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Abstract—The effect of the chemical and phase composition of the Fe,O;-MnO catalytic system for anmonia
oxidation on its activity and selectivity to NO at 873-1273 K is demonstrated. The optimal parameters of the
process over manganese ferrite, the most active and highly selective component of the system, are determined.
The combination of the factors of chemical and phase transformations of the catalyst results in the formation
of an inactive component (Fe;O,) and in the structural changes (recrystallization and cationic redistribution of
spinel) and is the reason for the deactivation of manganese ferrite at 1273 K.

INTRODUCTION

The catalytic oxidation of ammonia to NO is the
basis for the industrial process for the production of
nitric acid [1]. High cost, deficiency, and irreparable
lossinthetechnological processof commercial catalyst
(platinum, rhodium, and palladium aloys) production
raise the topical problem of searching for efficient non-
platinum catalysts. Iron(I11) oxideis one of the promis-
ing sources of nonplatinum catalysts and is used as a
component of acombined system at the second stage of
ammonia oxidation [1, 2]. Different modifiers, in par-
ticular, metal oxides are used to retain the high activity
and selectivity of Fe,0; to NO and to enhance its ther-
mal and chemical stability [1-6]. Information about the
catalysts for ammonia oxidation is empirical, because
the current theory of catalysis fails to unambiguously
predict the properties of catalysts depending on their
composition, methods of preparation, and genesis. The
accumulation of knowledge on the catalytic properties
of systems for ammonia oxidation is of practical and
theoretical interest for developing scientific methods
for the preparation of catalystswith certain characteris-
tics. Mn(I1) oxide is used as a modifier for iron oxide-
containing catalysts. However, the Fe,0;—MnO system
has not been studied in a wide range of component

Table 1. Phase composition of the Fe,O;—MnO system

compositions [1, 3, 4]. This paper is devoted to the
study of catalytic properties of the Fe,0,—MnO system
in ammonia oxidation.

EXPERIMENTAL

The catalyst was prepared by the thermal decompo-
sition of hydrated iron (Fe(NO;); - 9H,0) and manga
nese (Mn(NO,), - 6H,0) nitrates (analytical grade) in
the inert medium of N,. The components were taken in
aratio calculated by the procedure [5, 7] that involved
an additional thermal treatment of a catalyst at 1173 K
for 6 h. The X-ray diffraction analysis was carried out
with an URS-501 diffractometer using FeK,, radiation.
The phase composition of the catalytic system under
examination is presented in Table 1.

The specific surface areas of catalysts measured
from the nitrogen low-temperature adsorption or calcu-
lated by the BET equation are summarized in Table 2.

The selectivities of catalyststo NO were determined
in a flow-type setup (Fig. 1) with a quartz reactor
20 mm in diameter following the procedure reported in
[8]. Once ammonia-air mixture was cleaned of impuri-
ties, it entered the reactor with a 40-mm fixed bed of
catalyst granules 2 x 3 mm in size. The ammonia con-

) - Properties of the system components
MnO concentration, wt % |  Phase composition - - -
crystalline structure lattice spacing &, nm
0 a-Fe,0, trigonal, a-Al,O5-type 0.5430
0-30.7 a-Fe,03+ MnFe,O, - -
30.8 MnFe,O, cubic, MgAIl,O,-type 0.8515
30.9-99.9 MnFe,O,+ MNO - -
100.0 MnO cubic, NaCl-type 0.4435
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centration in the ammonia—air mixture was ~10 vol %,
acontact time of 7.6 x 102 swas optimal according to
data obtained earlier in [5], and the pressure of the mix-
ture was 0.101 MPa. After passing through a cooler, an
oxidizing agent, and a condenser, nitrous gases were
absorbed by an alkaline solution. The required temper-
ature was maintained in the reactor with a tubular elec-
tric furnace. The temperature of the tests (1053 K) cor-
responded to that at which the selectivity of a single-
component iron oxide catalyst exhibited the highest
selectivity [7]. The composition of ammonia oxidation
and NO decomposition products over catalysts was
determined by chromatography using the known proce-
dure [9]. The concentrations of NH;, O,, N,, NO, and
N,O in the gas mixture were found before and after its
contact with catalysts. The detection limits of this ana-
Iytical method for NH;, NO, and for each of O,, N,, and
N,O were 3.0 x 103, 3.5 x 103, and 5.0 x 1073 vol %,
respectively.

The catalyst capacity limit toward ammonia conver-
sion in an ammonia—air mixture was determined by
procedure proposed by Temkin [3], which consisted in

Table 2. Properties of the Fe,O;—MnO catalytic system
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an increase in the catalyst capacity to the critica state
of catalyst “quenching,” that is, in the disturbance of the
catalyst thermal balance after the transition of the reac-
tion from diffusion-controlled to kinetic regime.

Kinetic characteristics of the reaction were deter-
mined using the temperatures of ferrite catalyst “igni-
tion” and “quenching,” that is, temperatures in critical
points. To calculate the reaction rate, we used the pro-
cedure for the determination of the temperature range
of external diffusion using the effect of catalyst quench-
ing by decreasing the temperature of the ammonia—air
mixture [10]. The temperature of the catalyst surface
was measured from the bottom of the ammonia-air
mixture flow with a chromel-alumel thermocouple
pressed in the catalyst pellet (Fig. 2). The catalyst pellet
was a cylinder 6 mm in diameter and 5 mm in height.
The thermocouple was pressed into the pellet 0.3 mm
from itstop end. A layer of manganese ferrite granules
2-3mm in size was placed between the pellet and reac-
tor walls to compensate for the loss of heat by the cata-
lyst to the surrounding medium by means of thermal
radiation. The temperature of the ammonia—air mixture

MnO specific | CHRSET Y | rowart ammonaconversion | under aitioa condinons

concentration, wt %/ surfacearea, Mg | (- 7531025 | NHy(x109), mé NHg -t mr2 | of catalyst quenching, rel %
0 59 94.7 6.50 0.30
20 6.0 94.8 6.54 0.29
50 6.1 94.8 6.60 0.29
100 6.2 94.9 6.70 0.28
15.0 6.3 95.0 6.78 0.28
20.0 6.4 95.1 6.90 0.27
25,0 6.6 95.1 7.04 0.26
28.0 6.7 95.2 7.12 0.25
30.0 6.7 95.2 7.22 0.25
3038 6.8 95.2 7.5 0.25
320 6.7 939 7.10 0.27
35.0 65 80.8 6.88 031
37.0 6.4 86.5 6.76 0.33
40.0 6.1 83.7 6.50 0.38
45.0 57 78.8 6.10 0.45
50.0 53 738 5.74 0.53
60.0 47 65.0 5.10 0.68
700 40 56.9 4.42 0.82
80.0 34 50.0 3.74 0.95
85.0 3.1 46.6 3.48 102
90.0 28 431 3.14 1.08
95.0 26 402 288 113
98.0 25 3838 272 117
100.0 24 38.2 262 1.20
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Fig. 1. Schematic of the setup for anmonia catalytic oxidation: (1, 17) monostats; (2, 4, 15) traps; (3) Drechsel bottle with concen-
trated H,SOy; (5, 16) rheometers; (6) filter with silica gel; (7) activated carbon; (8, 9) mixers; (10) electric furnace; (11) reactor;
(12) Drechsdl bottle with an absorber (H,0); (13, 14, 18) valves; (19) fiber-glass filter; (20) cooler; (21) oxidant; (22) condenser;
(23) bottle with an absorber of nitrous gases (alkaline); (24) compressor; (25) cylinder with ammonia; (26, 27) sampling valves.

that arrived at the pellet was measured with a chromel—
alumel thermocouple surrounded with alayer of quartz
granules[10] which are necessary to decrease the effect
of the heat radiation from the pellet surface to the ther-
mocouple.

RESULTS AND DISCUSSION

The catalytic properties of the Fe,0,—MnO system
are presented in Fig. 3 and Table 2.

Only two nitrogen-containing compounds (N, and
NO) were detected in the products of ammonia oxida
tion. No ammonia breakthrough was detected at the
reactor output when the conditions were far from criti-
cal. Thus, the conversion of the initia substance was
100%. In the course of the reaction, only the concentra-
tion ratio between NO and molecular nitrogen changed,
that is, the selectivity of catalysts to NO (or nitrogen)
changed. The thermal dissociation of NO may result in
adecrease in the selectivity to NO:

2NO = N, + O,. )

Experimental data on the extent of the thermal dis-
sociation of NO over the catalysts of the system under
study are presented in Table 3.

At a given temperature of experiments and during
the optimal contact time (t = 7.6 x 107> s), from 0.4 to
1.0% NO dissociated. Thus, the thermal dissociation of
NO reduced the selectivity of Fe,O,, MnO, and manga
nese ferrite catalysts to NO by 0.9, 0.1, and 1.1%,
respectively. With an increase in the linear flow rate of
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reactants, that is, with a decrease in the contact time to
1.2 x 103 s(critical conditions of catalyst quenching),
the thermal dissociation of NO was not detected. This
pattern agrees with data obtained for other nonplatinum
catalysts for ammonia oxidation [1, 11].

The addition of manganese oxide to hematite Fe(l11)
oxide (a-Fe,05) led to the formation of manganese fer-
rite (MnFe,0,) with the structure of partially inverted

spinel Mg gFess [MnS;Fel;Felg] O, (the main lines
of X-ray patterns corresponded to the following inter-
planar distances: 0.301; 0.257; 0.213; 0.1739; 0.1640;
0.1507; 0.1297; 0.1228; 0.1137; 0.1109; and
0.1065 nm) [12]. Data of chemical anaysis and IR
spectroscopic data (the main absorption bands were
observed at 395 and 553 cm!) confirmed the composi-
tion of manganese ferrite.

At concentrations of manganese oxide higher than
30.8 wt %, the ferrite phase coexisted with the phase of
manganese oxide as amixture of two compounds. MnO
showed the much lower sdlectivity (38.2%) and the
specific surface area (2.4 m?/g) than manganese ferrite.
For example, an increase in the manganese oxide con-
centration in the MnFe,0,~MnO system resulted in a
monotonic decrease in the selectivity of catalysts to
NO. Thus, the selectivity of the system depended on its
composition, in particular, on the quantitative ratio
between the ferrite phase and one of the oxide phases
of abinary catayst.

The values of catalyst capacity limits based on
ammonia are summarized in Table 2. It is seen that
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Fig. 2. Unit of the catalytic reactor for measuring kinetic
characteristics of manganese ferrite: (1) catalyst pellet;
(2) thermocouple for measuring the temperature of the cat-
ayst surface; (3) bed of catalyst granules; (4) tube electric
furnace; (5) thermocouple for measuring the temperature of
ammonia—air mixture; (6) layer of quartz granules.

Sno» %
97

82

67

52

37 1 1 1 1
0 20 40 60 80 100

MnO, wt %

Fig. 3. Selectivity of catalyststo NO (Syo, %) asafunction
of the composition of the Fe,0O3-MnO system.

this parameter increased with an increase in their
specific surface areas: manganese ferrite exhibited
the highest capacity toward ammonia conversion
(7.25 x 10° m* NH; h™! m™2) and Mn(l1) oxide showed
the lowest one (2.62 x 10> m* NH; h™! m2). Iron(I1)
oxide showed a somewhat |ower capacity limit than the
manganese ferrite (6.50 x 10> m* NH; h™' m2). The
value of the capacity limit depends on the rate of a
chemical reaction at the catalyst surface, which, inturn,
is governed by the chemical composition of catalyst.
The value of capacity limit characterizes the activity of
catalysts and their maximal productivity [1, 13]. Thus,
the activity of the Fe,0,—~MnO system increased with
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an increase in its specific surface area. Under critica
conditions of the process, al active sites of the catalyst
are used, and their number increased with an increase
in the specific surface area of the system. We state that
both the specific surface area of catalyst and its chemi-
cal nature are responsible for the high catalytic activity
of the Fe,0;—MnO system. Under critical conditions of
the process (1 = 1.2 x 10~ s), the consecutive decom-
position of NO by reaction (I) was not observed
(Table 3), but part of unreacted ammonia was detected
at the reactor output, that is, ammonia breakthrough
took place (Table 2). With an increase in the specific
surface area of catalysts, the ammonia breakthrough
decreased. Thisfact isin agreement with ahigher activ-
ity of such catalysts.

Manganese ferrite is the most selective and active
component in the Fe,0,—MnO catalytic system for
ammonia oxidation. The catalytic properties of manga-
nese ferrite have not been studied previously.

Figure 4 demonstrates the effect of the reaction tem-
perature on the selectivity of manganese ferrite to NO
(henceforth, selectivity).

Manganese ferrite exhibited a higher selectivity
than Fe(l11) oxide at 873-1273 K that is, it is an effi-
cient catalyst for ammonia oxidation at moderate and
high temperatures [1, 3, 4]. The temperature—selectiv-
ity curves for manganese ferrite and Fe(l11) oxide were
similar and characterized by a single maximum
(Fig. 4). The selectivity maximum of manganese ferrite
(95.4%) was shifted to higher temperatures compared
to hematite (1103 and 1053, respectively). In addition,
the temperature range (983-1193 K) of high selectivity
(~94.0%) was wider for manganese ferrite than for
Fe(l11) oxide for which it was only 5060 K.

The relation between the selectivity and the contact
time (Fig. 5) pointed to the complex mechanism of
ammoniaoxidation [1, 5] over manganese ferrite.

At atime of contact (1) shorter than 8 x 107 s, a
drastic decrease in the catalyst selectivity was due to
the sidereaction [1, 15]

4NH, + 6NO = 5N, + 6H,0. (ID)

At atime of contact longer thanT > 3.8 x 1072 s, a
slow decrease in selectivity was mainly caused by the
dissociation of NO by reaction (1) [1].

Thelinear flow rate of reactants (ammonia—air mix-
ture) had a considerable effect on the catalyst selectiv-
ity (Fig. 6). According to [1, 3-5], this was typical of
the external diffusion-controlled mechanism of the pro-
cess, when the reaction rate was limited by ammonia
diffusion from the flow to the manganese ferrite sur-
face.

For manganese ferrite, the optimal linear flow rate
of the ammonia—air mixture at T = 3.6 x 102 s was
0.80 m/s. Anincreasein thelinear flow rate of reactants
was accompanied by a shift of the hot zone to the end
of the catalyst bed, that is, in a decrease in the temper-
ature of itsfront layer. Thus, at w= 1.8 m/s, the temper-
No. 5
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Fig. 4. Selectivity of catalyststo NO (Syo. %) asafunction
of the process temperature: (1) a-Fe,03[14]; (2) MnFey,Oy;
the linear flow rate of anmonia—air mixture was 0.8 m/s.

ature of the catalyst front layer decreased to 873 K,
which favored the occurrence of the parallel reaction

4NH, + 30, = 2N, + 6H,0. (III)

This reaction resulted in a decrease in the selectivity of
manganeseferriteto NO (Fig. 4) and in the contribution
of the consecutive process (I1). Specificaly, the rate of
reaction (1) was maximal in the temperature range
from 673 to 873K [1, 15].

An increase in the linear flow rate of reactants to
critical valuesresulted inthe catalyst quenching, that is,
in the disturbance of the heat balance of the process
caused by a drastic increase in heat loss. The catalyst
capacity limit toward ammonia conversion was 7.25 x
10° m?* NH; h™' m= and characterized the activity and
productivity of manganese ferrite [1, 13]. When the
process was performed under critical conditions, the
consecutive decomposition of NO was poorly observed
(Table 3), but part of unreacted ammonia broke through
the catalyst layer at high linear flow rates of reactants
(Table 2).

Kinetic data on the process were calculated by the
equation proposed by Buben [16] and solved for two
reaction rates at a constant concentration of oxygen.
Buben’s equation has the following form:

(1+a)2[1+(m—1)g}—§%[—% =0, (1)

T QBGC, RTo .

wherea = T, I;b= T, €= £ mis the reac

tion order with respect to ammonia; T is the tempera-
ture of the catalyst surfacein acritical point, K; T, isthe
temperature of ammonia—air mixture; C, isthe concen-
tration of ammoniain the flow; a and (3 are the coeffi-
cients of mass and heat transfer, respectively; Q is the
reaction heat; and E isthe activation energy of the reac-
tion.
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Fig. 5. Selectivity of manganese ferrite to NO (Syo. %) asa

function of thetime of contact (1) at 1103 K (thelinear flow
rate of ammonia—air mixture was (1) 0.8 and (2) 1.6 m/s).

Coefficients o and B were calculated from the
known equations [17].

The kinetic parameters of ammonia oxidation over
manganese ferrite are given below.

The temperature of catalyst ignition 530K

The ammonia concentration

in the ammonia—air mixture 10.0 vol %
The activation energy of reaction (E) 9.61 kJ/mol
The reaction order with respect toammonia  0.20

The catalyst selectivity to NO (1053 K) 95.2%

The study of the catalyst selectivity changes with
time (Fig. 7) pointed to the high stability of manganese
ferriteat 1073-1173 K.

For 160 h, the selectivity of manganese ferrite at
1073 and 1173 K decreased by 0.2 and 0.4%, respec-
tively. The selectivity of Fe,0; at 1073 K decreased by
3.5% for the same period of time [7]. An increase in
temperature to 1273 K resulted in the deactivation of
manganese ferrite in the presence of reaction mixture;

Table 3. Degree of NO decomposition over catalysts at
1053 K (the gas mixture contained (vol %) 9.5 NO, 71.3 N,,
4.6 O,, and 14.6 H,0 (vapor)

Degree of NO decomposi-
tion at a contact time
of 7.6 x 102 s, %*

MnO concentration, wt %

0 (a-Fe,05) 1.0
15.0 (0-Fe,05 + MnFe,O,) 11
30.8 (MnFe,0Oy) 12
60.0 (MnFe,0O, + MnO) 0.6

100.0 (MnO) 04

* The thermal dissociation of NO at a contact time of 1.2 x 1035
was not detected.
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Fig. 6. Selectivity of manganese ferriteto NO (Syo, %) asa
function of the linear flow rate of anmonia—air mixture (w)
at1=36x102sand T=1103K.

a9.5% decrease in the catalyst selectivity was observed
after 160 h. X-ray patterns of the catalyst after 160 h at
1273 K contained the lines of manganese ferrite and the
lines corresponding to interplanar distances typical of
magnetite (Fe;0,) [12]: 0.485, 0.297, 0.253, 0.242,
0.2101, 0.1712, 0.1614, and 0.1485 nm. This conclu-
sion was supported by IR spectroscopic data. IR spectra
of the surface layer of the catalyst taken after its use
exhibited the absorption bands of magnetite [18] (407,
427, 480, 557, 673, and 980 cm!). According to [7],
magnetite decreased the selectivity of the catalyst and
was an inactive phase (the selectivity of magnetite at
1073 K was 7.0%). In addition, the catalyst underwent
essential structural changes. A decrease in the parame-
ter of a crystal lattice (a) from 0.8515 to 0.8501 nm
observed after 60 h at 1273 K was typical of the redis-
tribution of cationsin the spinel structure of manganese
ferrite [19-21]. At 1273 K, the intense migration of
Mn?* ions from tetrahedral to octahedral sublattice was
observed. This corresponded to a higher degree of the
spinel inversion that occurred by the following equa-

Table 4. Changesof some structural and catalytic character-
istics of manganese ferrite during its operation at 1273 K

Catalyst
capacity limit
Time of op-|Specificsurface|Size of par- |toward ammonia
eration, h area, m?/g ticles, nm conversion
NH3 (x1073),
m® NH; ht m~
10 5.6 300 6.00
40 4.0 380 4.25
60 23 520 2.44
100 0.9 680 0.97
160 0.8 700 0.86

Fig. 7. Selectivity of manganese ferriteto NO (Syo., %) asa
function of the time of catalyst operation (t) at (1) 1073,
(2) 1173, and (3) 1273 K (the linear flow rate of ammonia—
air mixture (w) was 0.8 m/s).

tion [19, 20] (according to the data of XRD analysis
and magnetic moments of the catalyst, it grew from 10
to 20%):

MngeFes1[Mns; Fes Felsl O,

2+ 3+ 3+ 2+ 3+ (IV)
— MnggFeg [ Mg, Feg ,Fel 6] O,
In the tetrahedral sublattice, the high-temperature
redox process [21, 22]

Mn* + Fe®” — Mn* + Fe”, (V)
whose equilibrium shifted to the right at 1273 K was
according to the Jahn-Teller effect [19, 20, 22]. Such
an electron exchange resulted in a decrease in the
parameter of the spinel lattice [20, 21] in agreement
with our observation.

Structural conversions of the spinel at 1273 K in the
presence of the reaction mixture enhanced the probabil-
ity of the chemical and phase transformations of man-
ganese ferrite with the formation of an inactive magne-
tite phase [21, 22]. In addition, the catalyst was recrys-
tallized at high temperatures and its specific surface
area decreased (Table 4). Catalyst grains increased in
size from 300 to 700 nm after its 160-h operation.

Because the reaction was limited by ammoniadiffu-
sion to the external surface of the catalyst, the value of
specific surface area had no decisive effect on the man-
ganese ferrite selectivity to NO [1, 3, 4]. This means
that a decrease in the catalyst selectivity at 1273 K was
mainly caused by phase and chemical transformations
of the catalyst. Under critical conditions of the reaction
(catalyst quenching), the processes of recrystallization
and a decrease in the specific surface arearesulted in a
decrease in the capacity limit of manganese ferrite, that
is, in adecreasein its activity (Table 4).
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The combination of chemical and phase transforma-

tions of the catalyst that resulted in the formation of a
low-activity component and in the structural changes of
the catalyst was the reason for the deactivation of man-
ganese ferrite at 1273 K.

Data on the catalytic properties of the Fe,0,—MnO

system can be used to develop efficient modified cata-
lysts for ammonia oxidation.

10.
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