission spec-
trum of V,Os is shown to provide a means of characterizing
the relative amounts of VV°* and VV** near the surface of the
sample. In situ spectra obtained during reduction of V,0s5
with hydrogen, ethylene, or ammonia, and subsequent re-
oxidation with oxygen, provided valuable insight into the
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solid-state mechanisms which control the rate of the reac-
tion.

This study suggests that net changes in the structure and
metal valence state of a metal-oxide catalyst can occur dur-
ing a catalytic oxidation/reduction process. These changes
may in turn have a profound effect on the catalytic proper-
ties of the oxide.

NO-NH3; mixtures were shown to cause a net reduction
of V05 powder even with a large excess of NO. The reduc-
tion occurs in the same manner as seen for V,Os reduction
with simple reductants (hydrogen, ethylene, and ammonia),
i.e., stepwise reduction of vanadium (V> — V4 — V)
with solid-state diffusion of O atoms as the rate-limiting
process. There is no evidence from these in situ IRES stud-
ies for reduction of V°* directly to 3+,

It should be noted that these studies may only indirectly
relate to supported vanadia-based SCR catalysts. Specifi-
cally, the preferred supports (e.g., titania) may modify the
solid-state redox mechanisms and kinetics that we have
found. These studies provide an in situ perspective by which
the influence of the support may be understood.
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