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The kinetics of ammonia oxidation over oxides of manganese, cobalt, copper, iron and
vanadium have been studied. The proposed reaction mechanism involves oXxygen adsorption
(oxidation of the catalyst surface) and reduction of the surface with ammonia to form the
reaction products. The latter step consists of several stages involving the intermediate for-
mation of nitroxyl and imide species. The interaction of imide with nitroxyl leads to ni-
trogen while the reaction between two nitroxyls results in nitrous oxide. For this model rate
equations have been deduced which describe the overall process and the parallel reactions
of the formation of N, and N,O. These equations are shown to be in accordance with the
experimental data obtained.

It has been found that the selectivity in mild oxidation (N, formation) decreases and the
selectivity in deep oxidation (N,O formation) grows with an increase in the surface cover-
age with oxygen 6. The values of 6 increase with the ratio of partial pressures of O, to NH,
(Pou/Pyy;) In the reaction mixture. The governing role of § has been supported by experi-
ments in which catalysts were reduced with ammonia in the absence of O, in the gas phase.

The reaction mechanism involving the formation of N,, N,O and NO is also considered.
The corresponding rate equations have been derived, and the expected dependence of
specificity on the reaction mixture composition and temperature has been examined.

INTRODUCTION

The oxidation of ammonia over solid
catalysts can proceed by way of three
main paths:

2NH;+150,=N,+3H,0, (I
2 NH; +2 O, = N,O~+ 3 H,O, (1)

2 NH; x 2.5 0, =2 NO + 3 H,0.
(ITD

With platinum or cobalt oxide catalysts
in the temperature range 750~900°C, nitric
oxide is a predominant product. Using
manganese oxide at lower temperatures
(300-400°C) one can obtain nitrous ox-
ide with rather high yield. Over vanadium
pentoxide at 500-600°C ammonia is oxi-
dized to nitrogen. In the presence of many
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catalysts under favorable conditions all
three products (N,, N,O, NO) are formed
in various ratios (/,2).

Hence, in ammonia oxidation, the
problem of selectivity of the catalytic ac-
tion emerges. This distinguishes ammonia
oxidation from the majority of the pro-
cesses of oxidation of inorganic substances
(H,, CO, SO,, HCI, etc.) for which only
catalytic activity is essential. At the same
time ammonia oxidation appears to be sim-
ilar to the selective oxidation of various
organic molecules. Since the degree of ni-
trogen oxidation increases in the sequence
N,-N,O-NO, it is natural to consider N,
to be a mild oxidation product, while N,O
and NO are products of deep oxidation.

Reactions (I)—(I11) are all of practical
importance, especially reaction (111) which
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is the basis of nitric acid production. The
above-mentioned catalysts for ammonia
oxidation were discovered empirically;
hence it is necessary to search for a theo-
retical basis of catalyst selection in this
reaction.

Most publications on ammonia oxidation
refer to platinum catalysts for the NO syn-
thesis operating at high temperatures
under a diffusion-controlled regime (/,2).
Other papers (3,4) concern the catalytic
properties of oxides. The chemical kinetics
of the process have not been much studied
and 1its elementary mechanism is not clear,
although numerous hypotheses have been
discussed.

In Part I (this paper) of the present work
the kinetics of ammonia oxidation have
been studied in detail; a reaction mecha-
nism based on kinetic and other experi-
mental data has been proposed, and
rational rate equations have been obtained.
In Part Il (20) the relation between the
chemical nature of substances and their
catalytic behavior is considered. On the
basis of the reaction mechanism, the corre-
lation between the activity and selectivity
of catalysts and their thermodynamic prop-
erties has been established. The results ob-
tained have been used to discuss general
regularities in selective catalytic oxidation
because essential common features were
found in the mechanisms of ammonia ox-
idation and the selective oxidation of
organic substances.

EXPERIMENTAL METHODS

Procedure. The experiments were car-
ried out by a continuous flow method at
atmospheric pressure and at low conver-
sions of ammonia (below 20%) so that the
reactor can be considered as differential
one. With Co,0, additional experiments
were made using a nongradient flow-
circulation method. The rate values ob-
tained by the both methods proved to be
close.

The measurements were carried out
at moderate temperatures (below 400°C)
when only N, and N,O are formed. In dis-
cussing the regularities of the NO forma-
tion literature data are used.

The reactor consisted of a 15 mm inside
diameter quartz tube, 25 cm long, which
was heated externally; catalyst grains were
1-2 mm in size. Along the axis of the reac-
tor was placed a thin well for a ther-
mocouple. The temperature of the catalyst
layer was maintained constant within 1°C.
Special tests demonstrated the absence of
any effect of macrofactors on kinetic data
under the conditions of our experiments.

The oxidation was carried out with ox-
ygen; its partial pressure was varied from
0.15 to 0.9 atm by mixing O, with helium.
Experiments were made under such condi-
tions that water produced in reactions (I)
and (II) was not condensed in the ap-
paratus.

The ammonia concentration in the gas
stream entering and leaving the reactor
was determined by means of titration with
standard sulfuric acid. The concentrations
of N,, N,O and O, were determined by gas
chromatography using the “Tsvet-4" appa-
ratus with a catharometer; helium was the
carrier gas, its pressure was maintained at
2 atm and the flow rate was 60 cm?/min.
For analysis of the gas mixture two col-
umns of CaA SA molecular sieve were
employed; each was 1 m long and 3 mm in
diameter. The first column where N,O was
separated from N,+ O, operated at
130°C; the second one where nitrogen was
separated from oxygen operated at 0°C.
Analyzed concentrations were directly
proportional to the areas of the peaks. A
sampling valve was provided for the with-
drawal of aliquots (5 cm?® of the gas
stream for analysis. Before entering the
chromatograph a sample passed through
traps with anhydrone and solid KOH
where ammonia and water were removed.
The results of chromatographic analysis as



OXIDATION

well as the complete balance in nitrogen
indicated that the higher oxides of nitrogen
were absent in the products.

Prior to Kkinetic runs a catalyst was
treated with oxygen at 350°C (for MnQO, at
200°C) over a period of 2 hr. In each case
a steady state was attained in the course of
catalysis. The values presented below are
averages of 4-6 measurements relating
to steady state conditions. These values
usually agreed within =5%. The data
showed good reproducibility.

A steady state sets in quickly, during
only a few minutes. This suggests that
phase reduction of the oxides to a new
phase did not occur under operating condi-
tions (O, excess in the mixture). The color
of the catalysts was not altered by the
catalytic reaction.

Surface reduction was made in the same
apparatus where catalysis was studied. In
one series of experiments a catalyst was
treated with oxygen for 1 hr, then O, was
removed from the reactor by the helium
stream. After that a NH;—He mixture was
admitted and periodically analyzed at the
exit of the reactor. The values of the reac-
tion variables such as temperature, ammo-
nia partial pressure, flow rates (and condi-
tions of the preliminary O, treatment) were
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identical for reduction and catalysis. In
these experiments the initial state of an
oxide preceding its reduction corre-
sponded to an oxidized surface. In the sec-
ond series of experiments the catalytic ox-
idation of NH,; was carried out prior to
reduction: then the reaction mixture was
immediately replaced, and the reduction
was started. In this case the initial state of
the surface was close to its steady state
achieved during catalysis.

For calculating rates of formation of N,
and N,O (ry, and ry,,) the reaction mix-
ture flow velocity was multiplied by the
mole fraction of the respective product:
the obtained quantities were related to unit
surface area and expressed in molecules of
the product (N, or N,O) forming per sec-
ond on 1 cm? of a catalyst surface. The
rate of the overall process was the sum of
rates of the individual reactions, i.e., r=
e 1 Fnzoe

Materials. Ammonia (from a cylinder)
was purified by passing through a column
with solid KOH; the system of the purifi-
cation of O, (from a cylinder) involved col-
umns with KOH and CaCl,. Helium (of
“high purity” grade) was dried by passing
through a column with molecular sieves.
Oxygen contained small amounts of N,

TABLE 1
CHARACTERISTICS OF THE CATALYSTS

Specific Temp range Initial temp
surface for NH, of N,O
area Sample wt oxidation decomposition
Catalyst Method of preparation (m?) (g (4] cO)
Co; 0, Decomposition of cobalt nitrate at 400°C 5.2§ 11.25 130-170 280
MnO, Commercial reagent 24.6 3.63 120-155 410°
CuO Decomposition (500°C) of cupric 0.92 10.79 220-260 400
hydroxide obtained by interaction of
Cu(NO;), with NH,OH
Fe, O, Decomposition (500°C, in air stream) 22.1 6.72 220-270 500
of ferric hydroxide obtained by
interaction of Fe(NO,); with NH,OH
V,0s Commercial reagent 4.5 8.81 260-320

e After (7).
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which were analyzed and taken into ac-
count in calculating rates of the formation
of N, resulting from ammonia. Table 1
gives information about the catalysts stud-
ied. Specific surface areas were deter-
mined chromatographically by means of
N, thermal desorption.

RESULTS AND DISCUSSION

Ammonia Oxidation in the
Absence of Catalysts

The oxidation of ammonia in the ab-
sence of a catalyst started at 380-400°C.
With the NH,;-O, reaction mixture in
which ammonia partial pressure was 0.1
atm, ammonia conversion at 400°C and a
50 ¢m3/min flow rate was 4.4%. The reac-
tion products were N, and H,O only.
According to Stephens and Pease (5) ho-
mogeneous noncatalytic oxidation of am-
monia proceeds as a chain radical process.

The catalytic oxidation took place at
temperatures below 380°C (see Table 1)
and in most cases nitrous oxide was
formed in addition to nitrogen. A striking
similarity has been found between the
catalytic oxidation of ammonia over oxides
and the essentially heterogeneous process
of the reduction of the oxides by ammonia
(see below). It proves that ammonia oxida-
tion is entirely a heterogeneous reaction
under the conditions studied.

Dependence of Rates on
Contact Times and
Reaction Mixture
Composition

One can assume the following general
ways of forming the reaction products.

1. Both nitrogen and nitrous oxide are
entirely originated from ammonia and ox-
ygen (independent paths):

Cat
— N,

NH; + O, — (A)

Cat N20
2. Nitrous oxide is formed from ammo-
nia and oxygen while nitrogen is produced

either by the subsequent decomposition of
N,O or by the reduction of N,O with
ammonia (consecutive schemes):

NH, + 0, <5 N,O < N, + 0,, (B.1)
NH; + 0, < N,0 < N,. (B.2)

The oxidation of N, to N,O is impossible
thermodynamically.

If scheme (B.1) or (B.2) is true the ob-
served rate of N,O formation should de-
crease while the rate of N, formation
should increase with increasing contact
time 7. If scheme (A) is true, the above
rates as well as the selectivity should not
depend on 7. Figure 1 demonstrates the
relation between contact times and rates r;
of the formation of N, and N,O for the
catalysts MnO, and Co;0,. Among metal
oxides these catalysts exhibit the highest
activity and selectivity in N,O. In these
experiments the partial pressures of the
initial reactants were practically constant
whereas the partial pressures of the prod-
ucts varied by several times. The observed
independence of Sy,, and r; on 7 shows
reactions (I) and (II) to proceed according
to scheme (A) (i.e., by parallel ways) under

MnQ,, 155° P =01 atm

‘Sﬂj,o:z TN,
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Zot ———R
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F1G. 1. Rates of the formation of N, (A) and N,O
(O) [r; (molecules/cm?-sec)] and selectivities in N,O
(&) versus contact time 7.
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the investigated conditions (at small con-
centrations of products).

N,O decomposition over oxide catalysts
occurs at substantially higher temperatures
than ammonia oxidation. This is additional
evidence against scheme (B.1). Table 1
presents the initial temperatures of the
N,O catalytic decomposition (6). Total
surface areas of samples used by Saito e/
al. (6) were 3-5 times lower than those in
our experiments, but the N,O partial pres-
sure was two orders higher than the ut-
most possible value of Py,, in ammonia
oxidation. Because N,O decomposition
follows first order kinetics (6) initial tem-
peratures of N,O decomposition during
ammonia oxidation should be still much
higher.
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The observed independence of the rates
on 7 also suggests that there is no retarda-
tion of the process by its products.

Figures 2 and 3 demonstrate the depen-
dence of the overall process rates and
rates of reactions (1) and (1I) upon partial
pressures of ammonia and oxygen for dif-
ferent catalysts. Similar patterns have been
obtained at other temperatures.

Reaction Mechanism and
Rate Equations

We have failed in the attempts to treat
our kinetic data using a Langmuir-type ap-
proach. The power rate law treatment in-
volving variable kinetic orders appeared to
be formal since we would obtain only
empirical relations that provide poor infor-

MnO,, 145°
46" Pyr03atm  pyg" Py, =0latm
6 r
N+ K0 N+ N,0
4
Ny N,
2 N0 N,0
0 005 o0 P R atm
Co,0,, 143
-
ri.go PO: 08 atm r{JO-" ‘ij 201 atm
6 3r
N, +N,0
N,+N,0
4+ N: & 2+ N,
2t i
N0 N:0
1 ) tm 1 1
0 010 a2 0 05 76 Foatm

FiG. 2. Dependence of rates of the overall process and the formation of N, and N,O upon Pyy, and Pq,.
Catalysts: MnQO,, Co,;0,.
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FiG. 3. Dependence of rates of the overall process and the formation of N, and N,O upon Pyy, and Py,.

Catalysts: CuO, Fe,0,, V,0;.

mation about mechanism. The following
reaction mechanism //9) has proved to be
acceptable for the interpretation of all the
experimental dJata obtained (here and

below symbols in parentheses denote sur-
face species, and empty parentheses mean
vacant surface sites):

Stoichiometric

nos.%
N(I) N(l]}
L0, + ()= (0 & 20) 1.5 2
2. NH; + (0) - (NH) + H,O 2 2
3. (NH) + (0) 2 (HNO) 1 2 av)
4. (NH) + (HNO) - N, + H,0 + 3() 1 0
5. (HNO) + (HNO)— N,O0 + H,O + 4( ) 0 1
@ N®:2NH, + 1.50, = N; + 3H,0; N%: 2NH, + 20, = N,O +

3H,0.
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In the first stage oxygen adsorption
takes place resulting in the transient for-
mation of molecular anion-radicals of ox-
ygen which, according to ESR data (8), are
readily converted into atomic anions. In
the second stage, ammonia comes into
contact with the surface covered by ad-
sorbed oxygen and forms imide-type
species (NH) which are further trans-
formed into nitroxyl (HNQO) in the course
of the third (quasi-equilibrium) stage. The
participation of these species in the reac-
tion has already been postulated (/). Ni-
trogen is produced in the fourth stage as a
result of the interaction of (NH) and
(HNO), while nitrous oxide results from
recombination of two nitroxyls.

All the stages except the third one are
supposed to be irreversible. According to
(IV), each (O) and each (NH) species oc-
cupies one elementary surface site while
(HNO) requires two sites. The latter as-
sumption will be specially proved later.

Ammonia oxidation is a complex reac-
tion proceeding by several routes. In the
case under consideration, when the only
nitrogen-containing products are N, and
N,O, the number of linearly independent
(basic) routes after the Horiuti rule (9) is
equal to 2. The sets N® and NI of stoi-
chiometric numbers of stages presented on
the right side of scheme (IV) corfespond
to the routes which are chosen here as
basic ones. The overall Egs. (1) and (1)
refer to the first and the second route,
respectively.

Assuming the reaction to occur in the
ideal adsorbed layer, the surface coverage
with atomic oxygen 6 being much higher
than that with other species, one can write
the following rate equations for irrevers-
ible stages:

ri= kP, (1—8),

= kZPNH:se’
r4 = k40[0[1, ( 1)
rs = ks0.

Here ry, r,, r4, r; are rates of the stages,
and k,, k,, k,, k; are rate constants; 6, and
0, denote surface coverages with (NH)
and (NHO) species, respectively. The
third stage equilibrium constant is
_ By
=00 (2)
For deducing rate equations let us use
the conditions of steady state of stages
10): vOr® + ptr@ = - — r__ where »®
and " are the stoichiometric numbers of
stage s for the basic routes N¥ and N;
r and r" are rates for these routes; r, and
r_s are rates of stage s in the forward
and backward directions (for irreversible
stages the difference r, — r_, is practically
equal to r). Taking Egs. (1) and (2) into
account we arrive at the following equa-
tions for rate of the overall process, r, and
for rates of the formation of nitrogen and
nitrous oxide:

Ks

r=Yak,Py,0 = 7{11/—}2%%’ 3
ma=rt=—tr W

where
o= &_ (6)

and the surface coverage with atomic ox-
ygen will be

kP, + vkyPyg,

— (kl/kz) ) (P()z/PNﬂs) (7)
(kl/kZ) : (Poz/PNH.z) + v

The stoichiometric coefficient v indicates
how many O, molecules are expended for
the oxidation of one molecule of ammonia;
this quantity is equal to vy,Sy, + V05 neo
where vy, and vy, are the ratios of the
stoichiometric coefficients of O, to NH; in
Egs. (I) and (II), and Sy, and Sy, are the

0
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selectivities in N, and N,O. The value of v
depends upon the reaction conditions
which determine Sy, and Sy,,, but in our
experiments for each catalyst v varied
slightly. For example, an average value of
this coefficient, v, for MnQ, was 0.86 =
0.02 and for CuO 7= 0.79 = 0.01.

Comparison of Rate Equation
for Overall Process
with Experimental Data

If the overall process rate equation (3) is
valid, one must obtain a straight line
relationship on the plot of P, /r against
Po./Pxy, because

P()z
2

POz

26 2
=—+=. . 8
R P ®
Figure 4 shows this relationship to be
really observed for MnQO, and CuO at

various temperatures. The same relations

MnO,

135 .
45

155°

L

0 5 0 5 2 7,

FiG. 4. (Py,/r)-(Py,/Pyy,) plots for MnO,
CuO.

N IR 3 PO;

and
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TABLE 2
RATE CONSTANTS [k, AND k, (molecules/cm?sec-
atm)] FOR FIRST Two STAGES OF SCHEME IV

Catalyst 1CC) ky % 1013 ky X 10713
MnO, 135 0.20 0.73
145 0.66 1.21
155 1.12 2.00
Co, 0y 143 0.26 0.61
Cu0o 230 3.43 10.58
235 3.98 12.74
240 5.13 16.13
250 6.86 23.80
Fe, 0, 230 0.21 0.26
250 0.38 0.55
255 0.35 0.66
265 0.49 0.84
V,0, 260 1.67 111
290 6.50 2.57
300 7.13 3.58
310 10.70 4.25

are observed for other catalysts. The slope
is 2/k, and the intercept on the ordinate is
2v/ky; using these quantities, rate constants
for the first two stages can be found. The
corresponding data given in Table 2 have
been calculated by means of the least
squares method.

The temperature dependence of 4, and
k, obeys the Arrhenius equation (Fig. 5)
which also proves the validity of Eq. (3).
The obtained activation energies for ox-
ygen adsorption (£,) and those for the in-
teraction of ammonia with adsorbed ox-
ygen (E,) are presented in Table 3.

Table 3 also shows the standard activa-
tion entropies ASj for the second stage.
These quantities were calculated em-
ploying the well-known absolute rate
theory equation adapted for surface pro-
cesses (/1). The experimental values of E,
and k, were used; the latter were ex-
pressed in molecules/gl-sec-atm where
gL is the product of the number of possible
positions of the activated complex (when
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Fi1G. 5. The Arrhenius plots for rate constants of the first (O) and the second () stages.

one of the sites occupied by it is fixed) and
the number of elementary sites per 1 cm?;
gL = 10¥ c¢cm? (I1). The transmission
coefficient was taken as usual to be unity.
The AS# values obtained are approxi-
mately constant for all the catalysts stud-
jed (AS¥= —30=+3 e.u); this suggests
that the composition and structure of the
activated complexes formed on the dif-
ferent catalysts are similar.

TABLE 3
ACTIVATION ENERGIES FOR FIRST TWO STAGES
AND ENTROPY OF ACTIVATION FOR THE
SECOND STAGE

Catalyst E, (kcal/mole) E, (kcal/mole) AS¥ (e.u.)
MnO, 30 17 -29
CuO 20 20 27
Fe, Oy 16 21 -31
V,0, 23 20 -33

According to (I2) the AS fvalues are as-
sociated with equilibrium of the formation
of the second stage activated complex
from gaseous ammonia and adsorbed ox-
ygen, i.e., ASF =8% — S%u, — Sl where
S§* is the standard entropy of the activated
complex, $%,., the standard entropy of gas-
eous ammonia, and S, the standard en-
tropy of adsorbed oxygen [at 6= 0.5
(I1N]: $* and SY,, are partial molar quan-
tities involving the entropy change of a
catalyst itself during the formation of the
activated complex and oxygen adsorption
on its surface, respectively. So, S*=
ASF + Sk, + St). At the temperatures of
the catalytic oxidation of ammonia Sy, =
49-53 e.u. (/13) (at P = | atm); the S{,) mean
value for various transition metal oxides
calculated after (/4) is 6 e.u. Then the §*
value found using experimental data will
be 27 = 3 e.u. This quantity is too high for
adsorbed species possessing only vibra-
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tional degrees of freedom with high
frequencies (/5). Chemical bonds in the
activated complex, for example N-H
bonds, are probably weakened and charac-
terized by low vibrational frequencies; ro-
tational motion can also be assumed in the
transition state.

Comparison of Rate Equations
for Formation of
Different Products with
Experimental Data

The factors preceding r in Egs. (4) and
(5) are selectivites in nitrogen and nitrous
oxide:

= M

SN2 M+ 0’ (9)
_ 0

Sxo0 =71 (10)

These expressions show that the selec-
tivity of a catalyst at constant temperature
must be determined by the oxygen cover-
age 0 which in its turn depends on the mix-
ture composition ( P,/ Py, ratio). Equation
(7) suggests that # will increase with
increasing Pg,/Pyus: 0 — 0 at P, /Py, — 0
and 8 — 1 at Py,/Pyy, —> .

The expected trend will be a progressive
decreasing of selectivity in mild oxidation
(N, formation) and an increasing of selec-
tivity in deep oxidation (N,O formation)
with the increase of Pg,/Pyy, (or 6) since
OSn/80 = —u/(p + 6)* <0, S n0/ 90 =
—0Sy,/09 > 0. Equations (9) and (10)
predict that at 6 — 0 the value of Sy,
approaches unity while Sy, — 0. At 6 —
1 the selectivities approach constant val-
ues of w/(mu+1) and 1/(u+1), re-
spectively. )

Using the selectivity value for a single
test one can calculate {employing Eq. (9)
or (10) together with Eq. (7)] the value of
wu, and then one can compute the depen-
dence of selectivity on 6 or Pg,/Py,, ex-
pected on the basis of the above equations

100

MnO0,, 145°
kJk,=A=0.55
75F otz
.\.. Nl iy
<
3 50 o
-
5
-
S 251 N0
0 %2 o4 o0& os 1.0e‘p
. 1 1 1 " JE To,
of 05 { 2 5 #0020 P,
100 C 0
0,0, 143
S e0u
A M= 256
75F Moa
e a
<
3 50F
.
o
L 1]
> o
vy 25+ [}
°
N0
1 1 6

0 o.'z 014 06 08 10

L L

of 05 1 2

n PR 0,

5 1020 7,
Fic. 6. Dependence of selectivities on 6 and

Py,/Pyy, for MnO,, Co,0,.

over a wide range of the reaction mixture
compositions. The results of the calcula-
tion for various catalysts are presented in
Figs. 6 and 7 by smooth curves. The satis-
factory agreement with experimental data
(points on Figs. 6 and 7) is evidence for
the validity of Egs. (9) and (10). Definite
deviations from the theoretical curves are
not systematic and should be attributed
mainly to the approximations in the theo-
retical model.

Kinetic results allow us to discriminate
(within the scheme proposed) between the
above accepted assumption about the two-
site adsorption of HNO and that of the
one-site adsorption. In the latter case the
third stage of scheme (I'V) will be:

(NH) + (O) 2 (HNO)+ ( ),
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Fi1G. 7. Dependence of selectivities on 6 and
P,/ Pays for CuO, Fe,O,.

which leads to equations

P )
N n(1—0)

o o (1
Nz()“m(l—_o_)-

Figure 8 shows that these expressions do
not describe the experimental data. That is
why the first assumption should be pre-
ferred.

According to (IV) the first stage is irre-
versible. Let us examine an alternative sit-
uation when the oxygen desorption rate r_,
is rather fast so that in the first stage the
adsorption equilibria are attained. Hence 6
is determined by the adsorption isotherm

g (bPo)"™

ST+ (P ™ (12)

100
Ny
.. 75
B a A
b
3 50f
+
° oo
o
vy 25+
) . 0
0, 0% Q94 06 608 .10 P,
of 05 1 2 345 4020 Py,

Fic. 8. Dependence of selectivities on 6 and
P/ Py, for MnQO,. Smooth curves have been calcu-
lated using Eq. (11).

where b is the oxygen adsorption coeffi-
cient. The overall reaction rate will be
equal to the rate of the second stage which
is the limiting one, i.e.,

(P02)U2 i PNHs

r = YakyPyu,0= Yok, (b) 12 T+ (bPoy) 2

If this is the case, deviations from the
linear plots (Pg,/r)—(Po,/Pnu,) should be
observed, because now we have

Po, _ _ 2(Po,)"? 2 P,
r kz(b)w'PNHs ky  Pyu,

instead of Eq. (8).

Equations (9) and (10) for selectivities
keep their validity but the #-values are
now determined by Eq. (12) instead of Eq.
N:

_ B

Sx: = T {(bPo) EILT + (bPo) ]}
(bPo) ™™ [1 + (bPgy) "]

5T ((bPo) I[T + (bPo) T}

(13)

It means that at a given temperature and
Py, the selectivity should be a constant
quantity independent of Pyy,. According to
our data, at Py, = const the selectivities
change with Pyy,, which contradicts Eq.
(11). According to Eq. (9) [together with

Sneo =
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o MnQ,, 145"
o Co,0,, 143
Syt @ Fe,0;, 230
N,0
501 \ ® Cu0, 235°
25 8\\"\’
0 51 {B PN,,J,atm

Fi1G6. 9. Relation between selectivity in N,O and
Pyn, at Py, = 0.8 atm.

Eq. (7)] at constant P,

1

Sneo = FES (14)

where a=pu+1 and k'= uvk,/k,Py, (a
and k£’ are constants). Fig. 9 demonstrates
that the selectivity in nitrous oxide falls
with increasing Pyy, which is in accor-
dance with Eq. (14).

Thus, the rate equations deduced on the
basis of scheme (I'V) agree with the experi-
mental data. This proves the scheme to
reflect the essential features of the reaction
mechanism under the investigated condi-
tions.

Detailed Reaction Mechanism

Scheme (1V) has been detailed to the ex-
tent which was necessary for deducing rate
equations: it presents only a composition
of intermediates but does not reveal their
charges, configurations, etc. Let us now
consider the reaction mechanism in more
detail.

The first stage results in the formation of
surface atomic oxygen which participates
in subsequent steps of the process. During
the O, adsorption on surfaces of semicon-
ducting oxides oxygen usually acts as an
electron acceptor and is charged nega-
tively (/6). Therefore (O) denotes ad-
sorbed atomic anions of oxygen.

The participation of the (O) species in
the process as well as the governing role of
their surface concentration 8 in the reac-
tion kinetics have been independently
proved by the similarity in regularities of

the catalytic oxidation of ammonia and the
surface reduction of oxides with ammonia
(in the absence of O, in the gas phase).
The preliminary treatment of the samples
before reduction was carried out under
conditions where oxide surfaces contained
only atomic oxygen. The following results
were obtained.

1. The same products are formed during
catalysis and reduction.

2. Rates of the overall conversion of
ammonija during reduction fall with the
increasing reduction duration 7’. For illus-
tration, Fig. 10a-c, present the respective
data for V,0, and CuO. This fact is in
agreement with Eq. (3) since # progres-
sively falls with increasing 7'.

If reduction is made after the treatment
of a catalyst with oxygen when an initial
surface is in an oxidized state and oxygen
coverage is maximal, the starting reduction
rate is higher than the steady rate of catal-
ysis (see Fig. 10a). At a definite 7' the
reduction rate becomes equal to the rate of
catalysis. It corresponds to the 4 crossing-
point of the curves; in this point the values
of 6 for catalysis and reduction are the
same. The evaluation of 6 for catalysis
[using Eq. (7)] leads to & = 0.96 indicating

V205,300 Cu0, 250°
ro" a) rio"
20 150 9
15 -- catalysis
10 10073 __ catalysis

sof

5
0 T’ T’
20 40 60 80 00 0 20 40 60 80 00
V,0;, 300° S MrO,, 155°
(after catalysis) 100 W% (after catalysis)
Ffo-“ 6) 80 N
i5 60 d)
10 40
5 20 N0
0 204060 © o:ogosoaosot

FiG. 10. Rates and selectivities for surface reduc-
tion against reduction time {7’ (min)].
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the catalytic oxidation to occur on a par-
tially reduced surface.

If reduction is made immediately after
catalysis when the initial surface is in a
partially reduced state, the observed de-
pendence of reduction rates on 7' (Fig.
10b) is the continuation of the Fig. 10a
curve after Point A. The initial rate in the
former case (Fig. 10b) is somewhat lower
than that at Point 4 because of the pos-
sible removal of oxygen from V,O, dur-
ing the substituting of the catalytic mix-
ture (NH; + O,) for the reductive one
(NH; + He).

3. In accordance with Eqgs. (9) and (10)
the selectivity in N, increases and the se-
lectivity in N,O decreases with increasing
7', i.e., with decreasing ¢ (Fig. 10d).

The similarity in the regularities of the
catalytic oxidation of ammonia and the
surface reduction of oxides with ammonia
suggests that during the interaction of NHj
with a surface [the second stage of scheme
(IV)] an electron transfer from ammonia
to catalyst takes place, so NH; acts as an
electron donor. This agrees with the re-
sults of studies (3) where catalytic proper-
ties of oxides in ammonia oxidation were
related to their semiconducting properties.

It is natural to believe that the hydrogen
abstraction from ammonia occurring simul-
taneously with the electron transfer from
NH, to a catalyst involves several stages;
the formation of final products from NH,
and O, in one stage would require the
meeting of many particles which is hardly
probable. For proving the participation of
(NH) and (HNO) (or maybe other species)
in the process the use of some physical
methods of investigation is necessary. In
this connection it is noteworthy that the
most probable products of the interaction
of NH; with surface oxygen of Fe,O; at
lower temperatures according to infrared
data (/7) are nitroxyl-type species.

By means of the ESR technique (/8) it
has been shown that during ammonia ad-
sorption on partially reduced vanadium
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pentoxide deposited on silica gel the NH;
molecule enters the first ligand sphere of
V4t ions with tetrahedral coordination. As
a result of this, a rearrangement of the
coordination sphere occurs and a short-
ened vanadium-oxygen bond appears,
this fact being indicative for the formation
of vanadyl ions. The above formation of
the loose coordination compound can be
an initial step in the activation of NH,
during the catalytic process; this renders
possible the subsequent electron transfer.
Such a situation appears to be probable
because the transition metal cations are
inclined to form complexes with ammonia
possessing an unshared electron pair.

In further stages of the catalytic process
(NH) and (HNO) species like ammonia
also act as electron donors. During the
conversion of these particles into the reac-
tion products (N,, N,O, H,O) electrons
are liberated. Therefore vacant surface
sites arising from the fourth and the fifth
stages of scheme (IV) are associated with
the reduced form of the catalyst cation
Mezf, which is able to give electrons.
During the adsorption of electron-accept-
ing molecules of oxygen on these sites
electrons are transferred to O, which re-
sults in the formation of atomic negative
ions (O), bound with the oxidized form of
the cation Me?". It follows from this that
the (O) surface concentration, 8, will be
proportional to [ Me?"] while the concen-
tration of vacant sites, 1 — 6, will be pro-
portional to [Me!] and the ratio of the
oxidized to the reduced form, y=
[Mer]/[Me%], under steady condi-
tions of catalysis will be proportional to
0/(1 — 0). According to Eq. (7) this means
that y will be proportional to P,/Pyy,.

The same factor determines selectivity
of a catalyst at a given temperature. The
higher P,,/Pyy, ratios correspond to the
higher surface coverages with oxygen 6.
Because the activated complex of the
stage leading to N,O involves more atoms
of oxygen than that of the stage leading to
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N, [compare stages (4) and (5)] the ele-
vated Py,/Pyy, values are favorable for se-
lectivity in the formation of more oxidized
product (N,0).

Rate Equations for the
Process Involving Formation
of N, N,O and NO

So far there are no experimental data
concerning the situation when all three
processes (I)-(I11) occur simultaneously in
the kinetic regime. The reason is the fact
that at high temperatures required for
process (IIT) a strong diffusional retarda-
tion appears (/,2). Nevertheless it is useful
to predict some trends expected for the
above-mentioned situation.

Let us show that the reaction scheme
(IV) can be readily extended with a third
parallel reaction (III). In this case ammo-
nia oxidation follows three independent
routes associated with Egs. (I)-(III).
Route N js deduced from scheme (IV)
if the latter is extended by the stage of the
formation of NO. Let us assume the reac-
tion

6. 2 (HNO) + (O) —
2NO+H,0+5( )

to be such a stage. Then the reaction
mechanism will be

L0+ ()= (0) 52 20)

. NH; + (O) - (NH) + H,0

. (NH) + (0) 2 (HNO)

. (NH) + (HNO)— N, + H,0 + 3()

[= IR I -SRI S R

. 2(HNO) + (0)—>2NO + H,0+ 5( )

. (HNO) + (HNO)— N,0 + H,O0 +4( )
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_ p

SN2 ’L+0+M102’ (15)

Y -

Swao = 1 nw+ 6+ u'e
- 0 (16
() ¥ 0+ (we: 19

7]

Sno (17)

T () F 0+ (uin'6)

where w is again determined by Eq. (6)
while u’ = k¢/ks (kg is the rate constant for
the sixth stage).

The heat effect for the sixth stage is sig-
nificantly less than that for the fifth one.
Actually, the difference between the heats
of these stages is ¢g— g5 =2 qno—
d) — 9.0 Where g; are the formation heats
for the participants of the reaction; 2 gy, —
gn.o = —23.7 kcal/mole (13) and because
of the exothermicity of oxygen adsorption
the difference g — g5 is essentially nega-
tive. The Brgnsted-Polanyi-Temkin rela-
tion suggests that higher activation en-
ergies are associated with lower heats of
stages. If the last two stages of scheme (V)
are considered to be similar ones, the ac-
tivation energy for the sixth stage should
be higher than that for the fifth one so that
the p’-value should increase with tem-
perature.

Stoichiometric nos.®

N® N AN
1.5 2 2.5
2 2 2
1 2 2
\%
1 0 0 V)
0 1 0
0 0 1

@ N®: 2NH, + 1.50, = N, + 3H,0; N™: 2NH; + 20, = N,0 + 3H,0; NO:

2NH; + 2.50, = 2NO + 3H,O0.

Equation (3) for the overall process rate
keeps its validity. The equations for selec-
tivities will be

At lower temperatures the u’-value is
close to zero; Eq. (17) shows that under
these conditions Sy, =~ 0 and Egs. (15) and
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(16) coincide with Eqgs. (9) and (10). At
higher temperatures the u’-value should be
high and Sy, should be significant. This
conclusion agrees qualitatively with the
fact that the formation of NO on a catalyst
usually starts at elevated temperatures
(1-4).

Equations (15)-(17) predict the follow-
ing. With the mixtures enriched by ammo-
nia (at Py,/Pwi,— 0 and 60— 0) Sy,
approaches 1 while Sy, — 0. On increas-
ing the O, excess in the reaction mixture
(i.e., on increasing 6) Sy, falls approaching
the constant quantity w/(pm+ 1+ u') (at
0 — 1) while S, approaches pu'/(p+
1+ w'). The relation between Sy, and
6 in the general case involves a maxi-
mum. For illustration of all these conclu-
sions, Fig. 11 presents the results of a
model calculation of the selectivity depen-
dence on 6 and Py,/Pyy, at p' =100
(smooth curves) and at w' =10 (broken
lines); for both cases k/k,=v=pu=1.
One can see that the higher values of u’
are associated with the higher selectivities
in NO and the lower selectivities in N, and
N,O. It should be noted that the above
calculation presupposes the reaction to be
occurring under a kinetic regime according
to the parallel scheme, which is true at not
too high conversions of ammonia. Under
industrial conditions the NH, oxidation

100
\ No
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~ \ s
1.3‘ \\\ //
N N
3 50}
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Fic. 11. Dependence of selectivities in N,, N,O
and NO on # and P,,,/Py;, (theoretical curves).

proceeds under a diffusional regime at
practically complete conversions of ammo-
nia when the consecutive scheme should
also be taken into consideration; therefore
the dependences observed under these
conditions are more complicated (2).

The proposed schemes of the reaction
mechanism can serve as the basis for the
prediction of the catalytic activity of sub-
stances in ammonia oxidation (/9). This
problem is examined in Part 11 (20).
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