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The reaction of NO with BNH; was studied over 9.39%, Cr,0;-Al,0; and Cr;0; as catalyst;
relevant properties characterizing these oxides are described in Part I (preceding paper). The
main isotope species in the products, nitrogen and nitrous oxide, were 8NN and NNO when
the reaction proceeds in a stationary state. A noncatalytic reaction of NO with prereduced
surface to give NN was also significant, especially in the beginning. When the catalyst was
preoxidized, the reaction was greatly enhanced and a large amount of NNO was found. It is
concluded that the reaction takes place on surface oxygens.

INTRODUCTION

Attention has recently been focused on
the reaction of NO 4 NH; from both theo-
retical and practical points of view. Otto
et al. (1) studied the reaction mechanism
by means of the isotope labeling technique.
The main isotopic species in the nitrogen-
containing products were NN and NNO,
although considerable amounts of NNO
and NN were also produced (N denotes the
isotope-labeled nitrogen atom from am-
monia, *NH;). They explained the results
on the basis of the relative amounts of
surface fragments derived from NHj, i.e.,
NH;, NH,, NH, and N. The catalysts em-
ployed in their studies were mainly noble
metals on which dissociative adsorption of
NH; was readily expected.

Generally speaking, the decomposition of
NH; hardly takes place on metal oxides,
indicating that no dissociative adsorption
occurs. Thus the study of the reaction
mechanism for NO 4+ NH; over metal
oxide catalysts will give a new light on

! For Part 1, see Ref. (4).

general understanding of the reaction.
Takagi et al. (2) suggested from their ir
studies that the reaction over V,0; cata-
lyst in the presence of O, proceeds through
the coupling of NO,-like species with the
ammonium ion. The view is, however,
limited to but one of the elementary steps.

The following scheme was proposed in
our preceding study on the reaction of
NO + NH; over Fey,03-Al0; catalyst (3):

NO + NH; - NN + H,0 + H, (a)
2H + 2NO — 2HNO — N,O + H,0. (b)

Combining Eqgs. (a) and (b) yields total
stoichiometry :

4NO + 2NH; = 28N + N,0 + 3H,0.

The nitrogen atom which comes from am-
monia is written here as N in order to dis-
tinguish it from that which comes from
nitrogen oxide. The proposed scheme was
based upon the following findings: (i) The
ratio of nitrogen/nitrous oxide in gas phase
products was 2 and was independent of
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ratio of the products, N,/N,0

initial ratc of NZ formation (Torr/min)

0 U..l 0.2 0.3 0.4 0.5 0.6

extent of reduction (!(2 consumed, mmol/g-cat}

Fra. 1. Correlations of the initial rate of N,
formation or N3/N:O ratio with the change in the
extent of reduction: (1) fully oxidized catalyst;
treated with 300 Torr of O at 300°C for 1 hr; (2)
treated with 26 Torr of H; for 10 min after full
oxidation; (3) treated with 120 Torr of H; for 2 min
after full oxidation; (4) treated with 150 Torr of
H; for 5 min after full oxidation; (5) treated with
300 Torr of H; for 1 hr after full oxidation.

reaction temperature. The ratio of 2 is
readily explained in terms of total stoi-
chiometry, (ii) The main products of the
NO + NH; reaction were NN and NNO
where N is isotopically labeled nitrogen,
15N.

The purpose of the present study is to
confirm the above scheme over Crs0;—AlyO;
and Cr;0; catalysts and to clucidate the
nature of the active sites and the role of
oxygen on the surface. These catalysts were
suitable for the latter purpose because they
are sensitive to reductive and oxidative
pretreatments. In Part I (4) the activities
of various Cr:05-Al,O; catalysts were
studied. The activity pattern showed two
maxima when plotted against Cr content,
at 9.39 Cr and 1009, Cr. Based on these
results, the reaction mechanism has now
been studied using these oxides as charac-
teristic catalysts. 9.39% Cr;0;-Al,0; is re-
ducible, whereas Cr,Q; is irreducible (4).

EXPERIMENTAL METHODS

The reaction was carried out in a con-
ventional gas circulation system, the total
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volume of which was 274 e¢m?® Except for
the experiment of Fig. 1, the catalysts were
pretreated in the following way, viz, pump-
ing at 200°C for 1 hr under 10—* Torr,
prereduction with 300 Torr of H; at 300°C
and pumping at 300°C for 1 hr under 104
Torr. Reaction runs were repeated several
times between which no treatment other
than pumping at the reaction temperature
was done. Stationary activity was estab-
lished after several runs, indicating that no
further change in oxidation state of the
surface occurs. Such a surface is hereafter
termed ‘‘stationary surface.”” The reaction
was carried out at 200°C where mass trans-
fer from the bulk gas stream to the surface
of the catalyst did not affect the global rate.

LNH; was obtained from the reaction of
(**N'H,),80, with KOH. An aqueous solu-
tion of KOH was poured on »N-ammonium
sulfate powder first at room temperature
and afterwards at 50-60°C. The liberated
NH; was trapped and then was subjeccted
to the same treatments for the purification
as deseribed in Part I (4). The stated value
for the isotope concentration of N in
ammonium sulfate was 969%,.

Other experimental details are given in
Part I (4).

RESULTS AND DISCUSSION
Rate Equation

The effects of initial pressure on the ini-
tial rate of reaction at 200°C were studied
for the two catalysts over the range of
Pxo = 50-300 Torr and Pyu, = 50-300
Torr. These results established power rate
expressions as follows:

r = kPNOI'OPNHs[] for 93% CI‘203-A1203,
r = k’PN00'7PN1130'2 fOI‘ CI‘203.

Isotope-Labeling Studies over Prereduced
Catalyst

Isotope distributions in the products,
nitrogen and nitrous oxide, as a function of
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TABLE 1

Isotope Distributions in Nitrogen-Containing Products in the Reaction of
NO + NH; over Prereduced 9.39, Cr:05-AlOy

Run Time Product distribution () 3[NNO] 4 [NN]
No. (min) - - 9[NN] + [NNO]
NN NN NNO NNO
1 10 39.1 39.4 214 0.0 0.39
20 429 35.9 21.2 0.0 0.46
40 45.6 31.8 22.6 0.0 0.52
60 471 29.7 23.2 0.0 0.57
2 10 56.2 20.6 23.2 0.0 0.92
20 59.0 18.2 22.8 0.0 1.00
40 62.2 14.8 23.0 0.0 1.18
60 64.0 12.2 23.8 0.0 1.33
3 10 56.3 21.3 22.4 0.0 0.87
40 64.3 13.0 22.7 0.0 1.32
60 65.3 114 23.3 0.0 1.42
4 10 64.7 15.3 20.0 0.0 1.28
20 64.2 14.6 21.2 0.0 1.27
40 70.7 12.2 17.1 0.0 1.70
60 68.7 9.5 21.8 0.0 1.68

¢ Reaction temperature, 200°C; catalyst: 9.39; Crqs0;-Al,0;, 1.0 g, prereduced with 300 Torr of H; at
300°C for 1 hr; initial pressures: Pyo = 100 Torr, Py, = 50 Torr.

reaction time and of run number are listed
in Table 1 for Cr:0:~Al:0; and in Table 2
for Cr.0s, respectively.

The key features of the results for 9.39,
Cr:03-AlO; are as follows. (i) The main
products are NN and NNO. NN, NNO, or
NNO is hardly found. NN was also found,
especially in the first run. (ii) The isotopic
composition of the products is affected by
the oxidation state, i.e., the composition
is dependent on the number of runs as well
as on reaction time. These qualitative
features arc similar to those found for
FFe,03-Al,0;5 catalyst (3).

While the ratio, NN/NNO, was found to
be equal to 2 for the reaction over the sta-
tionary surface of Fe,03;-Al:0; (3), this
ratio was higher than 2 over Cr,03—Al0;. It
was confirmed from scparate experiments
that N, was produced from the decomposi-
tion of N;O or the reaction of N;O + NHs,
although the extent to which the reaction

oceurs over the stationary surface was
rather small. The reaction of N,O with a
reduced surface was also confirmed to be
significant. Since reduction of the surface
was expected to take place during the
pumping, this reaction may influence the
ratio, NN/NNO. Hence, the ratio is not a
decisive paramcter in theis case. The
amount of NN was largest for the first run
for which the catalyst was pretreated with
Ho.

The results for Cry0; are given in Table
2. The general feature is similar in that the
main products are NN and NNO. Never-
theless, there are some significant differ-
ences between the results for 9.39, Cr,0;-
AlOs and Cr;0;3. No NN was found, indi-
cating that the decomposition of NNO
hardly occurs over CryO;. On the other
hand, NNO, which was not produced over
9.39% Cr.03;-Al,0;, was observed to a con-
siderable extent. These results were not
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TABLE 2

Isotope Distributions in Nitrogen-Containing Products in the
Reaction of NO 4+ NH; over Prereduced CryOs¢

Run  Time Product distribution (%) [NN] 3[NNO] + [NN]
No.  (min) - 2[NNO] — 3{NNO] 2[NN]+ [NNO]
NN NN  NNO
1 10 59.0 0.0 35.3 5.7 1.10 2.16
20 59.3 0.0 34.8 5.9 1.14 2.21
40 59.1 0.0 35.2 5.7 1.11 2.16
60 57.9 0.0 36.4 5.7 1.04 2.06
2 10 60.1 0.0 35.8 4.1 1.01 2.02
20 57.6 0.0 37.7 4.7 0.94 1.90
40 61.8 0.0 33.0 5.2 1.02 2.35
60 59.6 0.0 34.9 5.5 0.94 2.18

@ Reaction temperature, 200°C; catalyst; Cr,0s, 1.0 g, prereduced with 300 Torr of H; at 300°C for 1 hr;

initial pressures:; Pyo = 100 Torr, PRa, = 50 Torr.

dependent on the number of runs or reac-
tion time.

The ratio, BNNO+NN)/(2NN+4NNO)
listed in Tables 1 and 2 gives the balance
of reductant (H) and oxidant (0). The
formulation is derived from the following
considerations. Stoichiometric equations
can be written as (c¢)-(f), but note that
these are not elementary reaction steps
from the kinetic point of view.

NO + NH; = NNO + 3H, (c)
NO + NH; = NN + H + H,0, (d)
NO + NO = NNO + 0, (e)
NO + NO = NN + 20. )

The formation of one NNO molecule, which
comes from one NO and one NH; molecule,
requires three hydrogen atoms to be re-
moved. In other words, 3 X [amount of
NNO produced ] corresponds to the amount
of hydrogen atoms to be removed away.
Only one hydrogen atom is produced in
the formation of NN, because the two
other hydrogen atoms from NH; couple
with the oxygen atom from NO to produce
H,;0. Thus the numerator, 3NNO + NN,
means the net amount of H atoms. In the
same way the denominator, 2NN + NNO,

gives the net amount of O atoms on the
formation of NN and NNO.

If the ratio is equal to 2, no change in
surface oxidation state takes place, because
hydrogen and oxygen atoms combine with
each other to form H,O. This is the situa-
tion taking place over the stationary sur-
face. If, on the other hand, the value is
smaller than 2, the amount of the oxidant
is larger than that corresponding to stoi-
chiometry and an excess amount of O
atoms has been consumed for the oxidation
of the surface. Note that no H; or O; was
found in the product under any reaction
conditions. As a matter of fact, the ratio
for 9.39, Cr,0;-Al,0; is far lower than
2 in the first run but it increases with the
number of runs. It becomes closer to 2 in
the fourth run, indicating that no further
change in oxidation state occurs. It should
be noted that the ratio is always lower in
the first measurement of a run than in the
final measurement of the preceding run
(refer to run 2 row 4 vs run 3 row 1 and run
3 row 3 vs run 4 row 1), except for the
comparison between the first and the
second runs (run 1 row 4 vs run 2 row 1).
This indicates that some reduction or de-
sorption of oxygen occurs during the pump-
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ing. Since the values listed in Table 1 are
integrated ones, it never becomes equal to
2 even if stationary surface is established
after several minutes of reaction. This is
the reason why the ratio was not exactly
equal to but slightly less than 2. This ratio
is, on the other hand, close to 2 for Cr.0;
from the very heginning. This corresponds
to the finding (4) that Cr;0; is hardly re-
duced under the condition given in (4,
Fig. 3).

In summary, schemes (a) and (b) which
were proposed before (3) are approximately
valid for the reaction over the stationary
surface of the catalysts. Over a prereduced
9.39, Cry03;-AlLO; catalyst, the reaction of
NO is accompanied by oxidation of the
surface. No such reaction takes place on o
Cr,0; catalyst.

Effect of Preoxidation

As described in Part T (4), either prere-
duction or preoxidation caused marked
improvements in the catalytic activity. A
detailed study on Cry0; catalyst is de-
scribed here in order to clarify the nature
of active sites. The procedure of the ex-
periments was as follows, The catalyst was
preoxidized with 300 Torr of O, at 300°C
for 1 hr. After pumping for 30 min at the
same temperature it was reduced with a
known amount of H, for various lengths of
time. The amount of H, reacted with the
catalyst was determined from the decrease
of the pressure. The system was evacuated
again at 300°C for 30 min. Then, 150 Torr
of NO and NH; were introduced and were
subjected to reaction at 200°C. The rate of
reaction was determined from the initial
slope of conversion vs time plots.

Tigure 1 illustrates the rate of N, forma-
tion or the initial No/N,O ratio versus the
amount of Ha consumed during the pre-
treatments. The latter value is an index
of the extent to which the catalyst is re-
duced from the fully oxidized state (herc-
after termed “the extent of reduction”).
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Fia. 2. The reaction of NO with the Cr;0; sur-
face. Reaction temperature, 260°C; catalyst: Cri0s,
1.0 g; pretreatment of the catalyst: pumping for
1 hr after several reaction runs to establish a sta-
tionary surface.

The initial activity of the fully oxidized
catalyst was so large that we could hardly
determine the slope. As an illustration in
Fig. 1, the slope was determined from the
origin and first experimental point (3 min
after the reaction was started). The cata-
Iytic activity reaches a stationary value
after 5 min.

The initial activity decreased with the
amount of consumed H, until the latter
value reached 0.25 mmol/g-cat. Then it
increased again, but slightly in the casc of
Crs0;, with the extent of reduction. The
value, 0.25 mmol/g-cat, might have some
physical meaning, because the number of
Cr.0; “molecules” which are exposed on
the surface is roughly estimated to be 0.28
mmol/g-cat. The estimated value was es-
tablished from the density of Cry0s, 5.2
g/em? and an experimentally determined
BET area, 23.5 m?/g-cat (4). Since we do
not know the erystallographic plane or
number of oxygen atoms per unit lattice
which is exposed on the surface, we could
not put much emphasis on the rough coin-
cidence, 0.25 vs 0.28 mmol/g-cat. What we
can say with some certainty is that the
oxidation—reduction congidered here is re-
garded as a surface phenomenon : oxidation-
reduction in the bulk solid is immaterial.
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TABLE 3

Isotope Distributions in Nitrogen-Containing
Products in the Reaction of NO + NH; over Pre-
oxidized CryOs°

Time Product distribution (%)  3[NNOJ + [NN]
(min) 2]NN] + [NNO]
NN NN NNO NNO
5 91.1 0.0 1.2 7.7 95.2
30 725 0.0 15.0 12.5 .
60 67.3 00 200 12.6 5.3

¢ Reaction temperature, 200°C; eatalyst: Crz203, 1.0 g, pre-
oxidized with 300 Torr of Oz at 300°C for 1 hr; initial pressures:
PNo = 100 Torr, Pnug = 50 Torr.

The isotope labeling technique was ap-
plied for the reaction over the fully oxidized
catalyst. It is apparent from the results
listed in Table 3 that NNO is the major
product, especially in the beginning. The
initial products ratio, NNO/NNO, over the
preoxidized catalyst, was as much as 6.4
while the value over the stationary catalyst
was 0.16 (Table 2, run 2). The oxidant-
reductant balance, (3[NNOJ] 4 [NN7J)/
(2INN] + [NNO]), was as much as 95,
indicating the surface was reduced during
the reaction.

DISCUSSION

The significant improvement in the cata-
Iytic activity by preoxidation suggests that
the active sites are surface oxygen. Addi-
tional evidence for this is the finding that
a similar activity vs Cr content pattern
was observed for both NO 4+ NH; and
NO 4+ CO reaction (4). The NO + CO re-
action consists of at least two elementary
steps (3, 8): two NO molecules combine to
form N,O and/or N, as a result of which
one or more oxygen atoms are left on the
surface (surface is oxidized). The oxidized
surface is again reduced by CO and the
catalytic sequence is completed. The rate
determining step is considered (§) to be
the second step, the reduction of the oxi-
dized surface. Then, the rate is propor-
tional to the amount of surface oxygen.
If we assume the active sites in the NO +
NH; reaction are surface oxygen, the simi-

NIIYAMA, MURATA AND ECHIGOYA

larity in both reactions is acceptable
because such a reaction rate is proportional
to the number of active sites. This view
also explains the findings reported by
Markvard and Pour (6) that the existence
of O: enhances catalytic activity in the
NO 4 NH; reaction.

Hence, reaction schemes can be written
in which the roles of the active sites are
involved :

NO HNH,
0 6 0
2lClr+ NO + NHa———>(l3r + (,?r———>
0O OH
NN 4+ H,0 + gr + (l3r, 1
HNO
OH ([)
2(l3r + 2NO — 2(,31' >
0
2gr + NNO + H,0, (2)
(0]
2NO + Cr —— NNO + gr, 3
0
N0+ Cr — Ny + gr, (4)
NO HNH,
0 6 ¢
2gr+NO+NH3——>ér+ér—+
OH
Cr + ér + NNO + H:0, (5)
OH 0
2(|Jr — gr + Cr + H,O0. (6)

Here, surface oxygen is tentatively written
as a double-bond type because such oxygen
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was considered to be a probable inter-
mediate in the reaction of NO 4- CO (7).

If the catalytic reaction procecds through
Eqs. (1) and (2), the products are NN and
NNO in which the ratio of NN/NNO is
equal to 2. This may be the case for the
reaction over the stationary surface of
9.39, Cr,0;-AL0;. However, another pos-
sibility should also be pointed out, namely
that the combination of reactions (1), (3)
and (6) also cxplains the above results.
Applying the steady state condition to
the surface, the ratio, NN/NNO, should be
equal to 2. Although the intermediate,
HNO, was found over Pt-Al,O; catalyst
(8), no such information has yet been
available for this system,

Over a prereduced surface, reactions
(3) and (4) occur and the surface is gradu-
ally oxidized until a stationary state is
established.

Over a preoxidized catalyst, reactions (5)
and (6) take place predominantly. Either
reaction (5) or the ecombination of (1) and
(6), or both of them, is the mechanism by
which the surface is reduced. These reac-
tions are responsible for the large enhance-
ment of rate which occurred in the first fow
minutes of the reaction.

As given in Table 2, such changes in the
oxidation state of prereduced Cr,Oj; are im-
material, because isotopic distribution of
the products does not change with the
number of runs and the hydrogen—oxygen
balance was established from the very
beginning. Nevertheless, NNO was found
to a considerable extent, and is indepen-
dent of reaction time as well as the number
of runs. Since NNO formation is accom-
panied by a reduction of the surface, the
surface oxidation process (3) should also
take place in order to account for such
stationary formation of NNO. Figure 2
shows the results when NO alone was con-
tacted with a stationary catalyst. The
formation of N.O was found in the begin-
ning. Since there is no NHj in the system,
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the surface was completely oxidized after
several minutes and the reaction ceased to
oceur.

In the steady state of the reaction, the
surface concentrations of Cr=0, Cr—-OH and
Cr are constant, that is,

d[Cr=0]
———=—7; 4+ 2r2s + 13
dt
—2rs 41 = 0, (7)
d[Cr-OH]]
—— =7‘1—27”2+7”5—27“6:0a (8)
dt
d[Cr]
_Tz—rs—{—’l'a"{"rﬁz‘o; (9)
«

where r is the rate of reaction and the sub-
scripts 1 to 6 refer to the reactions (1) to
(6). Reaction (4) was ncglected in this
derivation because no formation of NN
was observed. The combination of Egs.
(7) and (9) yiclds

1

2re + r3) — 3rs

=1 (10)

The rates of the reactions are approxi-
mately related to the integral amounts of
products.

[NN]~n, (11)
[INNO] =~ ry + 13, (12)
[(NNO] ~ r;. (13)

Substituting » by the integral amounts of
products,

[NN] 1
2[NNOTJ — 3[KNO]

(14)

Values are listed in Table 2 and are ap-
parently close to unity.

The adsorbed species of NO and NH; in
reactions (1) and (5) are tentatively written
in the formulas. Figure 1 in Part I (4)
shows that the inflection of the N, and
N,O formation vs reaction time occurred
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at the same point. This suggests that the
active sites for the reaction (1) and (5) are
the same and the selectivity, NN/NNO, is
determined “by chance.” This, however, is
not a stringent test to clarify it, because
the rate of reaction was so high that we
could not determine the inflection point
with good accuracy. Some possibility re-
mains that the nature of oxygen atoms re-
quired to promote Egs. (1) and (5) is
different from each other.

Several uncertainties for the scheme re-
main: for instance (i) whether the surface
oxygen responsible for the stationary ac-
tivity is the same as or different from that
for the initial high activity, and (ii) whether
both reactants, NO and NHj;, or only one
of them is activated on the surface oxygen.
Studies to distinguish such possibilities are
now in progress and will be presented in a
forthcoming paper.
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