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Abstract

The temperature-programmed reduction with hydrogen was used to identify the phase composition of the
active component and to study redox properties of MnO_-containing honeycomb monolithic catalysts prepared by
two different methods: 1) “solution combustion synthesis” (SCS) on monolith surface; and 2) Co-extrusion of
MnO, powder with oxide components of the monolith. It is assumed that both monolithic catalysts contain pre-
dominantly MnO and some amount of MnO,/Mn,O,. Among the studied catalysts, the monolithic catalyst ob-
tained by the SCS method has the maximum activation energy of the second stage of the reduction of MnO,/Mn, 0.,
which consists in the reduction of Mn,O, to MnO. This explains its high activity in the oxidation of methane.

Key words: manganese-containing catalyst, manganese oxide, MnO,, TPR-H,, deep oxidation of hydrocarbon,

solution combustion synthesis

INTRODUCTION

Development of the scientific foundations of
the rational design of autonomous catalytic heat
generators for local heat supply is urgent with
respect to fuel saving and the solution of ecologi-
cal problems of heat-and-power engineering. This
problem requires integrated fundamental studies
in the area of catalysis, kinetics, fuel combustion
and heat engineering. Studies in the area of ca-
talysis and the synthesis of catalysts will allow
electing highly active and stable catalysts to pro-
vide complete fuel combustion with the minimal
emission of hazardous substances [1—4].

To achieve these goals, it is necessary to syn-
thesize the most promising samples of catalysts

based on the oxides of transition metals, to study
the structural, textural, disperse, morphological
and redox characteristics of these catalysts be-
fore and after investigations and tests. Catalysts
based on manganese oxides are fairly considered
to be an alternative to the catalysts containing
platinum group metals because of substantially
lower prime cost and high activity in the deep
oxidation of hydrocarbons and carbon monoxide.
Systems based on MnO  are prone to thermal ac-
tivation caused by the formation of highly active
defect-bearing spinel Mn,O, [5, 6], and to syner-
gism in the oxidative activity in the case if the
oxides of transition metals are added [7—9] or in-
significant amounts of precious metals [10—13].
Both these effects determine the promising poten-
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tial of the use of MnO -containing catalysts in
catalytic chambers providing ecologically safe fuel
combustion in autonomous heating appliances.
The method of catalyst preparation affects its
properties including phase composition, morpho-
logical, textural, acid and catalytic characteris-
tics. Thus, oxidation-reduction reactions proceed-
ing during thermal treatment form the composi-
tion of the catalytically active phase. For instance,
thermal decomposition at 550—650 °C causes the
transformation of manganese carbonate into Mn,O,
in air and into MnO in the inert atmosphere of
argon, and the formed MnO is oxidized into Mn,O,
even at 400 °C but has low specific surface area
[14]. However, even with the same chemical com-
position of the active phase, the crystal structure
(a-, B-, v, 8-MnO,, [15—18]) and morphology (na-
notubes, nanorods, nanowire etc. [19]), particle
size [20] and the method of MnO,/Mn,O, bonding
on the surface of oxide supports [20] affect the
redox properties of MnO -containing catalysts
prepared from different precursors. Among the
known structural modifications of MnO2 , o- and
y-forms possess the maximal reducing ability [16—
18], better chemisorb oxygen [17, 18] and exhibit
increased catalytic properties in redox processes,
such as the oxidation of CO (B-MnO, < y-MnO, <
a-MnO,, 6-MnO, [15]) and toluene (B-MnO, <
8-MnO, < a-MnO, < y-MnO, [16]), as well as selec-
tive reduction of NO by ammonia [17]. The dis-
cussed regularities were established mainly for
bulk manganese oxides, while the practical inter-
est for the processes involved in autonomous heat
supply and purification of gas emissions from toxic
components is focused on the supported catalytic
systems based on monolithic ceramic supports.
Among the known methods of the preparation
of supported catalysts, the most promising ones
are one-stage waste-free methods of the intro-
duction or deposition of MnO _-containing active
component (AC) on a thermally stable support,
such as: 1) the incipient wetness impregnation of
the ready support (volume of solution = pore vol-
ume of the support) with a solution of manganese
salt; 2) the introduction of MnO  powder into the
extrusion mass. The possibility of one-stage im-
pregnation to the incipient wetness is limited by
the solubility of manganese salts and by the pore
volume of the support. In addition, the applicabil-
ity of the impregnation method may be decreased
by the stages of drying and thermal treatment of
the catalyst: during these stages, the AC may be
carried over to the surface with the formation of
nonuniform distribution, the particles of the AC

may get agglomerated, and the phases may be
formed through the interaction of the AC with
the material of the support. A negative effect of
thermal treatment may be decreased by using
the so-called solution combustion synthesis (SCS).
The method of AC introduction, which involves
filling the pores of the support with a solution of
manganese salt, makes SCS close to the method
of impregnation to the incipient wetness, the only
difference being the presence of organic fuel
(carbamide, carbohydrazide, hydrazide of maleic
acid etc.) in the solution. The listed methods dif-
fer by the chemical nature of bonding and the
formation of AC particles during the thermal
treatment of the catalyst. Within the SCS meth-
od, nanocrystalline oxide particles are formed at
the moment of the formation of a short-term heat
wave [21—24] as a result of a redox reaction be-
tween manganese salt and the organic fuel, which
decreases the probability of AC particle agglom-
eration [21] and the interaction with the material
of the support. During the thermal treatment of
the impregnating catalyst, AC is formed as a re-
sult of the thermal decomposition of manganese
salt and a solid-phase reaction between MnO
and aluminosilicate. The outlooks of SCS for the
preparation of low-percent catalysts on the mon-
olithic supports of honeycomb structure [25—27]
and non-porous structured supports [28, 29] were
demonstrated only in a few works. The deposition
of the high AC concentrations may cause a de-
crease in dispersion, which is connected with the
limited pore volume and amount of adsorption
centres on the surface of the support.

The method of the joint formation of AC pow-
der and the support material allows introducing
high concentrations of catalytically active compo-
nents, though the ready catalyst often contains
AC particles decorated with the inert material
The principle of the method relies on the prepara-
tion of plastic paste based on AC powders, support
material and a binding sol, subsequent extrusion
of the paste through a die, crying and thermal
treatment. The methods of regulating the texture
and mechanical properties of monolithic materials
are rather well developed [30, 31]. The size of AC
particles and their size distribution may be gov-
erned by choosing methods and conditions for the
synthesis of catalytically active oxides.

The goal of the present work was to study the
regularities of the formation of redox properties
of catalysts based on manganese oxides intro-
duced using two methods: 1) SCS; 2) the joint
molding of the support material and MnO_ pow-
der synthesized by means of SCS.
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EXPERIMENTAL

Catalyst preparation

To prepare catalyst 1, at first, a monolithic
support was prepared using extrusion of the plas-
tic paste through a die and subsequent drying at
the room temperature for 24 h and at 120 °C for
5 h, followed by annealing at T, = 750 °C for 4 h.
The plastic paste was prepared in a Z-shaped
mixer by mixing y-ALO, and a-AlLO,, hydrated
clay (humidity 70 %), calcium carbonate and talc
at the mass ratio of the components 8 : 25 : 15 :
1.5 : 1, respectively.

The synthesis of catalyst 1 was carried out by
means of SCS. This method includes impregna-
tion of the preliminarily prepared monolithic sup-
port in the excess of the solution of manganese
nitrate Mn(NO,), with the addition of glycine at
the molar ratio of Mn/glycine = 1 : 5 and subse-
quent removal of the excess solution from the
channels. Then the sample was dried in the flow
of hot air and annealed at a temperature of 550 °C
in the air. The concentration of manganese salt
in the impregnating solution was calculated for
the deposition of 5 mass % MnO, and pore vol-
ume of the support 0.09 cm?®/g (to achieve the
incipient wetness).

Catalyst 2 was prepared by means of extru-
sion which involved the addition of 0.5 g MnO,
into the plastic paste (10.1 g taking into account the
humidity) composed of y-AlLO, and a-ALO,, hy-
drated clay (humidity 70 %), calcium carbonate and
tale, mixing with a Z-shaped mixer, and extrusion
through a die. The ratio of the components of the
support in the paste is similar to their ratio in the
support used to synthesize catalyst 1. Thermal
treatment included drying at the room tempera-
ture for 24 h, at 120 °C for 5 h, and annealing at 550
or 750 °C for 4 h. The MnO_ powder was obtained
by means of SCS from the concentrated aqueous
solution containing Mn(NO,), and glycine (Mn/gly-
cine = 1 : 5) by drying and annealing at 550 or
750 °C for 4 h. The content of MnO_ in the annealed
catalyst was 5 mass % calculated for MnO,,

Catalysts 1 and 2 are designated as MnO,(gl)/
AlSi-550 and MnO,(gl)-AlSi-550/750, respectively.

Physicochemical properties of the catalysts

The texture characteristics of the support and
the catalysts (specific surface area S, and pore
volume Vpor) were studied by means of the low-
temperature desorption of nitrogen in the ASAP
2400 Micro-metrics set-up at 77 K.

X-ray phase analysis (XRA) of the samples
was carried out with the help of HZG-4C diffrac-
tometer (Freiberger Prazisionsmechanik, Germa-
ny) with monochromatic cobalt radiation CoK
(L = 1.79021 A) within the angle range 20—80°
over 20 with the scanning rate of 1 deg/min. The
samples were identified using the X-ray database
JCPDS.

The catalytic activity of the samples was
measured in the deep oxidation of methane in a
flow reactor made of quartz at a temperature of
200 to 700 °C. We used 1 cm? of the catalyst in the
form of the fraction with particle size 0.5—1 mm.
The initial reaction mixture containing 1 vol. %
CH, in the air was supplied to the reactor with
the gas hour space velocity of 12 000 h™!. Cata-
lytic activity was evaluated from the tempera-
ture of 50 % conversion of methane.

Procedure of the TPR-H, experiment

Experiments on temperature-programmed
reduction by hydrogen (TPR-H,) were carried
out in a set-up equipped with a flow reactor and
a thermal conductivity detector. The reduction
was carried out within temperature range 25—
950 °C, with the rate of temperature rise equal
to 10 °C/min passing a mixture of 10 % H, in Ar
at a rate of 30 cm®/min through the weighted
portion of the sample. Before the experiment,
the sample was pretreated in argon flow blown
through the reactor at a rate of 30 cm?®/min, at
450 °C for 30 min. The weighted portion of the
sample was 100 mg, grain size 250-500 pm.
To eliminate exothermal effects, the sample was
mixed with 100 mg of quartz with a similar grain
size. Water formed in TPR-H, was removed from
the gas mixture by freezing in a trap at a tem-
perature of =70 °C. Quantitative measurements
were carried out with respect to hydrogen con-
sumed for the reduction of CuO under similar
conditions assuming that CuO is reduced com-
pletely in one stage.

Linearization of the experimental data obtained

by means of TPR-H,, recorded at the heating
rates of 5, 10, 15 °C/min, we calculated activation
energy (E)) of MnO_ reduction by hydrogen for
some samples using the method proposed by
Kissinger [32]:
2InT -InB=E/RT_ +C)
Here B is heating rate; T  are temperatures of
the maxima of peaks in the TPR-H, profile re-
corded at the given heating rate; R is universal
gas constant (8.31 kJ/mol); C is a constant.
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RESULTS AND DISCUSSION

Some physicochemical characteristics of the
samples are listed in Table 1. Analysis of these
data shows that the specific surface area and
pore volume of the impregnating and molded cat-
alysts are comparable with each other (29—
30 m?/g and 0.080-0.082 cm?®/g), and with the
characteristics of the support (28 m?/g and
0.086 cm?®/g). The phase composition of monolith-
ic catalysts annealed at the same temperature
(550 °C) is identical to the composition of the sup-
port: a-SiO, (quartz) and o-ALO, (corundum).
The composition of MnO_ was not identified from
the XRA data due to its low content in the cata-
lyst, while the major phase of the bulk sample
was Mn,O,. The use of TPR-H, allowed us to as-
sume the phase composition of manganese oxides
in monolithic catalysts and at the same time to
evaluate their redox properties.

The TPR-H, profiles of the bulk samples of
manganese oxide obtained by means of SCS, with
different annealing temperatures 550 and 750 °C,
are shown in Fig. 1. A bulk sample of MnO_ an-
nealed at both temperatures is reduced in two
stages, and temperature rise leads to the shift of
the maxima of hydrogen consumption to the
high-temperature region: from 290 to 345 °C (the
first maximum) and from 430 to 465 °C (the sec-
ond maximum). The ratio of the areas of the 1%
and the 2" peaks of hydrogen consumption, as
well as total hydrogen consumption, are almost
independent of temperature. The ratio H,/Mn
was within the range 0.52—0.57, pointing to the
presence of Mn,O, as the major phase-determin-
ing oxide. The shift of peak maxima observed
with an increase in sample annealing tempera-
ture is due to a decrease in the dispersion of
Mn,O, particles.

Table 1

Physicochemical properties of the support and catalysts

1.2 430 465

H, consumption rate (10-6 mol H2/s)

600

400
Temperature (°C)

Fig. 1. TPR-H, protiles for a massive MnO_ sample obtained
by SCS mode and differing by calcination temperature, °C:
550 (1), 750 (2); molar ratio of the amount of consumed hyd-
rogen to the amount of manganese oxide H,/Mn: 0.52 (1)
and 0.57 (2).

In addition, the curve of reduction of a bulk
MnO_ sample after annealing at 550 °C contains a
peak in the region of 185 °C, which is likely to be
due to an insignificant amount of MnO, in the
sample or Mn** cations on the surface of Mn,O,
particles. An admixture of MnO, is completely re-
moved after MnO  annealing at 750 °C, which is
quite natural because of the completion of MnO,
decomposition to form Mn,O, at temperatures
above 700 °C [14]. The observed temperature
maxima of the reduction of bulk MnO, sample
annealed at 550 and at 750 °C are in good agree-
ment with the literature data on the reduction of
Mn,O,. Thus, the reduction of bulk Mn,O, ob-
tained from manganese carbonate at 550 °C in
the air proceeds in two stages at 230 and 400 °C,
while Mn,O, obtained by the decomposition of
manganese acetate at 400 °C is reduced at some-
what higher temperatures 305 and 420 °C [14]

Support and catalysts T, ., °C S e M*/8 Voo cm?/g Phase composition® Tion Cqu, °C
MnO,(gl)/ AlSi-550 550 30 0.082 4-ALO,, 0-SiO, 505
MnO,(g])-AlSi-550 550 29 0.080 a-AlLO,, a-SiO,, Mn,O, 625
MnO,(gl)-AlSi-750 750 28 0085 a-ALO,, 0-SiO,, Mn,O, 645
AISi-550 550 28 0.086 a-ALO,, a-SiO, -

AISi-T50 750 27 0086 a-AL0,, a-Si0, -
MnO,-550 550 59 0.250 Mn,0, 695
Mn01—750 750 42 0.210 Mn203 715 (39 %)

*a-ALO, — corundum phase, a-SiO, — quartz phase.
P Dash means that a 50 % conversion of CH4 is not achieved under the chosen conditions.
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Oxide o-Mn,O, obtained by annealing manganese
hydroxide at 750 °C is reduced at 360 and 450 °C
[33]. In all cases, the ratio between the amounts
of hydrogen consumed at the first and the second
stages of reduction is close to 1 : 2, which corre-
sponds to the stoichiometry of Mn,O, reduction to
Mn,O, (H,/Mn = 0.17) and then Mn,O, to MnO
(H,/Mn = 0.33).

The effect of the oxides of silicon and alu-
minium present in clay and formed during an-
nealing on the redox properties of MnO  obtained
preliminarily by means of SCS and then intro-
duced into the molded paste is shown in Fig. 2.
For catalyst 2, a negative effect of the aluminosili-
cate component of the paste on the ability of man-
ganese oxide to be reduced by hydrogen is clearly
pronounced. Thus, the start of hydrogen consump-
tion shifts to higher temperatures by 35—60 °C, a
high-temperature form of hydrogen consump-
tion appears (600—650 °C), and the ratio H,/Mn
decreases almost by a factor of 2 (from 0.52—0.57
to 0.25—0.29). A reason of the decrease may be the
hindrance of the access of hydrogen to MnO,
particles decorated with the aluminosilicate com-
ponent of the catalyst, and difficult-to-oxidize
phases that have not got enough time to be re-
duced during TPR-H,. The profile of MnO,(gl)-
AlSi-550 reduction has maxima at 325—350, 410,
500 (weak), 655 °C, while MnO,(gl)-AlSi-750 has
the maxima at 350, 430 °C and an asymmetrical
maximum at 600 °C. Similarly to the bulk MnO_

Hy consumption rate (10-6 mol Hz2/s)

T T T
400 600
Temperature (°C)

Fig. 2. TPR-H, profiles for catalyst 2 obtained by adding
5 mass % MnO_ into the molded paste; annealing tempera-
ture, °C: 550 (1), 750 (2); for convenient comparison with the
data shown in Fig. 1, the rate of hydrogen consumption by
molded samples was multiplied by 20 (x20); for comparison,
profile (3) for support AlSi(750) is shown; the molar ratio of
hydrogen consumed to the amount of introduced manganese
oxide (calculated amount) H,/Mn: 0.25 (1) and 0.29 (2).

sample, low-temperature peaks correspond to the
reduction of Mn,O, particles proceeding in two
stages to MnO through Mn,O,. Previously similar
results were obtained for the supported systems
MnO_/ ALO, [16, 34] and MnO_/SiO, [34] High-
temperature peaks at 600/655 °C may point to
the strong interaction of MnO_ with the oxide
components of the support, up to the formation of
new compounds between MnO_ and SiO, (or ALO,)
in the course of thermal treatment of the mono-
lithic catalyst, for example, manganese aluminate
or silicate. It was proved that MnO_ particles with
the strong interaction with SiO, are reduced at
650 °C [20]. As a rule, MnO_/Al O, sample [16] is
characterized by unresolved peaks of weak inten-
sity in TPR-H, within temperature range 200—
650 °C, though for our samples the peaks in the
TPR-H, profile are sufficiently well resolved.

A comparison of the redox properties of the
catalysts of the same composition with AC con-
tent 5 mass % (calculated for MnO,) introduced
using different methods — joint molding and SCS —
is presented in Fig. 3. It is shown that for the cata-
lysts annealed at the same temperature (550 °C)
the impregnation sample (catalyst 1) is reduced at
lower temperatures than the molded catalyst (cata-
lyst 2). Temperature maxima characterising the
reduction of catalyst 1 are shifted to lower tem-
peratures by 60—100 °C in comparison with cata-
lyst 2. Catalyst 1 has the maxima of hydrogen
consumption at 370, 550 and 800 °C, while cata-

8ﬁ

7 655

H, consumption rate (10-6 mol H2/s)

0 200 400 600 800 1000

Temperature (°C)

Fig. 3. TPR-H, profiles of molded (1) and impregnating 2)
catalyst with the same MnO_ content and annealing tempera-
ture 550 °C; molar ratio H,/Mn: 0.25 (1) and 0.17 (2).
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Fig. 4. Activation energy of MnO_ reduction in molded (1) and
impregnating (2) samples of monolithic type, for comparison,
the data for bulk MnO_ sample obtained by means of SCS is
shown (3).

lyst 2 — at 325—350, 410, 500 (weak) and 655 °C.
However, the amount of hydrogen consumed
during the TPR-H, experiment is lower for the
impregnating catalyst than for the molded sam-
ple (H,/Mn = 0.17 instead of 0.25, respectively).
The latter fact suggests that the major part of
AC based on MnO,_ is reduced to MnO during its
deposition by means of SCS, and the remaining
part of MnO_ is incorporated in the composition
of the fine MnO,/Mn,O..

So, both methods of catalyst preparation — 1)
deposition of MnO by means of SCS, and 2) joint
molding of MnO_ with the components of the
support — hinder the reduction of MnO_in com-
parison with the bulk sample. To study the na-
ture of the interaction of MnO_ with the oxide
components of the support, TPR-H, experiments
with the variation of heating rate were carried
out. Through linearization of experimental data
(Fig. 4), activation energies (E)) of the second
stage of Mn,O, reduction corresponding to the
reduction of Mn,O, into MnO were determined
(the second temperature maximum in TPR-H,
profiles, see Fig. 1—3). Results of these calcula-
tions showed that the minimal E  of Mn,O, re-
duction into MnO is that exhibited by the bulk
sample (84%+2 kJ/mol). The joint molding of bulk
MnO,_ with the oxide components of the support
leads to a 1.75-fold increase in E_ (to 147+30 kJ/mol).
Among monolithic catalysts, sample 1 obtained
with the help of SCS is characterized by the
maximal E , which is equal to 185+45 kJ/mol. In
both cases, an increase in E_is connected with the
interaction between MnO _ and oxide components
of the support, which brings the hindrance to the
reduction of Mn,O, to MnO.

As discussed above, the stability of Mn,O,
under reducing conditions increases in the se-
quence: bulk sample < catalyst 2 < catalyst 1. It
turned out that the temperature of 50 % conver-
sion of methane decreases as the same sequence
(see Table 1) and therefore the catalytic activity
of the catalysts in the reaction of methane oxida-
tion increases. This trend is quite natural due to
the high reactivity of Mn,O, [5, 6] compared to
other oxides MnO,.

CONCLUSION

Preparation of MnO -containing monolithic
catalysts using two different methods: 1) SCS on
the surface of the monolithic support, and 2) joint
molding of MnO_ powder (obtained by means of
SCS) with the oxide components of the support
allows governing the redox properties of the cat-
alyst and therefore its catalytic activity in hydro-
carbon oxidation.

According to the data obtained in TPR-H, ex-
periments, it is assumed that the phase composi-
tion of MnO _ in monolithic catalysts is only weak-
ly dependent on the preparation method, both
monolithic catalysts contain mainly MnO and
some amount of MnO,/ Mn,O,. The major reason
for the effects observed during TPR-H, and in
catalytic experiments is the interaction of MnO,
with the oxide components of the support. In
comparison with the bulk sample, this interaction
causes a shift of the maxima of hydrogen con-
sumption to higher temperatures, a decrease in
the H,/Mn ratio and increase in E_of the second
stage of the reduction of MnO,/Mn,O,, which in-
volves the reduction of Mn,O, to MnO.

Among the studied samples, the monolithic
catalyst obtained by means of SCS on the surface
of the ready support possesses the maximal value
of the E  of Mn,O, reduction to MnO and the
highest catalytic activity in methane oxidation.
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