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The NO-NH3 reaction on vanadium oxide catalyst under the dilute gas condition was markedly 
accelerated by the addition of 0,. The oxygen species responsible for the acceleration of the 
reaction has been found to be the vj+=O species on the catalyst; the rate of the NO-NH, reaction 
at a given O1 concentration was in proportion to the amount of the vj+=O species in the catalyst. 
On the basis of the results of the kinetics of the reaction in the presence of 01, the adsorptions of 
NH3 and NO, and the reaction of adsorbed NH, and gaseous NO, the mechanism of the NO-NH, 
reaction on vanadium oxide catalyst under the dilute gas condition has been established as follows: 
NH, is strongly adsorbed adjacent to Vj+=O as NH,+ (ad), whereas, NO is hardly adsorbed on the 
catalyst. Then, agaseous NO reacts with the adsorbed NHB, i.e., NH,+ (ad), to form N,, H20, and 
V-OH. The V-OH species is reoxidized to vj+=O by either gaseous 0, or bulk V5+=0 species. 
The rate of the NO-NH, reaction in the presence of 0, has been proven to agree with that 
calculated by using the transition state theory together with the above-mentioned mechanism. 

INTRODUCTION 

Attention is focused on the catalytic re- 
duction of nitric oxide with ammonia (the 
NO-NH, reaction) from the environmental 
point of view. Detailed mechanisms of the 
reaction have also been proposed for var- 
ious catalysts, such as precious metals (I- 
4), metal oxides (5-7), and zeolites (8-20). 
However, these mechanisms have been 
mainly obtained by using the closed gas 
circulating reaction technique coupled with 
the tracer technique or infrared measure- 
ments. On the other hand, in the industrial 
process, the flow reaction technique is em- 
ployed under the dilute gas condition. This 
condition is significantly different from that 
in the closed gas circulating reaction tech- 
nique. Although the mechanisms obtained 
by using the closed gas circulating reaction 
technique give valuable information on the 
reaction under the dilute gas condition em- 
ployed in the industrial process, when ap- 
plying the mechanisms to the reaction un- 
der the dilute gas condition, care must be 
taken to the difference in the experimental 

conditions, especially when the gaseous 
oxygen is concerned in the reaction. This is 
because, for instance, it is clear from the 
kinetic data of Bodenstein (II) that the 
oxidation of NO by O2 in the gas phase NO 
+ l/20, + NO*, takes place readily under 
the experimental condition using the closed 
gas circulating reaction technique, where 
concentrations of reactants are usually sev- 
eral tens Torr and the reaction time is 
around a few minutes or longer. On the 
other hand, according to the data of Boden- 
stein (II), the oxidation of NO by O2 in the 
gas phase can hardly occur under the dilute 
gas condition where concentration of NO is 
lower than 1000 ppm and the residence time 
in the flow reactor is usually shorter than 
0.1 sec. 

Vanadium oxide catalyst is used in prac- 
tice as one of the best catalysts for the NO- 
NH, reaction, because of its high activity at 
a lower temperature and of its high resist- 
ance to the poisoning by SO,. Further- 
more, under the dilute gas condition, it is 
well known that the rate of the reaction on 
vanadium oxide catalyst is much acceler- 
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ated by the addition of oxygen (12-14). 
Concerning the mechanism of the reaction 
of V205, Takagi et al. (7) proposed the 
following mechanism by using the closed 
gas circulating reaction technique: NO, 
(ad), produced by the reaction NO + l/20, 
+ NO, (ad), reacts readily with adsorbed 
NH3, i.e., NH,+ (ad), to form N2 and HzO, 
where (ad) refers to an adsorbed species. 
On the other hand, by using the pulse 
reaction technique, Miyamoto et al. (15) 
found that the rate of the NO-NH3 reaction 
on vanadium oxides with various oxidation 
states increases in proportion to the amount 
of the Vj+=O species on the catalyst. It is 
then evident that the oxygen species re- 
sponsible for the acceleration of the reac- 
tion differs very much depending on the 
experimental methods. Therefore, it is of 
vital importance to investigate precisely the 
NO-NH3 reaction under the dilute gas con- 
dition in order to establish the correct 
mechanism of the acceleration of the NO- 
NH3 reaction by oxygen under the dilute 
gas condition (16). 

In the present study, the authors investi- 
gated kinetically the details of the NO-NH, 
reaction under the dilute gas condition to 
propose the mechanism of the NO-NH3 
reaction in the presence of oxygen, which is 
applicable to the reaction in the industrial 
process. The validity of the mechanism was 
supported by the control experiments using 
pulse reaction technique, temperature-pro- 
grammed desorption technique (TPD), and 
infrared in situ measurements. 

NOMENCLATURE 

A, Absorbance at a given wave number, 
0 

c N,, Concentration of NO in the gas 
phase, mole/cm3, molecules/cm3, or 
mm 

c NW Concentration of NH, in the gas 
phase, mole/cm3, molecules/cm3, or 
wm 

G2 Concentration of 0, in the gas phase, 
molecules/cm3 or percentage 

C, Number of Vj+==O species on the 
surface of Vz05, molecules/cm* 

E Activation energy, Cal/mole 
F+ Partition function of the activated 

complex 
FA Partition function of A species 
j$ Translational partition function of A 

species 
f& Rotational partition function of A 

species 
flib Vibrational partition function of A 

species 
h Planck’s constant, erg * set 
k Reaction rate constant, cm3/g * set 

or cm/set 
kB Boltzmann’s constant, erg/deg 
R Gas constant, cal/deg . mole 
r Reaction rate, mole/g. set or 

molecules/cm2 * set 
T Absolute temperature, K 

EXPERIMENTAL 

V,O, was prepared by the thermal de- 
composition of ammonium metavanadate in 
the stream of oxygen at 500°C for 3 hr. The 
BET surface area of the catalyst was 5.4 
m*/g. Kinetic studies were carried out with 
a conventional flow reactor under the dilute 
gas condition. Concentrations of reactants 
were varied ranging from 0 to 2000 ppm for 
both NO and NH3, and from 0 to 3% for O2 
with helium as a balance gas. The quantity 
of 0, as an impurity in NO, NH,, or He gas 
was negligibly small. Reaction temperature 
was varied from 180 to 33O”C, at which the 
oxidation of NH3 was negligible. W/F was 
changed from 0.066 to 0.33 g-cat. hr/mole. 
Product components, i.e., N2 and N,O, 
were analyzed with gas chromatography. 
The structures of vanadium oxide catalysts 
in the steady states of the NO-NH3 reac- 
tion at various concentrations of 0, were 
measured by using the following methods: 
The infrared measurements of the catalysts 
were made with KBr disk method on a 
Jasco-IR-G spectrometer. The ESR spectra 
of V4+ ion were observed at X-band em- 
ploying a JEOL ME 1X spectrometer to 
measure the quantity of V4+ ions in the 
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catlaysts. The IR measurements of the ad- 
sorptions of NO and NH, and the reaction 
of both reactants were carried out in situ. 
Before the adsorptions, the disk of VZ05 
was heated in situ under vacuum at 400°C 
for I hr and then oxidized by 120 Torr of 
oxygen at 400°C for 1 hr. The TPD appa- 
ratus for the adsorptions of NH3 and NO 
was almost the same as that used by 
Cvetanovic and Amenomiya (17) and the 
temperature was raised at the rate of 
lO”C/min. The apparatus for the pulse ex- 
periments was similar to that described 
previously (15, 28). 

RESULTS AND DISCUSSION 

Effect of the Concentration of 0, on the 
Rate of the NO-NH, Reaction 

Figure 1 shows the effect of the concen- 
tration of 0, on the steady-state rate of the 
NO-NH, reaction at 250°C under the dilute 
gas condition. The production rate of Nz 
increased almost linearly with the concen- 
tration of 0, up to l%, while that of N,O 
did not vary with the concentration of 0,. 
Figure 2 shows the results of the change in 
the conversion of NO in the NO-NH3 reac- 
tion after the stoppage of 0, gas supply. 
The conversion decreased gradually at both 
252 and 30&W, and attained steady-state 
values after 60-70 hr duration of the reac- 
tion, which was exactly equal to the con- 
versions at C,, = 0%. Considering the 
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FIG. 1. Effect of 0, concentration on the production 
rates of N1 and N,O at 250°C. Inlet concentrations of 
NO and NH, = 1OOOppm. 0, N,. A, N,O. W/F = 0.33 
g . hr/mole. 
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FIG. 2. Changes in the conversion of NO in the NO- 
NH3 reaction after the stoppage of Oz gas supply. 0, 
308°C. A, 252°C. Att < 0 C, = 1.5%, whereas at f 2 0 
C,, = 0%. Inlet concentrations of NO and NH, = 1000 
ppm. W/F = 0.33 g. hr/mole. 

above situation, the data shown in Fig. 1 
were obtained 60-70 hr after the reaction 
began. 

Structure of Catalysts under the NO-NH, 
Reaction at Various Concentration of 

02 

A catalyst in the NO-NH3 steady-state 
reaction at a given concentration of 0, was 
rapidly cooled to room temperature to mea- 
sure the structure of the catalyst by using 
IR and ESR spectroscopies. Infrared spec- 
tra of the catalysts at various concentra- 
tions of O2 are indicated in Fig. 3. The 
vanadium oxide catalysts in the steady 
states of the reaction above 1000 ppm of O2 
gave the absorption bands at about 1020 
and 825 cm-’ which are assigned to the 
stretching vibration of Vj+=O and the 
coupled vibration of Vj+=O and V-O-V, 
respectively (IS, 19). In the vanadium ox- 
ides in the steady states of the reaction 
below 1% of 02, absorption bands at 990 
and 910 cm-’ were observed. These bands 
are assigned to the lattice vibrations of 
V20, (20). IR spectrum of the vanadium 
oxide in the steady state of the NO-NH3 
reaction in the absence of O2 was almost 
the same as that of VZ04. Furthermore, it is 
obvious from Fig. 3 that the oxidation state 
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FIG. 3. Infrared spectra of vanadium oxides in the 
steady state NO-NH, reaction at various concentra- 
tions of O2 at 250°C. C,, = 2.10% (l), 1.05% (2), 0.68% 
(3), 0.20% (4), 0.10% (5), and 0% (6). 

of the catalyst above 1% of 0, was VZ05. 
The catalyst in the steady state of the 
reaction below 1% of O2 was in an oxida- 
tion state between V,05 and V,O, depend- 
ing on the concentration of OZ. Then, in 
order to know the quantitative change of 
the amount of the vj+=O species in the 
catalyst with the concentration of 02, 
values of 4ozol(AIozo + Aslo) and 4d(&25 
+ A& were calculated from Fig. 3, where 
A, refers to absorbance at a given wave 
number, o. The relation between these 
relative absorbances and the concentration 
of O2 in the reaction is shown in Fig. 4. The 
amount of Vj+=O species represented by 
these quantities increases almost linearly 
with the concentration of O2 up to 1% of 
02, and attains the constant value above 
1% of 02, where the oxidation state of the 
catalyst is V205. In the vanadium oxide 
catalysts in the steady-state reaction where 
O2 concentration was below l%, ESR sig- 
nal assignable to V4+(g = 1.96) was ob- 
served and the relative intensity of the 
signal is indicated in Fig. 5 against the 
concentration of 0, in the reaction. As 
shown in Fig. 5, the quantity of V4+ in the 

catalyst decreased monotonically with in- 
creasing concentration of 0, up to 1% and 
above this concentration it reached zero. 

Oxygen Species Responsible for the 
Acceleration of the NO-NH, Reaction 
under the Dilute Gas Condition 

As shown in Fig. 1, the NO-NH3 reac- 
tion on vanadium oxide catalyst under the 
dilute gas condition is markedly accelerated 
by oxygen. Under the dilute gas condition 
using the flow technique, as mentioned 
above, O2 cannot oxidize NO to NO, in the 
gas phase. According to our experiments, 
also, the catalytic oxidation of NO to NO2 
did not take place on vanadium oxide under 
the dilute gas condition. Namely, when 
1000 ppm of NO and 1% of O2 were intro- 
duced to the V,O, catalyst at 300°C by 
using the flow technique, NO, was not 
obtained as a product. Adsorbed oxygen 
species can be shown not to be responsible 
for the acceleration of the NO-NH3 reac- 
tion under the dilute gas condition as fol- 
lows: No adsorbed oxygen species, such as 
02- or O-, was detected on V,O, by either 
ESR or TPD measurement. Moreover, 
even if the catalyst surface were initially 
covered completely with adsorbed oxygen 
species, these species should be consumed 
by the NO-NH3 reaction within 60 set after 
the stoppage of O2 gas supply and the rate 
of the reaction should decrease abruptly, 

FIG. 4. Relative absorbances in infrared spectra of 
vanadium oxides in the steady state NO-NH, reaction 
at various concentrations of O2 at 250°C. 0, 
~,moI(A~,o + &d. A, &ral(& + &d. 
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contradictory to the experimental results 
shown in Fig. 2. Since the quantity of 
lattice oxygen of vanadium oxide catalyst is 
much more than that of adsorbed oxygen 
and the lattice oxygen of the catalyst can 
diffuse easily from bulk to surface, the 
results shown in Fig. 2 can satisfactorily be 
interpreted in terms of the acceleration by 
lattice oxygen. Furthermore, the good cor- 
relation between the data shown in Figs. 1 
and 4 indicates that V5=0 species on the 
surface of the vanadium oxide is responsi- 
ble for the acceleration of the NO-NH3 

FIG. 5. Relative intensity of ESR signa at g = 1.96 reaction under the dilute gas condition. 
for vanadium oxides in the steady state NO-NH3 Namely, the following reactions can be 
reaction at various concentrations of 0, at 250°C. proposed: 

NO + NH +8 

OH 

3 - N2 + H,O + V , (1) 

~apeous 0% or bulk V”+=O 

According to this mechanism, when the O2 
gas supply is stopped, the V5+=0 species 
on the surface is reproduced by Reaction 
(2) with the expense of bulk V5+==0 spe- 
cies, followed by the formation of V4+ ion 
in bulk. Therefore, the rate of the NO-NH3 
reaction can decrease gradually after the O2 
gas supply is stopped, in accordance with 
the experiments shown in Fig. 2. According 
to the mechanism, also, the quantity of the 
Vj+=O species should decrease com- 
pletely after the long duration of the NO- 
NH3 reaction in the absence of gaseous O2 
and this exactly agrees with the experimen- 
tal results. Namely, the quantity of vj+=O 
species was confirmed to decrease gradu- 
ally until all of the Vj+=O species were 
completely consumed (Figs. 3 and 4). 
Moreover, the total amount of the Vj+=O 
species consumed by the reaction was cal- 
culated to be nearly equal to the amount of 
oxygen necessary for the change from Vz05 
to Vz04. The validity of the mechanism can 

2 v + H,O. (2) 

also be supported by the results of the NO- 
NH, reaction on a given oxidation state of 
the vanadium oxide catalyst, i.e., from 
V,O, to V205, by the pulse reaction tech- 
nique (15). Namely, the rate of the NO- 
NH, reaction on a catalyst with a given 
oxidation state increased linearly with the 
increasing amount of V5+=0 species in the 
catalyst. This relation is similar to that 
derived from the data shown in Figs. 1 and 
4. 

Kinetics of the NO-NH, Reaction In the 
Presence and Absence of Oxygen 

The kinetics of the NO-NH3 reaction 
were measured under the dilute gas condi- 
tion at various concentrations of Oz. When 
Co, was equal to 1.3%, as shown for 
example in Fig. 6, the rate of the NO-NH, 
reaction was first order with respect to CNo, 
whereas it was zero order with respect to 
C NH3. The rate or the rate constant referred 
to below means that of NO disappearance. 
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FIG. 6. Kinetics of the NO-NH3 reaction on the 
vanadium oxide catalyst at 250°C in the presence of 
oxygen. 0, 0, N,. A, A, N,O. C,, = 1.3%. Open 
symbols: CNHI = 1000 ppm. Closed symbols: C,, = 
1000 ppm. 

The same relation as that shown in Fig. 6 
was also obtained at temperatures between 
206 and 3 13°C. Furthermore, the rate con- 
stant of the reaction, k, at C,,, = 1.3% was 
confirmed to satisfy the Arrhenius equation 
as shown in Fig. 7 with the activation 
energy equal to 11.6 kcal/mole. Namely, 
the rate of the reaction, r, at C,, = 1.3% 
was given by the following equation: 

= 1.29 x lo6 exp(- 11,6OO/RT) 
CA, C& (mole/g . set). (3) 

Taking into account the specific surface 
area of V205, i.e., 5.4 m*/g-V,O,, the fol- 
lowing expression is derived from Eq. (3): 

r = 23.8 exp(- 11,60O/RT) 
CA, CiHI (molecules/cm* . set). (4) 

Similarly, the rate of the NO-NH3 reaction 
in the absence of 02, i.e., Co, = 0%, was 
given by the following equation: 

r = 32.4 exp(- 16,6OO/Z?T) 
CA, CgH3 (molecules/cm2 f set). (5) 

From Eqs. (4) and (5), it can be noted that 

the difference in the rate equation between 
the NO-NH, reaction in the presence of 0, 
and that in the absence of O2 results not 
from the frequency factor but from the 
activation energy. Furthermore, the rate 
equation, i.e., Eq. (4), suggests that the 
NO-NH, reaction on Vj+=O, i.e., Reac- 
tion (l), is a reaction of a strongly adsorbed 
NH, and a hardly adsorbed NO, since the 
rate is zero order with respect to CNHJ and 
first order with respect to CNO. 

Adsorptions of NH, and NO on V,O, 

Although the rate equation shown in Eq. 
(4) indicates that the reaction in the pres- 
ence of O2 may be a reaction of a strongly 
adsorbed NH3 and a hardly adsorbed NO 
with a V5+=0 species as the active site, 
this should be confirmed by the adsorption 
experiments of both reactants. Further- 
more, the adsorbed forms of the compo- 
nents should be established in order to 
clarify the details of the reaction mecha- 
nism in the presence of 0,. Temperature- 
programmed desorption experiments 
showed a single desorption peak of NH,, 
while no desorption peaks of NO were 
observed above room temperature, sug- 
gesting the validity of the above-mentioned 
inference. Furthermore, pulse chromato- 
graphic measurements of the adsorptions of 
NO and NH3 revealed that NH, is strongly 
adsorbed whereas NO is hardly adsorbed 

1.6 1.8 2.0 2.2 

FIG. 7. Arrhenius plots of the rate constants, k, for 
the NO-NH, reaction in the presence and in the 
absence of oxygen. 0, C, = 0%. A, C,, = 1.3%. 
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on V,O, at 150°C (18). No absorption bands 
corresponding to NO, such as NO+(ad), 
NO-(ad), and NO,(ad) species, were ob- 
served in the infrared spectra when NO gas 
was introduced onto V,05 at temperature 
higher than room temperature. On the other 
hand, an adsorbed NH, species was clearly 
observed in the infrared spectra as follows: 
The infrared spectra of adsorbed NH, on 
Vz05, as shown in Fig. 8, indicate a band at 
1410 cm-’ assignable to the deformation 
vibration of NH,+ (7). Consequently, it is 
considered that NH, is adsorbed on the 
surface of V,O, as NH,+(ad). Here, we 
define the adsorption site of NH3 (Briinsted 
acid site) on Vz05 as V,-OH. Since the 
quantity of NH, chemically adsorbed on 
V,O, was not affected by the oxidation or 
the evacuation treatment of V,O, at 400- 
500°C before the adsorption, the adsorption 
site of NH3, i.e., V,-OH, seems to be 
strongly held on the surface and to be stable 
for the oxidation by Oz. It can be concluded 
that NH3 is strongly adsorbed as NH,+(ad) 
according to the following reaction; 

H 

OH 0-H-N: H 
$ -4 

(6) 

H s s 

while NO is hardly adsorbed on V205. 

I I I I 
1600 1400 1200 

WAVE NUMBER [CM-‘] 

FIG. 8. Infrared spectra of adsorbed ammonia mea- 
sured at room temperature before and after the reac- 
tion with NO. (1) Background. (2) After the adsorption 
of NH&O Torr) followed by the evacuation for 30 min 
at room temperature. (3) After the reaction with 
NO(45 Torr) for 15 min at 100°C. 

Reaction of Adsorbed NH, with Gaseous 
NO 

As mentioned above, NH, is strongly 
adsorbed on Vz05 as NH,+(ad). When NO 
gas was introduced onto the catalyst pread- 
sorbed with NH3, the infrared band corres- 
ponding to NH,+(ad) disappeared at 100°C 
and above, as shown in Fig. 8. Further- 
more, the pulse experiments indicated that 
the introduction of NO pulse to V,O, pread- 
sorbed with NH3 selectively produces N2 
and Hz0 at 100°C and above. Moreover, 
when NO gas (1000 ppm) was introduced 
onto the V,O, catalyst treated with NH, 
(1000 ppm) using the flow reactor at 259 or 
274°C a considerable amount of Nz, i.,e., 
3.8 x lOI mo1ecules/cm2-Vz05, was pro- 
duced. On the other hand, when NH3 gas 
(1000 ppm) was introduced onto the cata- 
lyst treated with NO gas (1000 ppm) in the 
absence or in the presence of 0, (1%) at 
250°C Nz was not obtained at all as a 
reaction product, excluding a mechanism 
through a strongly adsorbed NO or NOz 
species (7, 16). These results indicate that 
the strongly adsorbed NH3 species on 
VzOs, i.e., NH,+(ad), can react readily with 
a gaseous NO to form Nz and HzO, suggest- 
ing the Eley-Rideal mechanism. 

Mechanism of the NO-NH, Reaction in 
the Presence of 0, under the Dilute 
Gas Condition 

As mentioned above, the kinetics of the 
NO-NH3 reaction on vanadium oxide cata- 
lyst in the presence of O2 suggests that the 
reaction on V,05 is a reaction of strongly 
adsorbed NH3 and hardly adsorbed NO. 
The infrared, TPD, and pulse experiments 
on the adsorptions of both NH3 and NO, 
and on the reaction of both components 
support the mechanism, and, furthermore, 
indicate that the strongly adsorbed NH, 
species is an NH,+(ad) adsorbed on V,-OH 
site on the catalyst. Moreover, as indicated 
in Reaction (I), Vj+=O species on the 
surface of the catalyst plays an essential 
role as the active site for the reaction in the 
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presence of 0,. Therefore, a further de- difference in behaviors of both V-OH and 
tailed mechanism of Reaction (1) can be V,-OH species can reasonably be under- 
proposed as shown in Fig. 9 [Reactions (7) stood as follows: If V,-OH species is as- 
and (8) are defined in Fig. 91. Namely, at sumed to be a site such as Species II in Fig. 
first, NH, is strongly adsorbed adjacent to 10, the V,-OH species cannot be oxidized 
Vj+=O as NH4+(ad), according to Reaction to Vj+=O from the structural point of 
(7). Then, a gaseous NO reacts with the view, whereas, V5+=0 species, i.e., Spe- 
absorbed NH3 to form Nz, H20, and V- ties I in Fig. 10, can be reduced to V-OH 
OH, according to Reaction (8), that is, the and the V-OH species formed can then be 
Eley-Rideal mechanism. The V-OH spe- reoxidized to Vj+=O. 

ties produced by Reaction (8) can be reox- 
idized to Vj+=O by either gaseous O2 or Application of the Transition Sate Theory 

bulk vj+=O species as indicated in Reac- to the Rate of the NO-NH3 Reaction in 

tion (2), while the adsorption site of NH,, the Presence of O2 

i.e., V,-OH, remains unreacted in the at- Since the rate of the NO-NH3 reaction at 
mosphere of 0, as proven above. Appar- C,, = 1.3% is limited by Reaction (8) in Fig. 
ently, it seems artificial to distinguish be- 9, the rate under this condition is formu- 
tween V,OH and V-OH species on the lated by using the transition state theory 
surface. Taking into consideration the crys- (22) coupled with the reaction model of 
tal structure of V,O, (21), however, the Reaction (8) as follows: 

k,T F# 
r = 7 cs FNOFNH,+(ad) exp(- EMT) CA0 CON&. (9) 

It has been assumed in Eq. (9) that the 
adsorbed NH3, i.e., NH,+(ad), is strongly 
held adjacent to Vj+=O and, therefore, 
immobile on the surface. Thus, the transla- 

I w-? 
: H 

“..? k 
0 :, I I -o-v-o-+3- t-- 

I I 

$ 
/!$ 

a-:-o- co- 

FIG. 9. Mechanism of the NO-NH3 reaction on the 
vanadium oxide catalyst in the presence of oxygen. 

tional and rotational partition functions of 
both the adsorbed NH; and the activated 
complex are considered to be unity. Conse- 
quently, the following relations can be ob- 
tained: 

F+ = ftibv ( 10) 

&+(ad) = 1. (11) 

Furthermore, the number of V j+=O spe- 
cies on the surface, C,, is given (23) by Eq. 
(12). 

C, = 2.45 x lOI 
molecules/cm*-V205. (12) 

Substituting Eqs. (lo)-( 12) into Eq. (9), we 
get the following equation: 

r = 0.034 f&, exp( - 11,6OO/RT) 
CA, PNH3 (molecules/cm* * set). (13) 

Comparing Eq. (13) with Eq. (4), f& is 
given as follows: 
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FIG. 10. Model of the surface structure of V205 
catalyst. Species I, V3+==0 species. Species II, 
V,-OH species. 

f$i, = 7.0 X 10’. (14) 

This value seems to be reasonable, since 
the activated complex of Reaction (8) in 
Fig. 9 contains many loose bonds and, 
according to Herschbach and Johnston 
(24), and Laidler (22), such a large value of 
f& can be expected for a loose complex 
comprised of many weak bonds. The alter- 
native mechanism where NH,+(ad) and/or 
oxygen species, i.e., Vj+==O, can move on 
the surface in the initial state of Reaction (8) 
is rejected since the rate calculated on the 
basis of the latter mechanism gives a much 
smaller value than the experimental rate 
shown in Eq. (4). 

As shown in Eq. (5), the rate equation of 
the NO-NH3 reaction in the absence of 0, 
is almost the same as that in the presence of 
02, that is, Eq. (4), except the activation 
energy (16.6 kcal/mole) higher than that in 
the presence of 0, (11.6 kcal/mole). This 
gives an important suggestion on the mech- 
anism of the reaction in the absence of Oz. 
Since the NO-NH, reaction in the absence 
of O2 is composed of several elementary 
steps, the detailed mechanism under the 
condition will be reported in a subsequent 

paper with additional experimental data to 
establish the mechanism. 
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