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The role of direct oxidation of ammonia in SCR reactions and the catalytic anisotropy of V,0«
catalysts in this reaction network were investigated. The catalysts were characterized using BET
surface area measurement. X-ray diffraction. laser Raman spectroscopy. X-ray photoelectron
spectroscopy, scanning electron microscopy, and 3-D imaging. Temperature-programmed reduction
experiments using ammonia and hydrogen as reducing agents and temperature-programmed desorp-
tion studies were also performed. A steady-state fixed-bed reactor system was used for activity
and selectivity measurements. The product analysis was carried out by a combination of techniques
including chemiluminescence NQO, analysis, on-line gas chromatography and on-line mass spectrom-
etry. and chemical titration methods. The results obtained in this study, when combined with our
previous studies in SCR reactions, indicate that over vanadium pentoxide catalysts, ammonia
oxidation and NO reduction reactions are closely coupled. The results suggest that ammonia
adsorption takes place on at least two types of sites located on the (010) and (100) planes of V.Ox.
The sites that selectively reduce NO to N, are the V-0-V sites located on the side planes, whereas
V=0 sites promote direct oxidation of ammonia to NO and the formation of N,O from NO and
NH; interaction more readily. It is found that the V=0 sites are more easily reduced with both
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hydrogen and ammonia.

INTRODUCTION

Selective catalytic reduction (SCR) is rec-
ognized as an effective postcombustion con-
trol technique to reduce NO, emissions from
chemical plants and stationary combustion
sources. Vanadia-based catalysts have been
proven to be quite effective in selectively
reducing NO, with ammonia and are being
commercially used. The past decade has
seen extensive work done on supported va-
nadia catalysts (/-9). Most of the work in
this area has been summarized in some re-
cent reviews (/0, 11). Especially some of
the more recent studies on this subject have
shed considerable light on the SCR activity
of vanadia catalysts supported on titania
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(12-14). In spite of their obvious importance
and the large number of studies conducted
over these catalysts, questions still remain
about the nature of active sites that lead to
selective reduction of NO or direct oxida-
tion of ammonia.

In our earlier studies, we examined the
activily and selectivity of vanadia catalysts
on both anatase and rutile phases of titania
support (/5, 16). In our more recent work,
we have examined the morphological as-
pects of the unsupported vanadia catalysts
in selective catalytic reduction of NO (/7).
V,0; catalysts have been reported to be
structure sensitive in various reactions
(18-20). Catalyst samples which preferen-
tially exposed different crystallographic
planes were obtained by using various ther-
mal treatment techniques. These studies
demonstrated the existence of catalytic an-
isotropy in SCR reactions over V,Os crys-
tals. These studies also indicated that direct
oxidation of ammonia became important at
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higher temperatures. The main purpose of
the present study is to investigate the ammo-
nia oxidation reaction independently and to
correlate the findings with the results of the
SCR reactions performed over the same cat-
alysts.

Ammonia oxidation reaction has been
used in the industry for a long time for the
production of nitric acid. Ammonia oxida-
tion has been studied by many researchers
over various catalysts as either a primary
reaction (2/-26) or as a side reaction (5, 27).
The fact that nitric oxide is one of the major
intermediates of this reaction makes its
involvement in SCR reaction even more im-
portant. We believe that the selectivity of
the SCR reaction cannot be considered
alone without investigating the role played
by the direct oxidation of ammonia.

In the present study, direct oxidation of
ammonia was studied over the same temper-
ature range as that of SCR reaction experi-
ments in our previous work (/7) using V.05
catalysts preferentially exposing different
crystal planes. Catalysts were characterized
using BET surface area measurement,
X-ray diffraction, scanning electron micros-
copy. 3-D imaging, X-ray photoelectron
spectroscopy., and laser Raman spectros-
copy. Temperature-programmed reduction
studies were performed over catalyst sam-
ples using both ammonia and hydrogen as
reducing agents. Temperature-programmed
desorption of ammonia was also performed.
The results from catalyst characterization,
thermal analysis experiments, and ammonia
oxidation studies have been combined with
the results from selective catalytic reduction
studies to acquire a better understanding of
the nature of active sites that play a role in
controlling the selectivity of the SCR re-
action.

EXPERIMENTAL
Catalyst Preparation

Vanadium pentoxide crystals preferen-
tially exposing different crystal planes were
grown using thermal treatment techniques.
The first of the two samples which are re-

183

ferred to in this paper, V,0.-D, was pre-
pared by calcining ammonium metavana-
date (Aldrich) at 520°C for 50 h in a flow of
oxygen and was in the form of thick, almost
cylindrical particles. The second sample,
V,0¢-M, was prepared by melting vanadium
pentoxide (Aldrich, 99.6% pure) at 695°C
for 2 h and then subjecting it to temperature-
programmed cooling for recrystallization.
This sample was gently broken into smaller
pieces. Both samples were sieved for uni-
form particle size distribution and used in
the reactor without pelletizing. The spe-
cific surface areas of V,0:-D and V,0.-M
were 3.4 and 0.25 m?/g, respectively.
V.0s-M crystals which were broken into
smaller size particles had a surface area of
1.0 m/g.

Catalyst Characterization

The specific surface areas of the catalysts
were measured using BET technique with a
Micromeritics 2100 E Accusorb instrument.
Krypton was used as the adsorbent. X-ray
powder diffraction patterns were obtained
using a Scintag PAD V diffractometer. Cu
K, radiation (A = 1.5432 A) was used as the
incident X-ray source. The surface mor-
phology of the catalysts was examined
through a Hitachi S-510 scanning electron
microscope using a voltage of 25 kV and
magnifications ranging from 100 to 8000 x .
3-D Imaging was used in combination with
the SEM studies to quantify the surface di-
mensions of the particles. The catalyst sam-
ples were also characterized using two laser
Raman spectrometers (SPEX 1403 Ramalog
9-1 Spectrometer and SPEX 1877 Triple-
mate Raman spectrometer) which used 5-W
Argon ion lasers (Spectra Physics, Model
2016 and Model 2017) as the excitation
source. X-ray photoelectron spectra of the
samples were obtained using a Physical
Electronics/Perkin—Elmer (Model 550)
ESCA/Auger spectrometer, operated at 15
kV and 20 mA. The X-ray source was Mg K,
radiation (1253.6 V). The binding energy of
C 1s (284.6 eV) was used as a reference in
these measurements. Details of the charac-
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terization experiments have been presented
previously (/7).

Reaction Studies

Ammonia oxidation experiments were
performed using a steady-state reactor sys-
tem which was described previously (/7).
The feed gases (Linde) consisted of 0.53%
NH, in He, 10% O, in He, and pure He.
The gas flow rates were adjusted using three
mass flow controllers (Tylan model FC-280)
and a 4-channel readout box (Tylan model
RO-28).

Analyses of feed and product streams
were performed by combining gas chroma-
tography, chemiluminescence and titration
techniques. Inlet and outlet concentrations
of nitric oxide and nitrogen dioxide (if pres-
ent) were obtained with an on-line chemilu-
minescence NO-NO, analyzer (Thermo en-
vironmental Instruments, Model 10) which
includes a high-temperature converter for
nitrogen dioxide and ammonia, and a low-
temperature catalytic converter (Model 300)
for nitrogen dioxide. The ammonia concen-
trations in the feed and the product streams
were determined by a conventional titration
method with the aid of hydrochloric acid
solution of known concentration after am-
monia was absorbed in diluted aqueous
boric acid solution. An on-line gas chroma-
tograph (Hewlett—Packard 5890 A) with a
10-ft Porapak Q column and an 8-ft molecu-
lar sieve SA column, connected in series by
a 4-port Valco column isolation valve, was
used to quantify O,, N,, and N,O concen-
trations.

Activity measurements were performed
using a feed mixture that consisted of 1418
ppm NH; and 0.88% oxygen with helium as
the balance gas. The reaction temperature
was varied from 150 to 400°C. The total vol-
umetric flow rate was maintained constant
at two different values, 100 cm® (STP)/min
and 120 cm® (STP)/min. The total surface
area in the reactor was kept constant. Ex-
periments were also performed to keep the
NH, conversion level constant by varying
the residence time in the reactor. Care was
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taken to ensure that external and internal
mass transfer limitations did not exist. This
was verified experimentally as well as by
applying the criteria proposed in the litera-
ture for mass transfer limitations (28). Blank
reactor runs were also performed to test the
activity of the reactor or the presence of any
homogeneous reactions in the absence of
the catalyst bed. The results obtained from
kinetic experiments were reproducible
within 4-5%. The nitrogen balance closures
were higher than 96%.

Temperature-Programmed
Reduction/Desorption (TPR/TPD)

The TPR/TPD system used for these stud-
ies is shown in Fig. 1. A U-shaped quartz
sample cell measured 6-mm O.D. by 4-mm
1.D. Quartz wool was placed at both sides
of the sample layer to fix the solids in place.
The cell was heated by a furnace (TECO
Manufacturing Company, Model F-6-1100-
VH-2-SR), which was mounted on a height-
adjustable lab lift (Fisher). A chromel-
alumel type-K thermocouple (Omega) was
placed in the center of the sample bed. The
temperature was programmed, controlled,
and displayed by a TECO-SIGMA tempera-
ture controller (Model MDC10-RS232). The
top of the furnace was covered with an insu-
lated ceramic cap to stabilize the tempera-
ture in the furnace.

There were up to eight channels available
for gas feeds. Either N, or He was used as
the TCD reference gas, depending upon the
application. Each gas flow rate was con-
trolled by a mass flow controller (Tylan
Model FC-280), and displayed on a readout
box (Tylan Model RO-28). Before entering
the mass flow controller, each gas first
passed through a section of §” tubing packed
with silica gel or molecular sieve 4A to ab-
sorb water, then, except O,, through an ox-
ygen trap (Fisher) to absorb trace amounts
of O,. The uniform mixture from the mani-
fold was sent either to the reactor as in the
steady-state option and the pretreatment ex-
periment or through the 6-port valve to vent
as in the pulse operation. The three different
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re-programmed reduction/desorption system.

Before TPR experiments, the sample was
degassed in situ at 400°C for 2 h. The reduc-
ing agent was either 6% H, in N, or 6.37%
NH; in He. The feed flow rate was set at
60 cm*STP)/min. The sample was heated
either at 5°C/min or at 2°C/min from 200
to 950°C. The amount of sample was kept
constant at either 50 or 400 mg. The volume
of the sample bed was kept constant with
the aid of quartz particles having the same
mesh size as catalyst samples. In order to
investigate the nature of reduction interme-
diates, the experiments were repeated by
terminating the process after each TPR peak
by cooling and flowing He or N, instead of
the reducing agent over the sample. X-ray
diffraction and laser Raman spectroscopy
were used to identify these intermediates.

Oxygen and NO adsorption were also ex-
amined through pulse experiments using
10% O, in He and 0.477% NO in He, respec-
tively. The samples were degassed for 2 h
at 400°C prior to the pulse experiments. The
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samples were subjected to 20 pulses, each
pulse of | cm?, the time interval between
the pulses being 3.5 min. The pulse was car-
ried by a helium stream, which had a flow
rate of 30 ¢cm*(STP)/min, to the TCD.

Temperature-programmed desorption
(TPD) experiments were performed over
both samples. The amount of catalyst used
was 75 mg for experiments where equal
weights of samples were used. TPD experi-
ments were repeated by using an equal total
surface area of each sample in the reaction
chamber. The sample was degassed in situ
at 250°C in vacuum for 1 h and then cooled
down to room temperature. After the pre-
treatment, the sample was exposed to a
6.37% NH; in He stream for one hour at a
flow rate of 30 cm¥(STP)/min at room tem-
perature. Subsequently a pure He stream
was introduced to flush the lines for | h.
The sample was then heated to 680°C at a
rate of 15°C/min in a 50 cm*(STP)/min He
stream. The products of desorption were
detected by both thermal conductivity and
mass spectrometer detectors which were
connected in series.

Blank runs were performed for all the
temperature-programmed experiments men-
tioned above.

RESULTS
Catalyst Characterization

The preferred exposure of (010) basal
plane and side planes on the V,0O4 samples
was verified by the different characteriza-
tion techniques applied. The scanning elec-
tron microscopy combined with a 3-D im-
aging technique showed that V,04-D
consisted of thick and chunky crystals with
roughly equal basal and side planes, while
V,05-M consisted of thin, long and sheet-
like crystals with the basal plane being the
predominant face. These observations were
confirmed by XRD studies which showed
a much higher relative intensity for diffrac-
tion bands resulting from (0k0) planes in
V,0,-M. Raman spectroscopy, on the other
hand, showed a higher relative intensity of
the band at 995 cm ™', which is associated
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with V=0 stretching vibration, as opposed
to the bands at 702, 528, and 483 cm ™',
which are associated with bridging oxygen
sites (29) in the same sample. The details
of these characterization results have been
presented elsewhere (/7).

Reaction Studies

The stainless-steel reactor and the quartz
wool were tested for catalytic activity by
performing blank reactor runs at tempera-
tures varying from 150 to 400°C. The con-
version of ammonia was zero up to a temper-
ature of 350°C. It was around 5-6% at 400°C.

Catalytic ammonia oxidation experiments
were performed over the same temperature
range using both V,0s-D and V,0s-M cata-
lysts. The reaction parameters were kept
the same for ammonia oxidation and SCR
reaction experiments to facilitate combina-
tion of the two studies in drawing conclu-
sions for the role of ammonia oxidation in
the SCR reaction network. The catalyst
which had a larger percentage of the side
planes exposed, V.0s-D, was practically in-
active at temperatures below 300°C, and
V,05-M was inactive at temperatures below
250°C. N5, NO, and N,O were the three
nitrogen-containing products of ammonia
oxidation. NO, formation was not observed
under the experimental conditions used in
these runs. The ammonia conversion rates
and the net NO, N, and N,O formation
rates are presented in Figs. 2 and 3 for two
different residence times. While the ammo-
nia conversion rates were seen to increase
with temperature over both catalysts as ex-
pected, V,04-M was found to be more active
than V,0,-D, on an equal-surface-area ba-
sis, over the whole temperature range for
both flow rates. The total flow rate did not
seem to affect the product distribution sig-
nificantly. Nitrogen was the main product
over both samples. However, the produc-
tion rate of nitric oxide was higher than that
of nitrogen at 400°C over V,0s-M in both
flow rates. Rate of NO formation showed a
very sharp increase from 350 to 400°C over
V,0:-M. In contrast, the increase in NO
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FiG. 2. Comparison of ammonia conversion and product formation rates over V,0.-D and V,0,-M

(total flow rate, 120 cm*(STP)/min).

formation rate with temperature was much
more gradual over V,0s-D. The N, forma-
tion was substantial over V,0s-M at all tem-
peratures. However, it showed a fivefold
increase over V,0:-D from 350 to 400°C.
Substantial amounts of N,O were formed at
all temperatures over V,Os-M. Over
V,0,-D, comparable amounts of N,O were
detected only at high temperatures.

The product selectivities over the two cat-
alyst samples were also compared at equal
conversion levels. Kinetic measurements
were performed at constant ammonia con-

version by varying the residence time in the
reactor. Figure 4 shows the N,, N,O, and
NO selectivities at 400°C at an ammonia
conversion of 95%. The selectivities for ni-
trogen and nitrous oxide are higher over
V,05-D than V,0,-M. The selectivity for ni-
tric oxide, however, is higher over V,0s-M.

Temperature-Programmed
Reduction/Desorption (TPR/TPD)

The hydrogen TPR profiles of samples
V,0,5-D and V,05-M are shown in Fig. 5.
The TPR profile of V,0-D consisted of
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three temperature maxima appearing at 660,
690, and 850°C. The XRD technique showed
that the first temperature maximum at 660°C
was due toreduction of V,0:to V,O,;, while
the second and the third maxima at 690 and
850°C were due to further reduction to VO,
and V,0,, respectively. The temperature
programmed reduction of V,0s-M showed
major differences in the profile. There were
four features observed appearing at 430,
670, 696, and 870°C. X-ray diffraction
showed each stage to consist of a mixture
of two vanadium oxide phases. After the
first broad temperature maximum, the sam-
ple was shown to consist of mostly V,0;

with trace quantities of V,0,;. The interme-
diates identified after the second and third
maxima at 670 and 696°C were V,0,;, + VO,
and VO, + V.0, respectively. V,0+M
was also seen to reduce to V,0O; at the last
stage similar to V,0s-D. All of the XRD
results were confirmed by the quantification
of the hydrogen consumption during the
process, as summarized in Table 1.

The temperature-programmed reduction
with ammonia as the reducing agent was
also performed analyzing the effluent stream
by a mass spectrometer. A comparison of
the NH; TPR profiles is presented in Fig. 6.
Because of the slower heating rate and
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larger sample size used, the resolution is
lower in these profiles compared to the hy-
drogen TPR profiles. Both catalysts show
two major temperature maxima. Another in-
teresting point to note is the increasing am-
monia consumption at higher temperatures.
The profiles for the NH; TPR products are
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TABLE 1

Temperature-Programmed Reduction of V,0x
with Hydrogen

V04D V.0:M
T("Cy %H, Species T(°C) %H, Species
430 150 V.0, + V0,
660 33.5 V.0 670 30,5 VO, + VO,
690 177 VO, 696 144 VO, + V,0
850 488 V.0, 870 40.1 V.0,
Total H, consumed (mmol/g-V,05)
11.4 [1.0

Theoretical H, requirement
V.0 — V.0, 10.99 mmol/g-V,0x

33 17% 12.5% 37.5%

VA0, V0, VO, VOis VO,

shown in Figs. 7 and 8 for V,0:-D and
V.,0+-M, respectively. There were two ni-
trogen peaks appearing at 430 and 470°C,
and one nitrous oxide feature at 430°C over
V,0s-M. There was no nitrous oxide pro-
duced over V,0:-D, although two similar
nitrogen peaks were observed at 420°C and
460°C. No nitric oxide was formed on either
of the two samples. The ammonia consump-
tion signals shown in Fig. 6 agreed very
closely with the trends of the corresponding
profiles for nitrogen and nitrous oxide, re-

Ammonia Consumption

T T T T
200 300 400 500 600

Temperature (°C)

Fi1G. 6. Comparison of ammonia TPR profiles over
V,0:-D and V,05-M (heating rate, 2°C/min).
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Fi1G. 7. Product signal profiles in ammonia TPR
over V,0¢D.

sulting in a nitrogen balance of almost 100%.
XRD analysis over both samples showed
that VO, was formed after the first reduction
peak, and V-0, was formed after the second
peak. At temperatures above 520°C, similar
to the ammonia consumption, nitrogen sig-
nals also kept increasing over both catalysts
although there was no longer any water

V,04-M

TPR Product Signal

Temperature(°C)

Fi1G. 8. Product signal profiles in ammonia TPR
over V,05-M.
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FiG. 9. Comparison of hydrogen TPR profiles over
V,0¢-D and V,0-M (heating rate, 2°C/min).

forming. This is an indication of the decom-
position of ammonia over the reduced sam-
ples (i.e., V,0;) resulting in the formation
of N, and H,. At temperatures of 660°C and
above, ammonia was completely decom-
posed to N, and H,. A blank run was also
performed to examine the decomposition of
ammonia in the absence of a catalyst. It
was found that the homogeneous ammonia
decomposition was not significant until a
temperature of 800°C was reached. The am-
monia conversion observed due to homoge-
neous decomposition was less than 10% at
875°C.

Figure 9 shows the hydrogen TPR profiles
of the two vanadium pentoxide samples with
the parameters used for ammonia TPR ex-
periments in order to make a reasonable
comparison. A low heating rate has to be
used in ammonia TPR runs due to the longer
time interval required in the pulse tech-
nique. Over V,04-D, two maxima were ob-
served at 667 and 788°C and were attributed
to reduction of the sample to VO, and V,0,,
respectively. Over V,0,-M, in addition to
the maxima at 672°C and 803°C, which are
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TABLE 2
Comparison of Temperature Maxima in NH; and H,
TRP Profiles
Reduced species V,0:-M V.0:-D
NH; H. NH, H,
VO, 430°C  672°C  420°C  667°C
V.0, 470°C  803°C  460°C  788°C

indicative of reduction to VO, and V,0,,
another broad feature was also observed
centered at 412°C. Comparisons of hydro-
gen and ammonia TPR results are summa-
rized in Table 2.

Adsorption pulse experiments with oxy-
gen and nitric oxide over the calcined sam-
ples of V,0¢D and V,0:-M did not show
any significant adsorption.

Experiments examining the temperature-
programmed desorption (TPD) of ammonia
were performed by combining thermal con-
ductivity and mass spectrometer detectors
in series. When the TPD profiles obtained
from thermal conductivity detector or the

Temperature (°C)
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— T T T
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TPD Product Signal
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F1G. 10. TPD profiles for NH; and H,O over V,04-D.
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FiG. 1. TPD profiles for NH; and H-O over V,0«-M.

total ion signals obtained from mass spec-
trometer were examined, there were three
features observed over V,0;s-D, appearing
at 160, 410, and 660°C. The TPD profile
of V,0O.-M also had three features, the first
one at 130°C, the last one at 660°C. The
peak in the middle, however, showed two
maxima, not completely resolved, at 380
and 465°C.

Product desorption profiies for water, am-
monia, nitrogen, nitric oxide, and nitrous
oxide obtained using ion chromatographs
are shown in Figs. 10-13. Ammonia profiles
show a predominant feature in the low-
temperature region. Over V,.O:-D, NH,
desorption signal drops down to zero after
a shoulder-like feature around 300°C,
whereas V,0:-M continues to show small
quantities of NH; desorption at higher tem-
peratures in the form of two small maxima
(Figs. 10 and 11). The profiles for water
(Figs. 10 and 11) over the two samples look
similar in the low-temperature region with
maxima appearing at 178 and 157°C for
V.,0s-D and V,0,-M, respectively. In the
mid-temperature range, however, the pro-
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files are somewhat different, with V,0,-M
exhibiting two strong maxima at 388 and
459°C, while V,0-D exhibits one weak
maximum at 410°C. Profiles for nitrogen,
nitric oxide, and nitrous oxide for V,0.-D
and V,0s-M are shown in Figs. 12 and 13,
respectively. Nitrogen profiles show sub-
stantial quantities of N, forming over
V,0:-M with maxima appearing at 350, 447,
and 658°C, while nitrogen signal from
V-,0.-D is weaker, with maxima appearing
at 366 and 658°C. The profile for N,O shows
maxima at 350, 447, and 658°C over V,0;-M.
Over V,0.-D, there are two maxima at 426
and 658°C. There is also a shoulder-like fea-
ture at 280°C. The TPD profile for NO shows
temperature maxima at 430 and 658°C for
V,04-M and at 445 and 658°C for V,0s-D.
The intensity of the N,O signal is higher
for V,0s-M in the mid-temperature region,
however, the same signal for V,0:D is
higher in the high-temperature region. An-
other interesting feature of the ammonia
TPD experiments was the presence of small
quantities of oxygen observed over V,0¢-D
at temperatures above 650°C.
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DISCUSSION

Ammonia oxidation and thermal analysis
studies performed over vanadium pentoxide
crystals preferentially exposing different
crystal faces showed important differences
in their reduction, adsorption, and desorp-
tion behavior as well as the product distribu-
tion observed in ammonia oxidation. When
the observations made in this study are com-
bined with the results from our earlier stud-
ies (/7) on selective catalytic reduction of
NO over the same catalysts, they provide
important clues about the catalytic role
played by different sites in SCR reactions
and direct ammonia oxidation reactions
over the vanadia catalysts.

Characterization  experiments  which
combined SEM, three-dimensional imaging,
X-ray diffraction, XPS, and laser Raman
spectroscopy showed that the two vana-
dium pentoxide samples were identical in
chemical structure, but showed consider-
able differences in the way the crystals were
grown. While one of the samples, V,0+M,
exposed a larger percentage of the (010)
basal plane by growing parallel to the (ac)
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FiG. 13. TPD profiles for N., NO, and N-.O over
V,05-M.



ROLE OF AMMONIA OXIDATION IN SCR OF NO OVER VANADIA CATALYSTS

plane, the second gave rise to crystals that
grew in all three dimensions more uni-
formly. thus leading to larger percentages
of the side plane (100) exposure (V,05-D).
The ratios of basal plane to side plane area
were in the range of 1.5-1.9and 9.5-10.7 for
V,0:-D and V,0:-M., respectively. Another
important difference between the two sam-
ples was the difference in the relative inten-
sity of the Raman bands that were associ-
ated with V=0 sites versus bridging
oxygen sites, with V-0:-M exhibiting a
larger abundance of the terminal oxygen
sites (/7).

Various thermal analysis techniques ap-
plied to the vanadium pentoxide catalysts
gave important clues about the nature of
sites present on the different planes of these
crystalline materials. Hydrogen TPR pro-
files showed a greater reducibility of the
samples which preferentially exposed the
(010) plane. As reported in the literature
(30). reduction intermediates were V,O,;,
VO,, and V,0, over both samples. How-
ever, V,0+M exhibited a unique feature
which was a broad maximum in the
410-430°C range. This broad feature. which
was observed at low temperatures over
V,0:-M, but was absent over V,0:-D sug-
gests a surface reduction phenomenon
which could conceivably be proceeding
through terminal oxygen sites on this sam-
ple. Although the XRD technique indicated
that a very small amount of V O, was pres-
ent after this first temperature maximum,
the reduction was still restricted to the sur-
face. The reason the reduction at this low
temperature gives rise to a substantial
amount of hydrogen consumption although
the signal for the formation of second re-
duced phase is still minimal could be due
to the rapid diffusion of lattice oxygen to
terminal oxygen sites located on the basal
plane. The absence of the low-temperature
feature over V.Os-D could be due to the
lower reducibility of the bridging oxygen
sites or due to a slower rate of solid state
diffusion of lattice oxygen to the sites on
the side planes. Anisotropy of lattice oxygen
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diffusion could be one of the complementary
factors leading to the catalytic anisotropy
over these crystals.

Once the bulk reduction becomes signifi-
cant, the amounts of hydrogen consumption
in cach peak (Table 1) over V,O.-D were
quite close to the theoretical hydrogen re-
quirements for reduction to V.0, VO,,
and V.0, phases. This agreement indicated
that a nearly pure vanadium oxide phase
was formed after cach reduction step over
V,04-D. as confirmed by the XRD tech-
nique. Both XRD technique and hydrogen
consumption calculations showed that over
V,0+M a new vanadia phase starts to form
beftore the previous phase disappears com-
pletely. The total amount of H. consumed
to reduce V,0s to V,0; agreed quite closcly
with the theoretical value of 10.99 mmol/g
over both catalysts.

Lowering the temperature ramp rate and
increasing the sample amounts (Figs. 5 and
9) resulted in a poorer resolution for the
profiles. However, the broad feature over
V,05-M persisted though the center was
shifted to lower temperatures.

Using ammonia in TPR experiments has
higher relevancy to the SCR and ammonia
oxidation reactions, since ammonia is the
most widely used reducing agent in SCR
processes (3/). Ammonia TPR results
showed two maxima over both catalysts for
ammonia consumption which corresponded
to the formation of VO, and V,0,. The rise
in ammonia consumption was more gradual
on V,0;-D as opposed to the sharper in-
crease over V,05-M. The nitrogen signal ob-
tained from the TPR process also gave rise
to two maxima. One major difference be-
tween the two catalysts was the absence of
any N,O signal over V,0,-D. Interestingly
there is no nitric oxide observed in TPR
process, in contrast to the TPD runs. As
reported in literature (26), NO is a possible
intermediate in ammonia oxidation reac-
tion. It is possible that the constant flow of
ammonia converted all of NO produced in
the process to N, by NO + NH; reaction
over V,0,-D, and part of it was converted
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to N,O over the basal planes of V,04-M, as
was the case in SCR reaction experiments
(17). A broad feature over V,0s-M, which
appeared in hydrogen TPR, was not ob-
served in the process of ammonia TPR. This
can be explained by the fact that ammonia
is a stronger reducing agent than hydrogen
and the surface/subsurface reduction which
was maintained for a considerable length
of time in hydrogen reduction with rapid
oxygen diffusion from the bulk to the V=0
sites on the basal planes, was not maintained
in case of NH; reduction because of the
stronger reducing ability of ammonia. Sub-
sequently, the catalyst sample was ready to
undergo bulk reduction/phase transforma-
tion before any substantial ammonia con-
sumption due to surface/subsurface reduc-
tion of the basal plane could be detected.

When the two reducing agents, hydrogen
and ammonia, are compared, we see that
ammonia is a stronger reducing agent than
hydrogen. Temperatures required to reduce
V,0; to VO, with hydrogen were about
250°C higher than those required with NH;
(Table 2). Similarly, the process with H,
required temperatures about 330°C higher
than those with NH,; for further reduction
to V.0;.

Another interesting feature of the NH;
TPR experiments was the evidence obtained
for the decomposition of ammonia. At tem-
peratures 520°C and above nitrogen signals
started to increase along with an increase
in the hydrogen signal. The water signal,
however, disappeared completely. At tem-
peratures 660°C and above, all of the ammo-
nia was converted to N, and H,. The blank
runs performed using the same experimental
parameters showed the ammonia decompo-
sition activity to be below 10%, even at tem-
peratures as high as 875°C, indicating that
the ammonia decomposition reaction was
not occurring homogeneously but was cata-
lyzed by the V,0, phase which is the domi-
nant structure above 500°C in NH; TPR
process.

Thermal desorption experiments with
NH; provided important clues about the na-
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ture of sites for ammonia adsorption and the
role of lattice oxygen in ammonia oxidation
reactions. The amounts of ammonia and wa-
ter desorbed over V,0s-D to V,04-M at tem-
peratures below 160°C are about equal for
the two catalysts when the comparison is
based on signals normalized with respect to
surface area. This suggests that ammonia
and water desorbing at these low tempera-
tures are not site-specific and attached to the
surface through weak bonding. Considering
that the desorption temperature for these
species in the first peak is well below the
reaction temperature at which any signifi-
cant amount of ammonia oxidation takes
place, this desorption feature is rather irrele-
vant for ammonia oxidation.

The second TPD feature which appears
between the temperatures of 380 and 465°C
has more relevancy for ammonia oxidation
since it exhibits the presence of ammonia
oxidation products and is much more preva-
lent than the third feature, which appears at
temperatures above 650°C. While on
V,0s-M, N,, H,0, and N,O peaks are partly
resolved in this mid-temperature feature,
NO peak has only one temperature maxi-
mum, suggesting that in this temperature
range there is only one type of site which
is leading to NO formation, whereas N, and
N,O formation is governed by two types
of sites or possibly two different reaction
schemes involving two different sites. In the
mid-temperature feature the main nitrogen
species is N,O. We also see more desorption
products over V,0s-M in the mid-tempera-
ture range.

The high-temperature features which oc-
cur around 655°C in N, and N,O desorption
profiles are more dominant over V,OsD
than they are over V,05-M. N-,O is still the
major species in this temperature range al-
though NO and N, are present in small quan-
tities. The relative intensity of NO signal
in the high temperature range is higher for
V,0s-D than it is for V,0s-M. Also desorb-
ing at this temperature over V,0:D is a
small quantity of molecular oxygen. Over
V,04-M, however, there is no oxygen sig-
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nal detected at this temperature. One pos-
sible explanation is the higher rate of de-
sorption of oxygen-containing products
over V,0,-M, leaving this sample with more
oxygen vacancies, while V,0:-D still has
relatively more *‘surface/subsurface™ oxy-
gen that could desorb in the form of molecu-
lar oxygen at higher temperatures.

When the signals for individual products
are compared by normalizing them with re-
spect to total surface area, there is a larger
amount of ammonia oxidation products be-
ing formed over V,04-M at lower tempera-
tures whereas at higher temperatures
V,0s-D has the higher overall desorption
rate. Another noteworthy point is the com-
parison of total NO desorption yields which
are about equal when normalized with re-
spect to area of the (010) plane, suggesting
that the sites responsible for the initial oxi-
dation of ammonia to NO are located on
the (010) planes of the catalyst. It is more
difficult to draw the same conclusion for
the formation of N,O and N,, since these
products probably involve more than one
site and possibly multiple steps. The ratio
of the water produced over V,04-D to that
over V,0s-M is in agreement with the theo-
retically calculated ratio considering the re-
actions producing NO, N-O, and N,.

To explain the product distribution in
steady-state reaction experiments one has
to take into consideration the complex net-
work of reactions occurring in ammonia OXi-
dation (8, 32). The possible reactions are:

4NH, + 30,— 2N, + 6H,0 (1)
4NH, + 50,— 4NO + 6H,0  (2)
INH, + 20,— N,O + 3H.0 (3
4NH, + 70, — 4NO, + 6H,0. (4)

The fact that no NO, was observed during
our experiments makes the reaction that
leads to the formation of NO, not as relevant
for this study as the other reactions although
it has been proposed by some researchers
in the literature (32). Although decomposi-
tion of ammonia and NO are also possible
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reactions that could take place during am-
monia oxidation (25), they become signifi-
cant only at temperatures above 500°C.

Some of the earlier studies (26) have re-
ported NO as an intermediate in the forma-
tion of N, and N,O from ammonia. Although
we don’t have evidence that would prove
or rule out the possibility of N, and N,O
forming directly from interaction of two am-
monia molecules, the possibility of multiple
paths that could lead to the formation of N,
and N-O still remains. If this is the case,
then one has to include another set of reac-
tions that involve interaction of NO and am-
monia in the reaction scheme to be consid-
ered for ammonia oxidation:

4NO + 4NH, + O, —
4N, + 6H,O (5)

ANO + 4NH, + 30, —
4N,O + 6H,0 (6)

NO + 4NH,— 5N, + 6H,0  (7)
8NO + 2NH, — 5N,O + 3H,0. (8)

Our earlier studies (/5) where role of gas-
phase oxygen was examined suggest that
under the experimental conditions used in
this study no considerable conversion level
could be maintained under the steady-state
conditions, leading us to conclude that reac-
tions (7) and (8) cannot have played a major
role in the reaction scheme.

The trends we saw in this study, when
combined with our earlier studies focusing
on SCR reactions over the same catalysts,
suggest that ammonia oxidation and selec-
tive catalytic reduction of NO with ammonia
to N- take place on different catalytic sites
and are governed by different activation en-
ergies. We believe that the difference in the
temperature sensitivities of the ammonia
oxidation and SCR reactions plays a major
role in shaping the product distribution. The
activation energy of ammonia oxidation re-
actions was found to be over four times that
of NO reduction reaction over V,0/Al,O,
catalysts (5). If a similar difference exists
for the activation energies of ammonia oxi-
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dation and SCR reactions over unsupported
vanadia catalysts, this can explain some of
the trends seen in ammonia oxidation and
SCR reactions.

One of the points of controversy in the
literature is the location of sites for ammonia
adsorption. While some researchers suggest
that the ammonia adsorption is restricted to
V=0 sites (33), others suggest that ammo-
nia adsorption leading to NO reduction
takes place on the Brgnsted acid sites lo-
cated on the side planes (20). Although some
of the more recent studies on supported va-
nadia catalysts (/2, 34) provide important
insight into the nature of ammonia adsorp-
tion sites, 1t is not always possible to corre-
late the results obtained from unsupported
crystals to those obtained from supported
catalysts. Our observations so far lead us
to conclude that ammonia is adsorbed on at
least two types of sites, one type of site
being the V=0 sites on the (010) basal plane
and the other being the bridging oxygen sites
located on the side planes. We believe that
ammonia species adsorbed on the V=0 site
lead to the oxidation of ammonia, and in the
presence of NO, to the formation of N,O.
The ammonia species adsorbed on the bridg-
ing oxygen sites, however, selectively pro-
mote formation of N, through interaction
with gas-phase NO. Although direct oxida-
tion of NH; to N, and N,O cannot be ruled
out as a possibility, it is more likely that NO
formation is a favored first step in ammonia
oxidation, especially at higher tempera-
tures. This, in turn, opens the way for
NO + NH,; reaction which could lead to
N,O and N, formation. This possibility can
also explain why at equal conversion levels
nitrogen is the major product over V,0;-D,
while V,0.-M shows the highest selectivity
for nitric oxide.

The NH; TPD experiments also provide
some evidence that support this possibility.
An interesting aspect of the comparison be-
tween the high-temperature desorption fea-
tures for the two catalysts is its similarity
to the way the two catalysts behave in am-
monia oxidation at higher temperatures.
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The N, and N,O desorption rates over the
two catalysts in the high-temperature range
are approximately equal while NO desorp-
tion rate is much higher over V,0;-M. Simi-
larly, in the NH, oxidation experiments,
V,0+D and V.0s-M are seen to have about
equal yields for N, and N,O in the high-
temperature region, while the yield for NO
is much higher for V,04-M than for V,0s-D,
again suggesting that NO formation could
be a first step in NH; oxidation and it could
be taking place on the V=0 sites preferen-
tially. This observation also leads us to think
that it could be the terminal oxygen sites
incorporating oxygen into the NH, molecule
for the formation of NO even in the presence
of gas-phase oxygen.

While some of the evidence we have seen
in our carlier work (/7) supports the sug-
gested job distribution among catalytic sites
found on V,Os surfaces, the results obtained
in this study, in turn, help to explain some
of the phenomena observed in our earlier
NO reduction experiments. As we have
seen in our previous steady-state NO reduc-
tion studies, NO and NH; conversion rates
are close to one another at low tempera-
tures. At higher temperatures, NH; conver-
sion rates show a tenfold increase over the
catalysts which preferentially expose the
basal planes while apparent NO conversion
declines. This is not only due to rapid in-
crease in NH; consumption through ammo-
nia oxidation, but also partly due to forma-
tion of NO in the NH, oxidation reaction.

The suggestion that ammonia oxidation
takes place predominantly over the sites
located on the basal planes is supported
when we compare the ammonia conversion
rates in ammonia oxidation normalized
with respect to surface area of the basal
planes. Although the rates based on total
surface area makes V,0,-M appear to be
more active in NH, oxidation than V,04-D
(0.996 and 0.685 umol/m’-s, respectively,
at 400°C), when the rates are based on
the surface area of the basal plane, the
activities of the two catalysts come out to
be equal with rates for V,0,-D and V,0,-M
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being 1.092 and 1.089 wmol/m’-s, respec-
tively.

Another important observation to be
made in these studies is related to the role
of lattice oxygen. Our NH; TPR and TPD
studies indicate that lattice oxygen can be
incorporated into nitrogen species in SCR
and NH, reactions, as proposed earlier (35).
However, in steady-state reactions, it is
necessary to have gas-phase oxygen present
to maintain the reaction. A possible role
played by the gas-phase oxygen is to replen-
ish the reduced oxygen sites although there
is also evidence of lattice oxygen diffusion
from the bulk to the surface, especially to
the V=0 sites. Our current studies which
involve transient isotopic labeling technique
under steady-state reaction conditions will
be helpful in elucidating the mechanism for
the involvement of gas-phase and lattice ox-
ygen in NH; oxidation and NO-NH; reac-
tion as well as in examining the mobility of
subsurface lattice oxygen.
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