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Isotopic labeling studies of the reaction between *NO and “NH,
have been performed, under selective catalytic reduction (SCR)
conditions, for amorphous and crystalline chromia catalysts over
a wide range of temperatures (140-350°C) and oxygen concentra-
tions (0-1.8% O,). At low temperatures, and with 1.8% O,, nitro-
gen is formed largely by the selective reduction of NO and NH;
over both catalysts. However, crystalline chromia has a much
higher activity for ammonia oxidation. Thus, at ~200°C, the major
form of nitrogen produced by amorphous chromia is NN,
whereas, for crystalline a-Cr,0;, nitrogen is mainly N, and is
therefore produced largely from ammonia oxidation. The domi-
nant form of nitrous oxide produced in the presence of O, over
both morphologies of chromia is always *N!SNO. Thus, formation
of N,O, an undesirable product, involves the reaction of one mole-
cule of NO and one molecule of NH;. It has been shown that
Fourier transform infrared (FTIR) spectroscopy can be used to
distinguish between “N'NO and PN'NO. In the presence of
excess O,, NO decomposition is unimportant for both catalysts.
In the absence of O,, very similar product distributions are observed
for the two morphologies of chromia. The dominant form of nitro-
gen is NN, but the nitrous oxide is largely *N,0, and therefore
formed by NO decomposition. Evidence is presented for some
conversion of N,O to N, in the absence of oxygen by a reaction
conforming to 3N,0 + 2NH; — 4N, + 3H,0. This reaction in-
creases in importance with temperature. Concentrations of O,
comparable to the NO and NH; concentrations (i.., =1000 ppm)
are sufficient to prevent the NO decomposition reactions, implying
that O, effectively competes with NO for the available adsorption
sites. Product distributions obtained in the presence of small
amounts of O, are very similar to those achieved with excess O,.
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INTRODUCTION

Selective catalytic reduction (SCR) with ammonia is
the most effective method for postcombustion control of
emissions of nitrogen oxides from stationary sources (1).
The currently favored catalysts are based on V,05 and

are usually operated at 350 to 400°C. Development of an
active low-temperature SCR catalyst is attractive because
it may allow greater flexibility in the placement of the SCR
reactor in the flue gas stream and thus has the potential to
reduce overall cost and improve efficiency.

Recently, amorphous chromia has been shown to be a
highly active and selective catalyst for the reduction of
nitric oxide with ammonia in the presence of excess oxy-
gen (2). Over 90% conversion of nitric oxide was achieved
at 140°C, whereas a typical industrial V,04/TiO, catalyst
requires 240°C to achieve the same conversion under the
same conditions (2). The performance of chromia is, how-
ever, highly dependent on the morphology (3). Amor-
phous chromia produces nitrogen with very high selectiv-
ity below 180°C. Operation at higher temperature yields
increasing amounts of less desirable nitrous oxide but the
NH;: NO conversion ratio remains near 1: 1, as expected
for the stoichiometric reactions

4NH,+ 4NO + 0,— 4N, + 6H,0 (]
4NH, + 4NO + 30,— 4N,0 + 6H,0. [2]

By contrast, crystalline chromia (a-Cr,0,) gives rise to
substantial nitrous oxide at all temperatures, as was noted
in early studies (4-6), and the NH, consumption greatly
exceeds that of NO, which indicates the ammonia oxida-
tion is a dominant side reaction. The differences in cata-
lytic behavior of the two unsupported chromia catalysts
have been rationalized in terms of morphology and surface
structure (7).

The principal aim of the present work was to use >N
labeling to answer two specific questions concerning the
origin of the nitrogen atoms in the nitrous oxide and mo-
lecular nitrogen products formed over chromia catalysts
in the presence of oxygen. First, are the increasing
amounts of nitrous oxide formed at higher temperatures
over amorphous chromia derived by a combination reac-
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tion involving NO and NHj,, or by an inherently different
reaction, and hence amenable to separate control? Sec-
ond, does the direct ammonia oxidation which occurs
over crystalline a-Cr,0, produce nitrogen and/or ni-
trous oxide?

Isotopic labeling techniques have substantially in-
creased understanding of the SCR reaction over various
oxide catalysts (8-14). However, there are considerable
variations in the overall isotopic distributions which may
reflect the wide choice of operating conditions and cata-
lyst forms used by different authors. Only the experiments
of Janssen et al. (8) and of Vogt et al. (9, 10) for vanadia-
based catalysts have approximated industrial conditions.
Previous studies using a-Cr,0, and Cr,0,/ALO; systems
by Niiyama et al. (11-13) were carried out in a recirculat-
ing or temperature-programmed system in the absence of
oxygen and with nitric oxide and ammonia pressures in
the multi-Torr range. The present work has employed a
continuous flow system with low reactant pressures
(=1000 ppm) and temperatures from 140 to 350°C to simu-
late possible industrial practice. In addition, the role of
oxygen in the SCR reaction has not been fully clarified,
and therefore, isotopic product distributions were deter-
mined for a wide range (0-1.8%) of oxygen concentra-
tions. While the isotopic results show some similarities
to earlier work, the use of a wide range of temperatures
and oxygen concentrations has established observations
and trends not previously evident.

EXPERIMENTAL METHODS

Catalytic testing was carried out in a continuous flow
system in a manner described in detail elsewhere (15). In
essence, NO and NH; (each with nominal concentration
of 900 ppm) diluted with helium were passed over 25 to
600 mg of catalyst contained in a quartz tube of internal
diameter 5 mm and heated to temperatures between 140
and 350°C. Three levels of oxygen concentration were
used: absence (<S5 ppm), small amounts (=1000 ppm),
and excess (=18,000 ppm = 1.8%) oxygen. The exit gas
was monitored continuously by a mass spectrometer with
periodic sampling for analysis by gas chromatography
and Fourier transform infrared (FTIR) spectroscopy. In
experiments with "NO (Isotec Inc., 99.4% N), the cata-
lyst was first run to a steady state with a “NH,/"*NO
mixture, and after the switch to "NO was made, the
reaction was continued until the mass spectrometer sig-
nals were stable.

The quadrupole mass spectrometer was operated in
multiple ion monitoring mode and component intensities
calculated using a least-squares fitting procedure assum-
ing fragmentation was unaffected by isotopic substitution.
The least accurate analyses are for *N, (due to a substan-

tial background signal at m/e 28) and '"N,, which is inter-
fered with by '“NO produced by oxidation of ammonia
on the filament. With a low filament current (0.2 mA)
ammonia oxidation was negligible with feeds free of oxy-
gen, but reached the equivalent of =90 ppm for mixtures
containing 900 ppm NH, and 18,000 ppm oxygen. Signals
at m/e = 30 were adjusted for such contributions using
a second order correction function established by regres-
sion of data obtained with calibration mixtures con-
taining "NO.

FTIR was used to assess the amounts of "“NO formed
by the reaction of "NHj; versus “NH;, and of “N’NO
versus "N NO. Direct “"NO/"NH, isotopic exchange
was discounted as "NH; and “NO were never observed
in the infrared spectra concurrently. Spectra were re-
corded at a resolution of 0.25 ¢cm™' on samples collected
for off-line analysis by passing the product stream through
a multiple reflection cell of total path length 3.2 m. Signal
accumulation analyzing for NO and NH; was restricted to
16 scans, since the concentrations of these gases declined
steadily with time due to a combination of oxidation of
the former to NO, and adsorption or deposition on cell
surfaces. Back extrapolation of infrared intensities to the
time of collection showed that NO, concentrations were
then less than 5% of the inlet NO concentration. Nitrous
oxide concentrations were stable, which allowed the use
of 256 scans to obtain better signal-to-noise ratios.

Conversions of "NO and NH; were determined from
the mass spectral analyses of m/e = 31 and m/e = 17,
respectively. The latter are less certain due to a contribu-
tion from fragment ions of H,O and, in some cases, of
SNH,. Conversions could also be obtained from the FTIR
measurements using the sR (J = 10) line of “NH, at 1176.6
cm ! and the “NO line at 1851.2 cm™'. In most cases,
there was agreement to within =5% with similarly good
agreement between the mass spectral and gas chromato-
graphic analyses for total nitrogen and total nitrous
oxides.

Chromia catalysts were prepared by addition of aque-
ous ammonia to a dilute solution of chromium (I11) nitrate.
The resultant precipitates were separated, dried overnight
at 100°C in air, and decomposed by heating in a hydrogen
flow. For amorphous chromia, the temperature was in-
creased to a maximum temperature of 380°C (4°C/min,
then isothermal for 3 h), whereas crystalline a-Cr,0, was
formed by heating to temperatures greater than 470°C.
The preparations were crushed and sieved to 300-500
pm for the catalytic experiments. The surface areas, as
determined by the BET method using a Quantachrome
Model QS-17 surface area analyzer with nitrogen as the
adsorbate, were 55 m?/g («-Cr,0,) and 280 m?/g (amor-
phous chromia). The amorphous form was microporous
with a large fraction of the total area in pores of diameter
less than 2 nm. The average pore diameter of the a-Cr,0,
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TABLE 1

Isotopic Product Distributions for the Reaction of ’NO and '“NH; in the Presence of Excess (1.8 v/v%) Oxygen
over Amorphous Chromia and a-Cr,0;

Conversion

Mass of () Selectivity Product distribution (ppm) NSNS
Temp. catalyst Flow rate to N,O¥ (NN 1 UNENOY
Catalyst “C) (mg} (ml‘min} UNO  NH;, (%) BN, O BNENGOBNLE S BNLO BNPNO PNLO BNO %)
Amorphous chromia 140 50 80 14 12 9 24 136 -2l 2 14 0 N 9
125 40 77 67 N 43 630 -8 s 27 0 5 4
190 ht} 160 R 3 29 N 177 0 8 68 } .S 27
S0 40 68 78 3 28 429 6 21 118 i 7 »n
195 S0 160 s 42 30 26 218 -2 15 90 1 <8 9
S0 80 s? S8 28 34 334 -7 29 117 1 s 26
a-Cra0y 140 150 40 23 2 41 34 13 -1 2 102 0 <8 47
600 33 69 67 44 18 310 13 6 249 1 w8 48
185 50 120 25 37 63 53 36 -4 5 180 ! 18 K3
100 R0 41 76 66 107 68 7 34 361 2 20 84
100 40 67 96 64 173 8S 6 Ss 468 3 30 8S

“ Selectivity is defined as (N;O/Ny + N>O + "NO)). Negatives are not included in the calculation.

# Determination difficult due to ammonia oxidation on the mass spectrometer filament,

was 30 nm. Crystal structures were confirmed by X-ray
diffraction (XRD).

RESULTS AND DISCUSSION

Presence of Oxygen

Table | summarizes results for the reaction of equimolar
amounts of "NO and "*"NH; over both amorphous chromia
and crystalline o-Cr,O; in the presence of 1.8% (18,000
ppm) oxygen. Under these conditions, meaningful mea-
surements became difficult above 200°C as the ammonia
conversion was then near complete. In order to determine
the effects of near stoichiometric O, concentrations on
the product distributions, additional experiments were
carried out with a much lower input oxygen concentration
(=0.19% = 1000 ppm). In these cases, inlet oxygen concen-
trations were chosen so that the conversion of oxygen
was =~350% across the catalyst bed. Low oxygen condi-

tions also enabled the temperature range to be extended.
The data are shown in Table 2.

Figures 1 and 2 summarize the isotopic distributions
for nitrous oxide and nitrogen, respectively (as calculated
from all the data of Tables 1 and 2). All values obtained
by varying space velocity (and hence conversion) at each
temperature are included and show that the isotopic prod-
uct distributions were not greatly influenced by the degree
of conversion. The results for nitrous oxide (Fig. 1) are
very clear. Over both catalysts, under all conditions, more
than 80% of the nitrous oxide is “*N'*NO, and thus derived
by combination of *NO and '“NH;. Ammonia oxidation
to “N,O amounts to 5-15% and the amount of *N,O,
representing ’NO decomposition, is very small.

Previous studies have relied on mass spectral fragmen-
tation patterns to distinguish between “NYNOQO and
"NMNO. The distinction is made much more clearly by
FTIR spectroscopy. Figure 3a shows the spectrum of the
"N,O product from a reaction of *NO and “NH,, while

TABLE 2

Isotopic Product Distributions for the Reaction of *NO and '“NHj in the Presence of Small Oxygen Concentrations (=1000 ppm)
over Amorphous Chromia and a-Cr,0;

Mass of Conversion (%) Selectivity Product distribution {ppm) [ENENTSY;
Temp. catalyst Flow rate 1o N-O# ANISN .« BNNO)
Catalyst °C) (mg) (ml/min) PNO MNH, 0, (%) BN, BUNUNOBN, MN,0 O MNUNOOPNLO O SNHYE HNp® )
Amorphous chromia 190 50 40 47 42 36 40 20 178 -17 126 1 .5 «<s 41
220 50 60 9 4 M 60 w97 2 194 s .8 25 67
280 RAY 80 46 84 56 62 52 88 10 5 282 2 <5 59 76
a-Cr0, 185 50 40 27 42 46 57 S6 S3 -9 2 141 1 -5 <5 73
210 50 160 28 66 46 50 127 1l -3 3 17 1 .5 e 77
280 28 80 40 97 49 S1 156 k. 23 0 277 2 S s 36 88

“ Selectivity is defined as (N;O/(Ny + N;O ~ HNO)). Negatives are not included in the calculation,

» By FTIR spectroscopy.
¢ 25 mg of unsupported chromia diluted with 25 mg of TiO,.
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FIG. 1. Internal distribution of the nitrous oxides as a function of temperature ((O) “N,O; (V) “N"NO; ([1) *N,O) over (a) amorphous

chromia and (b) a-Cr,0,. Points joined by dashed line, 1.8% O-; points joined by full line, =1000 ppm O..

Fig. 3b is for the product of a corresponding "NO plus
"NH, reaction. The latter clearly shows a set of small
peaks centered at 2223.8 cm™!, which correspond to '“N,0
(16), and which can be removed by subtraction of Fig. 3a
with an appropriate scaling factor. The residual spectrum,
Fig. 3c, shows a clean set of peaks centerd at 2177.7 cm™!
as expected for "*N'*NO (17). There is no trace of features
centered at 2201.6 cm ™', where “N'"NO is expected to
absorb (16). Similarly, bands due to the two other funda-
mental vibrations of “N'NO were detectable at 1280.4
and 575.4 cm™', respectively, with no evidence of the
corresponding bands of PNNO expected at 1269.9 and
585.3cm™!. Thus, all the nitrous oxide made from a combi-
nation of "NO and “NHj, retains the starting nitrogen—ox-
ygen bond.
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The isotopic results for nitrogen in Fig. 2 show that
combination of "NO and ""NH; to form “NUN is the
major source of nitrogen at low temperature (at 140°C for
a-Cr;0; and below 200°C for amorphous Cr,0;). As the
temperature increases '*N,, which must arise from '*NH,
oxidation, comprises an increasing proportion of the nitro-
gen formed over both catalysts. The trend is especially
pronounced with a-Cr,0;, for which ammonia oxidation
exceeds the combination reaction above 180°C and contri-
butes 75% of the total nitrogen by 200°C.

Figures 1 and 2 show a fairly smooth transition between
the two levels of oxygen concentration, which indicates
that there is a minimum oxygen concentration threshold
above which further increases have little effect on reaction
pathways, and hence on product distribution. The only
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Internal distribution of the nitrogens as a function of temperature ((®) “N,; (¥) “N'*N; (@) "N,) over (a) amorphous chromia and

(b) a-Cr,0;. Points joined by dashed line, 1.8% O,: points joined by full line, =1000 ppm O-.
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FIG. 3. Gas phase FTIR spectra of nitrous oxide in the 2100-2300
cm™ ' region for the reaction of nitric oxide and ammonia over amorphous
chromia at 195°C in the presence of 1.8% O,. (a) Product of reaction
of “NO and “NH,: (b) product of reaction of "NO and "“NH;: (c)
difference spectrum: spectrum (b) minus =15% of spectrum (a).

exception appears to be the "N, species. As previously
noted, accurate determination of °N, is difficult for exper-
iments with excess oxygen due to the coincidence of its
mass spectral signal with that of NO. The results for
amorphous chromia and crystalline «-Cr,O, scatter
around zero, suggesting that no significant amounts of
SN, are produced in the presence of oxygen.

The final column in Tables I and 2 gives the amount of
NISNO as a percentage of the mixed species, i.e.,
(NN + “YN'*NO). Figure 4 shows clearly how this value
increases with temperature for both forms of chromia,
MN'SNO representing >75% of the mixed species at
280°C. Figure 4 also illustrates one special additional fea-
ture. At temperatures above 210°C, significant amounts
of NO were detected in the product gas by FTIR mea-
surements. This must arise from ammonia oxidation,
rather than exchange between '"NO and "“NHj, since no

concurrent formation of "NH; was detected.

Hence, for both chromia catalysts in the presence of
oxygen, nitrous oxide is largely derived from a combina-
tion reaction between the two reactants. The increasing
amount of ammonia oxidation which occurs at higher tem-
peratures preferentially forms nitrogen, not nitrous oxide.

Absence of Oxvgen

A similar series of isotopic labeling experiments were
carried out for the reaction of "'NO and "“NH, in the
absence of oxygen. The primary data obtained are given
in Table 3. There is one special feature for reaction at
the highest temperature used (i.e., 350°C). As reported
previously for both chromia and V,04/TiO, catalysts (18),
the formation of '*'NHj, can be inferred from mass balance
calculations and directly measured by FTIR spectros-
copy. Formation of "NHj is not due to exchange since
no "“NO is formed. Its source is likely to be a reaction
between product water and a species formed by dissocia-
tion of PNO (15).

Figure 5 summarizes the isotopic distributions calcu-
lated for nitrous oxide from the data of Table 3. The
results are quite unlike those in Fig. 1 for reaction in the
presence of oxygen. Doubly labeled nitrous oxide, *N,O,
which must arise from "NO alone, is now the dominant
form over crystalline a-Cr,O; under all conditions. It is
also formed in the greatest amount when using amorphous
chromia at temperatures below 300°C, above which it falls
slightly below “N'*NO. Formation of “N,O is negligible
with both catalysts. The distribution of nitrous oxides was
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TABLE 3

Isotopic Product Distributions for the Reaction

of ¥"NO and “NH; in the Absence of Oxygen

over Amorphous Chromia and a-Cr,0;

Conversion

Mass of (%) Selectivily Product distribution (ppm) ISNH," NISNO/
Temp.  catalyst  Flowrate ———— to N,O! (mass NH; (NN + ¥NUPNO)
Catalyst °C) (mg) (ml/min) BNO  NH, (“) YN, UNBN N, BN,0 “NNO N,O  balance)  (FTIR) (%)
Amorphous chromia 195 100 40 32 12 66 30 49 —4 0 67 88 — <S 58
300 33 71 17 72 56 81 -13 4 141 202 — <8 64
220 50 40 38 13 60 51 70 -10 0 90 91 — <$ 56
200 40 75 25 0 66 &9 -20 3 147 220 — <5 62
280 S0 120 42 pa 55 7 98 21 0 74 79 — <5 43
100 60 n 34 53 24 160 31 3 103 139 — <5 39
350 S0 80 62 % 14 44 235 %3 1 3 n 78 49 12
a-Cry0,y 220 80 60 28 14 50 0 68 3 0 32 69 — <5 32
. 200 40 46 15 61 -2 106 -5 4 47 116 — <5 31
450 33 69 24 64 -12 153 -13 4 77 190 — <5 33
280 50 200 ki 25 48 30142 0 2 21 115 — <5 13
100 120 78 40 45 10 237 8 2 39 161 — <5 14
100 33 83 44 34 60 267 21 0 40 135 — <5 13
350 S0 120 84 48" 12 61 355 79 0 16 50 12 30 4

“ Selectivity is defined as (NJO/(Ny + N;O + ¥NO)). Negatives are not included in the calcul
" means that 'SNH; was not calculated from the mass balunce because '"NH; was less t
¢ M¥NH, conversion determined by FTIR spectroscopy.

also confirmed by FTIR spectroscopy, as shown in Fig.
6. Figure 6b shows the absorbance spectrum of the prod-
uct gas from the reaction of "NO and "“NH; over amor-
phous chromia in the absence of oxygen at 220°C. The
two overlapping features centered at 2177.7 and 2154.7
cm™' can be assigned to "N'*NO and “N,0, respectively
(16). Note that Tables 1 and 2 show that no '"N,O is
produced for chromia catalysts in the presence of oxygen.
Thus, oxygen concentrations of ~1000 ppm are obviously
sufficient to prevent the NO decomposition reaction pro-
ducing *N,O, which occurs in the absence of oxygen over
both morphologies of chromia.

The isotopic distributions for nitrogen obtained from
Table 3 are shown in Fig. 7. Unlike the situation for

lation.
han the FTIR detection limit of § ppm.

reaction in the presence of oxygen, the combination reac-
tion to NN is the dominant route to nitrogen under all
conditions with both catalysts. Also, unlike reaction in
the presence of oxygen, some nitric oxide decomposition
to N, is evident at the higher temperatures. Ammonia
oxidation is generally small, with the apparent exception
of reaction at the two lower temperatures with the amor-
phous catalyst when *N, reaches 40%. However, those
results may not be entirely reliable, since as noted before,
mass spectral determinations of low "N, concentrations
(as here) are difficult due to the necessity for a substantial
background correction.

In contrast to the results in excess oxygen, the amount
of “N'®NO as a percentage of the total mixed products
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FIG. 5. Internal distribution of the nitrous oxides in the absence of oxygen as a function of temperature ((O) ¥N,0; (V) “NPNO; (O) PN,0)

over (a) amorphous chromia and (b) a-Cr,0;.
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FIG. 6. Gas phase FTIR spectra of nitrous oxide in the 2100-2300
cm~ ! region for the reaction of nitric oxide and ammonia over amorphous
chromia at 220°C in the absence of gas phase O,. (a) Product of reaction
of “NO and "“NH,: (b) product of reaction of "NO and "NH;; (c)
difference spectrum: spectrum (b) minus the features due to "N"*NO.

(“NPN + “NNO) decreases with increasing tempera-
ture. The amount of “N,O produced also decreases with
reaction temperature, and a corresponding increase in the
amount of N, formed is observed. Figure 8 shows the
distribution of all species as a percentage (mol%) of the
total products and clearly shows how the nitrogen produc-
tion increases and the nitrous oxide formation decreases
with increasing temperature. This observation will be dis-
cussed in more detail later in the paper.

Comparison with Earlier Studies

It is of interest to compare the isotopic distributions
found here with previous results for chromia systems (car-
ried out under very different conditions) and with the
only previous studies (on vanadia systems) under similar
conditions. Table 4 summarizes the earlier findings. Since
some studies used “NO/'*NH, mixtures rather than *NO/
'¥NH,, the results are expressed in terms of source rather
than isotopic distribution. The results for vanadia systems
are clear-cut. Nitrogen, the dominant product over all
the supported catalysts, is derived very largely by the
combination reaction [1]. Nitrous oxide, which is more
evident with pure vanadia and with supported catalysts
having high vanadia contents, is produced by the corre-
sponding reaction [2]. The results of Janssen et al. (8),
for O, concentrations of about 500 ppm, show some direct
conversion of nitric oxide to nitrogen. Those authors spe-
cifically rule out any ammonia oxidation under their condi-
tions. By contrast, the experiments of Vogt et al. (9,
10) show no nitric oxide decomposition, but significant
ammonia oxidation, especially over a 9.5% V,0+/85.5%
Si0,/5% TiO, catalyst. These differences may arise be-
cause of the much higher oxygen concentrations (2%)
used in the latter studies.
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FIG. 7. Internal distribution of the nitrogens in the absence of oxygen as a function of temperature (@) “N,: (W) “N'N; (l) *N,) over (a)

amorphous chromia and (b) a-Cr,0;.
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(O) “N,0; (V) “UN"NO; (00) ¥N,0) as a function of temperature for
reaction in the absence of oxygen over amorphous chromia.

The present resuits for the NO + NH; reaction over
chromia in the presence of oxygen resemble the above
pattern, especially for bulk and bulk-like vanadia, but
with a greater tendency to oxidize ammonia to nitrogen
alone. The similarity is greatest between the behavior of
amorphous chromia below 200°C and the results of Vogt
et al. (9) for a V,04/Si0, catalyst having high vanadia
content (44% V,0s). Both exhibit moderate selectivity to
nitrous oxide (compare Tables | and 2 to Table 4) and
some ammonia oxidation to nitrogen (Fig. 2a), but not to
nitrous oxide (Fig. ta). The higher oxidation power of
amorphous chromia is very evident by 280°C when the
fraction of nitrogen derived from ammonia oxidation is
already twice that for V,04/SiO, at 400°C, even though
the oxygen pressure used in the latter case was much
higher (18,000 ppm versus ~ 1000 ppm). When low oxygen
pressures are used with bulk vanadia, as in the experi-
ments of Janssen et al. (8), there is no ammonia oxidation
at all for temperatures below 400°C. Crystalline chromia
is still more prone to oxidize ammonia, with 75% of the
nitrogen derived in that way at 200°C (Fig. 2b).

The results of Niiyama et al. (12) for reaction over
crystalline chromia and chromia/alumina at high pressure

in the absence of oxygen show a very different picture.
Large amounts of nitrous oxide derive both nitrogen
atoms from nitric oxide. Our results for reaction in the
absence of oxygen (Fig. 5) confirm this behavior for both
amorphous and crystalline chromia. Indeed, °N,O is the
largest single nitrogen-containing product under some
conditions (Table 3).

Mechanistic Implications

The present isotope experiments were designed to re-
veal the origin of the nitrogen atoms incorporated in the
nitrogen-containing products, and do not in themselves
provide definitive pointers to the steps by which they are
made on chromia surfaces. Nonetheless, some comments
are warranted. There are four major products: NN,
MNNO, “N,0, and '*N,. Under some conditions, **N,O
and PN, are also significant products.

The reaction of NO and NH,, particularly over vanadia-
based catalysts, has been extensively studied, but a gener-
ally accepted mechanism has failed to emerge. There are
abundant, though conflicting, spectroscopic investiga-
tions (18-23) of the adsorbed state of ammonia on va-
nadia-based catalysts. Some workers have found that NH;
absorbs on Brgnsted acid sites as NH; groups, while
others have shown that ammonia adsorbs on Lewis acid
sites as NH, type species (i = 0-3). Similarly, convincing
spectroscopic evidence for adsorbed NO on SCR cata-
lysts under reaction conditions when NH; is present has
not been reported. However, the observation (8, 24) that
NO is converted to N'®0O by exchange with '*0, does
provide evidence for adsorbed NO.

It seems unlikely that NO can react directly with
NH; to produce N,, since the rearrangement necessary
seems improbable. The most common view is that N,
formation arises from the reaction of an NH,; (i = 1, 2)
species and either adsorbed or gas phase NO, and the
following reaction has recently been suggested (25):

“NH,(a) + "NO(a) — “N"*N + H,0. 3]

This reaction is analogous to the elementary, purely gas
phase reaction thought responsible for N, formation in
the thermal DeNO, process (26).

Thus, one possible model for nitrogen formation over
chromia catalysts, consistent with the overall stoichiome-
try of reaction [1], is

Cr==0 + "“NH,(a) > Cr-OH + "“NH,(a) 4]
“NH,(a) + BNO(a) — “NI’N + H,0. [5]

The elimination of water follows,

2Cr-OH— Cr==0 + Cr(J + H,0 [6]
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TABLLE 4

Summary of Previous Isotopic Results for the Source of Nitrogen and Nitrous Oxide from the NO + NH; Reaction

Partial pressures
(atm X 107%)

Source of N, (%) Source of N,O (%)

Temp. Selectivity
Reference Catalyst °C) 0O, NO NH, N,O (%) NH; alone NO + NH; NO alone NH,; alone NO + NH, NO alone
Janssen er al. V.0, 400 495 500 473 66 — 82 18 — 93 7

(8) V,04/810./AlLO; 400 495 500 473 8 — 94 6 — 100 —
V,0./AlO, 400 495 S00 473 4 — 96 4 — 100 —
V.04 TiO, 400 495 500 473 25 — 97 3 — 89 11

Vogt et al. V.0:/TiO, 400 20,000 500 500 9 6 94 — — 100 _

9. 10) V.04/Si0./ TiO," 400 20.000 500 500 6 37 63 — 50 50 —
V,0./8i0,/TiO," 400 20.000 500 500 2 15 85 —_ 3 67 —
V,04/ 810, 400 20.000 500 500 40 18 82 — 8 92 —

Nityama ef af.  Cr.0,/ALQO,

(12.13) (reduced) 200 nit 132,000 66,000 21 — 50 50 — — 100
(NO + NHy 200 nil 132,000 66.000 22 — 88 12 — - 100
a-Cr.0,

(reduced) 200 nil 132,000 66,000 40 — 100 — — 14 86
(NO + NH;) 200 nil 132,000  66.000 40 — 100 — — 14 86
a-Cr,0, —

(preoxidized) 200 nil 132,000 66,000 9 — 100 — — 87 i3
(NO + NHJ 200 nil 132,000 66,000 33 — 100 — 19 61
a-Cr,0, 150 nil  197.000 197,000 18 — 86 14 — 73 27

(preoxidized)

“9.5% V0,/85% Si0./5% TiO.
b 6% V.0J33% Si0./61% TiO..
4% V04555 SiO,.

(where Cr(1 is a reduced surface site), and if oxygen is
present, the rapid reoxidation of the surface occurs,

2CrH + 0,— 2Cr==0. (71

If the dehydration step of Eq. 6] is slow compared to
the reoxidation process described in Eq. [7], then in the
presence of oxygen, the vacancy concentration would be
low and the catalyst would be in a highly oxidized state.
However, in the absence of gas phase oxygen, reaction [7]
does not occur and the concentration of chromyl groups,
which are necessary for the hydrogen abstraction process
described in Eq. [4], will be low. Thus, this model is
consistent with the observation that small quantities of
O, have a large effect on the rate of the SCR reaction.

The formation of "*N”NO has received less attention
since temperatures above 350°C are required for its forma-
tion over vanadia-based catalysts. A number of mecha-
nisms have been proposed for V,0; based catalysts (20,
25, 28). Went et al. (25) suggested that the reaction pro-
ceeds through an NH,(a) species in a similar way to that
proposed for nitrogen formation (compare [3]):

NH,(a) + NO(a) + V,0; s, —

N,O(g) + H,O(g) + V,.Opsp-y).-  [8]

It is possible that the formation of “N'>'NO over chromia
catalysts occurs via a similar process to that of Eq. [8].

Another possibility is that higher temperatures and cat-
alysts with greater oxidizing (hydrogen abtracting) power
favor the further dissociation of NH, groups to NH spe-
cies. Nitrous oxide may then be produced by reaction
between an NH species and NO:

"“NH(a) + "NO(a) + Cr==0— "“N""NO + Cr-OH. [9]

Went et al. (27) have presented evidence for adsorbed
NH, and NH species formed by dissociative adsorption
on vanadium oxide catalysts using Laser Raman spectros-
copy. It is possible that these species also exist on chro-
mium oxide catalysts. An earlier study (7) of chromia
catalysts showed that the surface oxygen on a-Cr,0, has
greater oxidizing (hydrogen abstracting) potential than
that of amorphous chromia. Thus, as observed (see Fig.
4), higher temperatures and greater hydrogen abstracting
power (as in the case of a-Cr,0, (7)) result in higher
selectivities to “NNO.

Formation of NH groups may also account for the ob-
iervation of the ammonia oxidation products, N, and

NO:

“NH(a) + “NH(a) + 2Cr=0 — "“N, + 2Cr-OH
¥NH + 2Cr=0— “NO + Cr-OH + Cr[]

(10]
(11]
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These reactions are analogous to the gas phase processes
for the formation of these products (26). Complete strip-
ping of the ammonia to form an adsorbed N species may
also play a role in the formation of the ammonia oxidation
product “NO:

¥N(a) + Cr=0- "“NO + Cr[] (12]

A step similar to Eq. [12] has previously been suggested
to account for ammonia oxidation to NO over vanadia-
containing catalysts (29). The fact that ammonia oxidation
is more significant with crystalline chromia is consistent
with this model since it is this morphology which has
surface oxygen species with greater oxidizing (hydrogen
abstracting) power (7). This model would also account
for the apparent relationship between high selectivities to
N,O and high activities for ammonia oxidation.

It should be noted that significant concentrations of
“N,O are only observed when “NO is also present in the
exit gases. It is possible that the '*N,O arises from reaction
of “NO, formed from a process similar to [11] or [12],
with NH, or NH according to [8] or [9]. Nitrogen produced
from ammonia oxidation, '*N,, by contrast, can be present
in significant concentrations in the absence of '*N-0O, sug-
gesting a direct route to its formation involving a combina-
tion of species which are more hydrogen deficient than
NH,. Reaction [10] is a possibility for such a process.

In the absence of oxygen, the surface of the catalyst will
be more reduced, having a higher population of vacancies
(Cr)) and a lower number of Cr==0 groups. Reoxidation
of the catalyst surface must be achieved by NO rather
than gas phase molecular oxygen. It has been previously
suggested (12, 25) that the NO decomposition reactions
are a means of reoxidizing the catalyst surface. Observa-
tions of dimeric NO species adsorbed on «-Cr,0; (20)
and supported chromia (31, 32) surfaces, as well as other
reports of dinitrosyl species (33, 34), provide a possible
mechanism for the formation of “N,O:

N——N NO NO 0
| | N\ / N
O 0O or Cr —> Cr

N/
Cr

+ N0 [13]

Alternatively, dissociation of NO on reduced surface
sites may provide another possible route to the formation
of PN,0:

BNO + Cr[J— Cr==0 + “N(a)
“N(a) + "NO — "N,0

(14]
[15]

There are two additional features of the reactions in
the absence of oxygen which are worthy of comment.

The increased production of “N'*N with temperature over
both chromia morphologies is accompanied by a decrease
in the amount of “N'"NO formed. The amount of “N,
produced also increases with reaction temperature, and
a corresponding decrease in the amount of '*N,O formed
is observed. There are at least two plausible explanations.
The products “NN and "N'*NO and "N, and "N,O may
arise from common intermediate complexes, the relative
split to the different species changing with reaction tem-
perature. Another possible explanation is the further in-
teraction of the “N"NO and ""N,O molecules with the
catalyst surface leading to a loss of oxygen from the ni-
trous oxides species and the concomitant formation of
the respective nitrogens, i.e., "“N'"*N and "*N,. The latter
possibility was checked by performing an experiment in
which N,O and NH; were fed to crystalline chromia.
Results for N, and N,O concentrations as a function of
temperature are given in Fig. 9. It is clear that significant
conversion of N,O to N, occurs; however, some NH,
conversion to N, also takes place, and the overall reaction
may be represented by a two step process,

3N,0 + 3CrJ- 3N, + 3Cr==0
2NH; + 3Cr==0— N, + 3H,0 + 3Cr[J,

[16]

[17]

with the overall reaction conforming to
3N,0 + 2NH, — 4N, + 3H,0. [18]

Concentrations of N, calculated using the stoichiometry
of Eq. [18] for the given amounts of N,O converted

T T T
220 ppm N,O + 830 ppm NH,

E 300 a-Cr,0, 1
g Py
a

s 250
o
< o
E 200 + \

o 150 F

Q

N
2z
° 100 !

=

©
gﬂ 50 / ]

oLe” .

280
Temperature (°C)
FIG. 9. N,O (O) and N, (@) concentrations for the reaction of N,O

(220 ppm) and NH; (830 ppm) over a-Cr,0; as a function of temperature.
Dashed line calculated on the basis of reaction [18].
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(dashed line in Fig. 9) are in excellent agreement with
those observed experimentally. Note that N,O alone does
not interact with the catalyst to form N,, even at 350°C,
implying that a reduced surface, produced by NHj, is
required for the reaction [16] to occur.

The second feature of the reaction in the absence of O,
is the formation of "NH;. At 350°C, small amounts of
this product are observed over both amorphous and crys-
talline chromia (11 and 5 mol% of nitrogen-containing
products, respectively). This represents a direct conver-
sion of "NO to '*NH, and not an exchange process, since
under these conditions no "“NO is observed by FTIR
spectroscopy. For V,0:/TiO, catalysts at 350°C, '"NH,
has been found to comprise =20% of the total nitrogen-
containing species (15). Previous labeling studies have
also demonstrated that NO decomposition to '*N, and
IN,O is negligible over titania-supported vanadia cata-
lysts (8, 15) in the absence of oxygen, even at 450°C.
Thus, for chromia catalysts in the absence of gas phase
oxygen, reoxidation of the catalyst surface occurs mainly
via NO decomposition reactions to "N, and "“N,0O,
whereas, for supported vanadia catalysts the direct con-
version (15) of "NO to ""NH, is the predominant route.

Better elucidation of the mechanisms which occur on
chromia catalysts in the presence and absence of oxygen
will require direct observation of the surface species under
reaction conditions.

CONCLUSIONS

Isotopic labeling studies of the SCR reaction between
NO and '*NHj; have been performed for two forms of
chromia catalysts. The results show that:

1. In the presence of excess (1.8%) O,, and at suffi-
ciently low temperature, the combination reaction pro-
ducing nitrogen predominates. Thus, "*NN is the major
product below 200°C with amorphous chromia, and below
150°C with a-Cr,0;.

2. Some ammonia oxidation to produce N, rather than
N,O proceeds in parallel with the combination reaction
when oxygen is present. Ammonia oxidation increases
with increasing temperature and is considerably more pro-
nounced with crystalline chromia than with amorphous
chromia. Thus, at =200°C '"*N"N is the major form of
nitrogen observed over amorphous chromia, whereas,
crystalline a-Cr,O; produces nitrogen largely by ammo-
nia oxidation.

3. At higher temperatures in the presence of oxygen,
production of “N*NO becomes significant. This product
is always the most abundant nitrous oxide, and hence the
undesirable formation of nitrous oxide arises from the
reaction of NO and NH, and not from ammonia oxidation.
No evidence of “N*NO was observed by FTIR spectros-

copy, indicating preservation of the N-O bond of the
nitric oxide molecule.

4. In the absence of oxygen the reaction between "NO
and "“NH, is much slower. Under these conditions the
isotopic product distributions over the two forms of
chromia are very similar. Below 250°C “N,0, reflecting
NO decomposition, is the largest nitrogen-containing
product. At higher temperatures, the amounts of the ni-
trous oxides (*N,O and "“N'NO) decrease, and the
amounts of their corresponding nitrogens (N, and
“NN) increase. One possible contributor is the decom-
position of N,O due to a reaction conforming to the follow-
ing overall stoichiometry:

3N,O + 2NH,— 4N, + 3H,0.

5. Small concentrations of oxygen (=1000 ppm) are
sufficient to prevent the formation of '*'N,O which occurs
in the absence of O,. There is a threshold O, concentration
above which further increases in the O, concentration
have little influence on the product distribution.

6. Tentative mechanisms have been proposed for the
formation of the major products, but the detailed steps
in these processes have yet to be positively identified.
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