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The role of surface oxygen on chromia for the reaction of nitrogen oxide (NO) with ammonia 
(NHd was investigated. The activity of preoxidized catalyst was initially very high but settled to a 
stationary value in a few minutes after the surface oxygen had been consumed. There are two kinds 
of surface oxygen, of high and low oxidizing power. The former is that of chromate and is 
responsible for the initial high activity. Both NO and NH, are activated by the oxygen of surface 
chromate, NO as a nit&o-type species and NH, as the dissociatively adsorbed state. Second, 
surface hydroxyl plays a role for the activation of ammonia. Two reaction paths are present for the 
formation of nitrogens, namely, nit&o species with a fragment of dissociatively adsorbed ammonia 
and nit&o species with ammonium ion. 

INTRODUCTION 

In our previous studies, the reaction of 
NO with NH3 over Fe,0pA1,03 (I), 
Cr,03-A&O3 (2, 3), and Cr,Os (3) catalyst 
was studied, mainly by the isotope-labeling 
technique. From the viewpoint of environ- 
mental chemistry, the mechanism of the 
reaction in the presence of oxygen is of 
primary concern. This is not only because 
actual exhaust gases contain a considerable 
amount of oxygen but also because such 
oxygen enhances the catalytic activity to a 
considerable extent (4). However, the 
study of the three-reactant system, NO, 
NH,, and 02, is accompanied by experi- 
mental difficulty. Unless an extremely low 
pressure of NO is employed, NO and 0, 
react homogeneously to form NO, and sub- 
sequent interaction with NH, finally gives 
some adduct which makes reaction studies 
impossible. 

Instead, our approach is to clarify the 
reaction mechanism over preoxidized cata- 
lyst. It was already pointed out (3) that 
preoxidation showed a pronounced effect 
on activity, which is similar to the effect of 
gaseous oxygen. Several suggestions have 
already been made in order to account for 

the effect of gaseous or surface oxygen. For 
example, Takagi et al. (5) suggested from 
their ir studies that NO is oxidized by 
gaseous oxygen to form NO, which then 
reacts with surface ammonium ion (NH,+). 
Several other investigators considered that 
surface oxygen promotes dissociative ad- 
sorption of NH, (4, 6). 

The main problems to be answered in this 
report are the following: (i) whether or not 
the surface oxygen is consumed during the 
reaction or, in other words, whether oxy- 
gen takes a part in the stoichiometry of the 
reaction; (ii) what kind of oxygen species 
are responsible for the enhancement of the 
activity; and (iii) how the oxygen species 
take part in the elementary steps of the 
reaction. 

Chromia catalyst is suitable for this kind 
of study because the behavior of surface 
oxygen on chromia has been extensively 
studied (740). 

EXPERIMENTAL 

Catalyst. Chromia was prepared as fol- 
lows. Chromium nitrate was hydrolyzed 
with aqueous ammonia at room tempera- 
ture. The resulting slurry was washed with 
ion-exchanged water several times, dried at 
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100°C for 1 day, and calcined in an air flow 
at 600°C for 3 hr. The method is the same as 
reported previously (2). The BET area of 
the catalyst was 24 m2/g. X-Ray examina- 
tion revealed that it was cr-chromia. 

Reaction. The reaction was carried out in 
a conventional vacuum-gas circulation ap- 
paratus, the details of which are given 
elsewhere (2). Before the activity tests 
were made, the following pretreatments 
were performed in situ; 1-hr reduction with 
hydrogen at 300°C I-hr oxidation with 300 
Torr of O2 at a defined temperature, and l- 
hr pumping at 150°C. 

Oxidation power distribution. The oxida- 
tion power distribution was measured by 
the method proposed by Uchijima et al. 
(11). The method consists of oxidation- 
reduction titration by iodometry in several 
media of different pH. When a medium of 
high pH is used, only strong sites are able 
to oxidize KI. On the contrary, when a 
medium of low pH is employed, weaker 
sites also play a role for the oxidation. Then 
the oxidation power distribution is deter- 
mined in an integral form. 

Temperature-programmed desorption 
(TPD) studies. The TPD apparatus was of 
the vacuum type, equipped with a mass 
spectrometer (Shimazu, MASPEQ 070) for 
analysis of desorbed products and with a 
Pirani gauge for measuring pressure. The 
system was continuously pumped through a 
capillary during the measurement; when 
desorption takes place, the pressure of the 
system increases and when the desorption 
ceases to occur the pressure returns to a 
stationary value, thus giving rise to a TPD 
profile. 

Preoxidation of the catalyst was effected 
by the same sequential procedure as that 
for reaction studies. 

Adsorption of nitrogen oxide and ammo- 
nia, or a mixture of the two, was carried out 
at room temperature for 30 min. The mix- 
ture, [NO + NHJ, had been well mixed 
and stored in a gas holder, in order to 
ensure that both reactants contacted with 
the catalyst at the same time. If the adsorp- 

tions of the two reactants were done se- 
quentially, the obtained TPD profiles were 
affected by the sequence of the contact. 

TPD profiles of desorbed gases are illus- 
trated in the following figures by plotting 
heights of parent peaks of each desorbed 
species in the mass spectrometer. Scanning 
over the range, m/e = 4 to 80, was done 
within 1 min. TPD profiles were also re- 
corded with a Pirani gauge connected to a 
recorder. Since this gives a continuous 
curve, the shoulders of peaks, if they exist, 
can be found with better accuracy. 

Gases. NO and NH3 were obtained from 
commercial cylinders. They were purified 
by vacuum distillation before use. ‘So, (‘80 
fraction, 99.5%) was supplied by the Japan 
Isotope Association and was given no fur- 
ther treatment. 15NH, was obtained by the 
same procedure as described elsewhere (3). 
The atomic fraction of 15N was 96%. 
Throughout the paper, isotopically labeled 
atoms are written as N or 0. Chemical 
formulas are generally used to distinguish 
isotope species. When the name of a com- 
pound appears, it is for the general descrip- 
tion of the behavior of the compound. 

RESULTS 

Preliminary Studies 

When the mixture of nitrogen oxide and 
ammonia was contacted with the preox- 
idized catalyst at 150°C) a very rapid forma- 
tion of both nitrogen and nitrous oxide 
occurred in the first few minutes. Then a 
slow but steady formation of N, and N20 
was observed until either one of the reac- 
tants was depleted. The latter stage of the 
reaction is the catalytic reaction, the mech- 
anism of which had already been proposed. 
Steady formation was observed from the 
very beginning if the catalyst, which had 
been used for such a reaction study with a 
subsequent pumping at the same tempera- 
ture, was employed for the second reaction 
run (3). Our primary concern in this paper 
is to clarify the reaction mechanism which 
is predominant in the first stages of the 
reaction. 



NO + NH3 REACTION OVER OXIDIZED CHROMIA 

Nz and N,O produced in the first 20 min 
are termed “products from nonstationary 
reaction” in the sense that the surface is 
not stationary but changes in its oxidation 
state as the reaction proceeds. 

When the single reactant, ammonia, was 
contacted with the catalyst at 15O”C, the 
formation of the two products was also 
observed, but to a lesser extent. The con- 
tact of NO alone resulted in no appreciable 
change in gas-phase composition. 

The Effects of Preoxidation Temperature 

The amounts of the two products from 
the nonstationary reaction are plotted in 
Fig. 1 against preoxidizing temperatures. 
They increased with the temperature until 
250-3OO”C, but further increase of the latter 
had no effect. The amounts of both prod- 
ucts showed a similar dependence on pre- 
oxidizing temperature, indicating that ac- 
tive sites for the formation of Nz and N,O 
are closely related to each other. 

When CO was contacted at 150°C with 
preoxidized catalyst, CO, was produced. 
The experiment was done with a closed 
gas-circulation apparatus, equipped with a 
KOH-packed column by which the pro- 
duced CO, was trapped. Since dispropor- 
tionation of CO (2C0 + CO, + C) did not 
occur under these conditions, the amount 
of produced CO, was an exact measure of 
the amount of reactive oxygen on the sur- 
face. Figure 1 also shows the plots of 
produced CO, against preoxidation temper- 
atures. A similar dependence on the tem- 
perature to that for Nz, N,O formation is 
apparent. The similarity is physically ac- 
ceptable if we consider that the nonsta- 
tionary reaction of NO with NH3 accompa- 
nies the consumption of surface oxygen. 

It is possible to estimate the amount of 
surface oxygen consumed during the reac- 
tion of nitrogen oxide with ammonia if we 
use isotope-labeled ammonia, NH,, as one 
of the reactants (3). The stoichiometry of 
the reaction gives the following equation 
(1): 

c 
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FIG. 1. Effect of preoxidation temperature on the 
amount of N, (0) and N,O (0) produced by the 
“nonstationary reaction” of [NO + NHJ and on the 
amount of CO, (0) formed upon contact of CO with 
the preoxidized catalyst. Preoxidation: with 300 Torr 
of O2 for 1 hr, reaction of [NO + NHJ; at 150°C with 
so = PNH3 = 150 Torr, reaction of CO; at 150°C with 
150 Torr of CO. 

Consumed O-atom on the surface 
= t{[NN] + 3[r;JNO]} 

- 2[NN] - [NNO], (1) 

where the bracket means the amount of 
individual species produced. If, contrary to 
experimental finding, the formation of fiti - - 
or NNO had occurred, a different formula- 
tion should be encountered. Table 1 shows 
the results of NO with NH,, in which 
corrections were not applied for the pres- 
ence of unlabeled ammonia in the reactant. 
The value of Eq. (l), after the correction, 
was 0.13 mg-atom/g-cat., which is in good 
accordance with the amount of CO, pro- 
duced (0.12 mg-atom/g-cat.). 

TABLE 1 

The Amount of Isotopically Labeled Products from 
Nonstationary Reaction” 

Products (mmol/g cat.) 

I;IN NN RN0 NNO Value of Eq. (I)* 
0.259 0.0406 0.0466 0.0174 0.13 mg-atom/g-cat. 

a Reaction conditions: at 150°C with the mixture, 
150 Torr of NH, (96% ti) and of NO; pretreatment 
with 300 Torr of 0, at 300°C for 1 hr. 

* Corrections were applied for the presence of NH3 
in the reactants. 
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Oxidizing Power Distribution of Surface 
Oxygen 

The oxidizing power distribution, as 
measured by Uchijima’s method, is given in 
Fig. 2. It seems that there are two types of 
oxygen, of high and low oxidizing power, 
on the surface, although a distinct differ- 
ence is not so clear in the integral form. 
Differentiation with respect to pH reveals 
minimum at pH = 9.0. Oxygen of high 
oxidizing power (PH > 9.0) amounted to 
0.1 mg-atom/g-cat . , which roughly corre- 
sponded to the amount of oxygen con- 
sumed during the reactions, NO + RH, and 
CO + preoxidized catalyst. 

No strong site (of high oxidizing power) 
was found on “used” catalyst which had 
been subjected to a reaction NO + NH,, 
but a weaker site (of low oxidizing power) 
still remained. 

TPD Studies of Oxygen 

TPD profiles of surface oxygen on cata- 
lysts which had been treated at various 
temperatures are given in Fig. 3. Two peaks 
appeared, at 380 and at ca. 550°C. The 
maximum of the latter peak was uncertain 
because the temperature rise was stopped 

jyh . \I 

.o 8.0 9.0 10.0 11,O 
PH OF MEDIA 

FIG. 2. Oxidation power distribution. Amount of 
surface oxygen consumed for oxidation of KI as a 
function of pH of media. Curve (a), “fresh catalyst” 
which was preoxidized with 300 Tot-r at 0, at 300°C for 
1 hr; curve (b), “used catalyst” which was subjected 
to the reaction of NO + NH,, the reaction conditions 
being the same as for Fig. 1. 

300 400 500 600 
TEMPERATURE (‘Cl 

FIG. 3. TPD profiles of oxygen. Pretreatment of the 
catalyst: with 100 Torr of 0, for 1 hr at (a) lOO”, (b) 
Ml”, (c) 200”, (d) 250”, (e) 3OW, and (f) 400°C followed 
by pumping at lSO”C, temperature rise 20”C/min. 

at 550°C. Both peaks were due to oxygen, 
as revealed by mass spectrometry. 

Areas of the peak at 380°C (integrated 
between 150 and SOO’C), which shows the 
relative amounts of oxygen desorbed in the 
temperature range, showed a similar depen- 
dence on the preoxidization temperatures. 
This fact indicates that the reactive oxygen 
so far discussed gives the peak at 380°C. It 

100 200 300 400 500 600 
TEMPERATURE ("0 

FIG. 4. TPD profiles of CO adsorbed on preoxidized 
catalyst (solid line). Broken line shows TPD of oxy- 
gen, which. is the same as that gjven in Fig. 3(c). 
Preoxidation with 300 Tot-r of 0, at 200°C for 1 hr; 
adsorption of CO, with 100 Tot-r of CO at room 
temperature for 30 min. 
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is supported by the finding given in Fig. 4, 
in which the TPD profile of CO adsorbed on 
oxidized catalyst is shown. The peak at 
380°C disappeared and CO2 was -produced. 
On the other hand, the peak at 550°C did 
not change at all. 

The TPD profile of NO adsorbed on o,- 
preoxidized surface is given in Fig. 5. There 
are two species which have a mass number 
of 32, NO and OZ. However, it was easy to 
distinguish the two possibilities. NZ) or 02, 
when Fig. 5 was compared with the same 
experiment but in which the preoxidation 
was done with 0,. It was found that desorp- 
tion of nitrogen oxide did not occur at 
temperatures higher than 300°C. 

The three isotope species 02, 00, and 6, 
desorbed in the same temperature range 
with similar TPD profiles. Integration of the 
three peaks gave the relative amounts of 
the three isotopic oxygens (because of iden- 
tical sensitivity to mass spectrometry), 
from which the atomic fraction of d (0) in 
the desorbed oxygen was calculated to be 
0.34. Suppose that the desorption of oxy- 
gen occurs by random pairing, then the 
relative amount of 02, 00, and c), can be 
expected from the knowledge of the aver- 
aged d fraction, 8 = 0.34. The expected 

100 200 300 400 500 
TEMPERATURE (“Cl 

FIG. 5. TPD of NO adsorbed on 02-preoxidized 
catalyst. Pretreatment: 3WC, 1 hr with 100 Torr of dz, 
following by pumping at 150°C. NO adsorption: WC, 
30 min with 100 Torr of NO followed by pumping for 
30min.0, m/e = 30(NO);@,m/e = 32(Nb < 300°C 
or02 > 3OO”C);O, m/e = 34(06);m,m/e = 36(0,). 

Gas phase 00 00 00 

Desorption 
T T T 

Surface 

rd$o rdesIaeJ '&Kd 

0 0 0 

Calculated ratio 

based on e-0. 34*B2=O-116 zB(l-e)=o.449 (l-812=0.435 

Observed ratio 0.135 0.428 0.437 

FIG. 6. Scheme for oxygen desorption. 0, atomic 
fraction of d on the surface. 

ratio of the three isotopic species is in good 
accordance with the expected ratio, as 
given in Fig. 6. This clearly shows that all 
the oxygen molecules lost their molecular 
identity on the surface. Also, all the resul- 
tant species were equivalent. 

It is noteworthy that the value of 8, 0.34, 
is that for the surface at 300°C. A higher 
value is expected for the initial surface, 
because nitrogen oxide which had desorbed 
at the lower temperature had taken off a 
part of 0 from the surface. 8 for initial 
surface can roughly be estimated to be 0.54, 
from a knowledge of the amount of de- 
sorbed No. One might be afraid that NO 
adsorption-desorption phenomena may af- 
fect oxygen desorption. However, we have 
also measured the TPD of &-oxidized cata- 
lyst, on which no NO adsorption was done. 
Completely the same conclusion was ob- 
tained, except that 8 was different. 

Nitrogen Oxide Desorption 

A peak of nitrogen oxide appeared at 
around 100°C (see also Fig. 5). No other 
peak was found, indicating that only one 
kind of adsorbed species is present on the 
oxidized surface. This was also confirmed 
from the TPD profile obtained with a Pirani 
gauge, which affords a better criterion for 
the absence of any other peak. Desorption 
of NZ) also occurred at the same tempera- 
ture range as did NO. Little NO appeared 
in gas phase during the contact of gaseous 
NO with &oxidized surface. The findings 
suggest that nitrogen oxide adsorption oc- 
curs on a surface oxygen giving nitrogen 
dioxide-like species, one of whose oxygen 
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is left on the surface upon desorption. In- 
teraction of NO with surface oxygen has 
already been postulated by one of the 
present authors (16). 

If we first assume the free nitrogen di- 
oxide ion (NOz- or NO&) or chelate-type 

/O\ 
structure N Cr as an adsorbed state, 

‘0’ 
we can anticipate the ratio NO/NO by the 
use of Eq. (2), since the two oxygen atoms 
in these species are equivalent. 

NO l-8+8/2- 2-8 -- 
NO - 912 8 * (2) 

With the knowledge of 0 = 0.54, the ratio 
becomes 2.7 which is smaller than the ob- 
served values, 5.7 at lOO”C, 3.6 at 2OO”C, 
and 2.7 at 240°C. Furthermore, the ob- 
served ratio was not constant throughout 
the temperature range as would be ex- 
pected for free nitrogen dioxide or chelate- 
type structure, but decreased with tempera- 
ture. 

These findings are satisfactorily ex- 
plained by assuming a nitrito-type species 
(I or III in Eq. (3)). In the recent review by 
Arai (13), such a species is considered as a 
probable adsorbed state of nitrogen oxide 
on oxidized surface. 

5 4 0 % 
N N I \ /N\& .8 

dr O - O\/ dr 
(3) 

(I) (II) (III) 

Exchange of 0 with 0 may take place 
through a chelate structure (II). The extent 
to which such exchange occurs, increases 
and approaches to equilibrium with temper- 
ature. Kugler et al. (14) suggested the che- 
late-type structure (II) as an adsorbed spe- 
cies while our view is that it is an 
intermediate (or an activated complex, in 
other words) for exchange of oxygen. The 
main difference between that work and ours 
is that Kugler et al. prereduced their cata- 

lyst on which coordinatively unsaturated 
chromium ions may be present, while we 
preoxidized the catalyst. 

TPD of NH3 

Figure 7 illustrates TPD profiles when 
NH3 was adsorbed on the preoxidized sur- 
face. Decomposition of NH3 to Nz and N,O 
occurred at 240°C. The important finding 
for our present purpose is that the peak at 
380°C disappeared, indicating reactive oxy- 
gens were consumed during the decomposi- 
tion of ammonia. Unreacted NH, and pro- 
duced H,O was also found in the gas phase 
at around 200°C or higher; however, quanti- 
tative analysis was impossible because of 
the restrictions of the mass spectrometer. 

TPD of [NO + NH31 Mixture 

TPD profiles for [NO + NH,] mixture are 
given in Fig. 8. Desorption of oxygen at 
380°C disappeared. Formation of NN 
which is a major product in reaction studies 
(I) occurred with two maxima, 120 and 
240°C (peaks A and B, respectively), indi- 
cating that two reaction paths are present. 
The characteristic of peak B is that is ac- 
companies simultaneous formation of RN, 
NNO, etc. These findings as well as that 
given in Fig. 6 strongly suggest that oxida- 

100 200 300 400 
TEMPERATURE (‘0 

FIG. 7. TPD of NH3 adsorbed on preoxidized cata- 
lyst. Pretreatment the same as that given in Fig. 5 
except that 0, was used instead of 6,. NH1 adsorption 
at room temperature for 30 min with 10 Torr of NH,. 
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100 200 MO 400 500 
TEMPERATURE ("Cl 

AM/E =31, NO 

FIG. 8. TPD of [NO + AH,] mixture adsorbed on 
preoxidized catalyst. Pretreatment the same as that 
given in Fig. 7. Adsorption at room temperature with 
equimolal mixture of [NO + NH,], 20 Tots. 

tive decomposition of ammonia occurs in 
the temperature range 200 - 3Oo”C, and a 
resulting fragment is an intermediate for the 
formation of RN. In other words, as soon 
as a fragment of ammonia is produced, it 
reacts with neighboring species by all 
means. It gives fiN when nitrogen oxide (or 
most likely nitrito-type species as described 
in the previous section) is present as a 
nearest neighbor. If there is no such species 
but another fragment as neighbor, it gives 
fiti’, N6J0, etc. This view explains why 
fifi or NfiO appears in the TPD experi- 
ment while they do not in the reaction 
studies. In reaction circumstances, there 
are sufficient amounts of nitrogen oxide in 
the gas phase. When nitrogen oxide on the 
surface is depleted, it is supplied from the 
gas phase. Thus, any surface fragments 
have chances to interact with the most 
favorite opponent, which makes the reac- 
tion selective. In the TPD experiment, 
however, the relative amount of NO and 
6lH, on the surface is different from stoi- 
chiometry, and the excess amount of fiH, 
has no other chance than coupling with 
itself. 

The characteristic feature of peak A, 
formation of NN at about 120°C is that RN 
uniquely appeared at this temperature. In 

100 200 300 400 500 
TEMPERATURE ("C) 

FIG. 9. TPD of [NO + RH,] mixture adsorbed on 
preoxidized-hydrated catalyst. Pretreatment the same 
as that given in Fig. 7, followed by contact with 20 
Torr of H,O for 30 min with subsequent pumping at 
room temperature for 30 min. Adsorption the same as 
that given in Fig. 8. 

order to obtain further information on peak 
A, the following experiments were done. 
Figure 9 shows the TPD profile of the 
mixture adsorbed on oxidized-hydrated 
surface. Peak A became larger and B 
smaller. Figure 10 shows the same experi- 
ment for the catalyst which had been sub- 
jected to oxidation-pumping at 400°C fol- 
lowed by the standard preoxidation 

TEMPERATURE ("0 

FIG. 10. TPD of [NO + NHJ mixture adsorbed on 
highly dehydrated-oxidized catalyst. Pretreatments: 
400°C for 1 hr with 100 Torr of O2 and pumping at 
400°C for 1 hr, followed by the same preoxidation 
procedure (see Fig. 7). Adsorption the same as that 
given in Fig. 7. The peaks of m/e = 46 were small and 
thus omitted. 
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procedure. Peak A became smaller and 
peak B remained unchanged. In the situa- 
tion given in Fig. 9, one could expect an 
increase in the number of surface hydroxyls 
and, in the situation of Fig. 10, a decrease. 
These facts suggest the participation of 
surface hydroxyl. Zecchina et al. (15) sug- 
gested that surface hydroxyl on chromia is 
very difficult to remove even by pumping at 
a temperature higher than 400°C. Accord- 
ingly, it is not unreasonable that peak A still 
remained in TPD of Fig. 10. In connection 
with these findings, we recall the reaction 
mechanism proposed by Takagi et al. (5), 
who suggested that ammonium ion reacts 
with nitrogen dioxide on the surface of 
v,os.. 

DISCUSSION 

Reactive Oxygen Species 

It is known that the phase change in 
chromia (amorphous to o-form) occurs at 
400°C and that this is promoted by the 
presence of gaseous or surface oxygen (7- 
9). It is supposed by Zecchina et al. (8) that 
the phase change occurs through surface 

migration of chromate ion [CrOJ-. They 
also stated that oxygen atoms adsorbed on 
coordinatively unsaturated C13+ (CI$!‘:,) 
do not desorb even at 400°C. Weller and 
Voltz (20) showed that “islands” of chro- 
mate structure were formed when chromia 
was heated with O2 at high temperature. 
Bukaneva et al. (12) suggested that chro- 
mium ions of intermediate valency, e.g., 
Cr5+, which are common on A&O,-sup- 
ported chromia catalysts, are not stable on 
unsupported chromia. Based on these 
views, the reactive oxygen which is of high 
oxidizing power (Fig. 2), which desorbs at 
380°C (Fig. 3) and which readily reacts with 
CO at low temperatures (Figs. 1 and 4) is 
that of surface chromate. We have also 
confirmed the presence of hexavalent chro- 
mium ions when preoxidized catalyst was 
subjected to water extraction. 

The results given in Fig. 5 (oxygen de- 
sorption) also support the view, because 
the oxygens in chromate are all equivalent 
and are atomic. Upon decomposition, half 
of the oxygen atoms in chromate couple 
with each other to form oxygen molecules. 
That is, 

Cr,O, + $0, --, 2Cr(O, 6), 

2Cr(O, 6),-, Crz(O, 0)3 + Q(O,, 06,&J. 

(4) 

(5) 

Mechanism of Nonstationary Reaction 

We shall discuss here the mechanism of 
the reaction, especially the formation of 
RN which was the major product in the 
reaction studies. The findings which are 
taken into consideration are as follows. (1) 
Oxygen of surface chromate plays a part in 
the stoichiometry of the reaction. (2) NO is 
adsorbed on surface chromate as an oxi- 
dized form (Fig. 5). (3) Oxidative decompo- 
sition of ammonia occurs at around 240°C 
and the resultant fragment is a probable 
intermediate. (4) Surface hydroxyl also 
plays a role, which affords an additional 
(alternative) path for NN formation. 

In addition, the following are also taken 
into account. Zecchina et al. (15) suggested 
that hydroxyl bonded to coordinatively un- 
saturated CI3+ (CX:,) is hardly removed 
even by pumping at 4OO”C, while oxida- 
tion-pumping cycles results in a remark- 
able decrease of it. The latter treatment 
corresponds to chromate formation and its 
decomposition. Based on this view, surface 
hydroxyl, which exists initially and on 
which ammonia is adsorbed, is bonded to 
Cr$, rather than to Cfl+. Ammonium ions 
may migrate on the surface and couple with 
nit&o-type species on chromate. This, 
however, does not exclude the possibility 
that hydroxyl on chromate structure pro- 
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duced during the reaction also plays a role decomposition of such species occurs at 
for the formation of ammonium ions. around 200°C and the resulting fragments 

The details of the dissociative adsorption (most likely NHJ interact with neighboring 
of ammonia are not clear. Tentatively, we species. Based on these findings and con- 
consider that the adsorption at room tem- siderations, the following schemes may be 
perature occurs through hydrogen bonding written: 
with oxygen on chromate. The oxidative 

0 
f 

0 0 

&+ -o- + NO------- -0-i-o 

8 i 

(I) 

NH3 y2 
0 6 0 

-o-$5+ -0- + NH3- -0-A-O d O-LO 

i ‘d bH 

(It) 

YH 
ONH, 

-o-cr,3Js 
I 

-0- + NH3 - -0-cr,,, -o- 

(III1 

(6) 

(71 

(8) 

NH4 

OH b 
’ ’ 

-O-i 5+ -0- + NH3 - -0-0 5+ -0 (9) 
0 i 

(lx) 

(I) + m= 
i ?” 

i;jN t H20+ -0-G-O-f-O- 

Id 0 

120°C 
(I) + (III) - GN + 2H 2 

0 

(I) + (rn) ? NN + 2H20+ -O-b--Cr-o- 

8 a 

(10) 

(11) 

(12) 

Surface chromate thus loses its oxygen as 
the reaction proceeds and finally becomes 
a-chromia. 

Strictly speaking, the mechanism given 
here is not for the “catalytic reaction” but 
for the stoichiometric reaction of NO + 
NH, with surface oxygen. It is probable, 
however, that the catalytic sequence may 

be completed by the reoxidation of surface 
by gaseous oxygen. In usual circumstances, 
exhaust gas contains a large excess of oxy- 
gen and the temperature is high enough to 
oxidize Cr3+. 
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