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INTRODUCTION

Garnets attract attention due to the specific features
of their crystal structure, which is characterized by a
cubic elementary cell containing eight formula units
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, where { }, [ ], and () correspond to
dodecahedron, octahedron, and tetrahedron cationic
positions, respectively [1]. The presence of three non-
equivalent positions in the structure opens new avenues
for organizing different coordination environments for
cations that could be used to construct compositions
with the desired physicochemical and catalytic proper-
ties.

Much data has been published on silicon-containing
garnets [2, 3]. However, garnets with zirconium instead
of silicon are of equal interest. Zirconium has a larger
coordination number than silicon, and its introduction
instead of silicon can change the distribution of cations
over interstices in the closest cubic packing of oxygen
anions and increase the thermal stability of the compo-
sitions. M(II) and M(III) can either be Mn

 

2+

 

and Fe

 

3+

 

 or
Ca

 

2+

 

 and Sm

 

3+

 

, the addition of which can lead to a
change in the catalytic properties of systems thus
obtained in the corresponding reactions. The goal of
this work is to study the possibility for the formation of
garnet in the Mn–Fe–Zr–O and Ca–Sm–Zr–O systems
obtained by precipitation and to test physicochemical
and catalytic properties of these systems in the com-
plete oxidation of hydrocarbons.

EXPERIMENTAL

The samples of ternary zirconium-containing sys-
tems were prepared by several methods.

 

Mn–Fe–Zr–O System

Method I.

 

 The system was prepared by precipitation
from a solution of manganese, iron, and zirconium
nitrates by adding an aqueous solution of KOH
(2 mol/l) until pH 9 with further aging via two stages:
(1) stirring at room temperature for 30 min and (2) stir-
ring at 100

 

°

 

C for 2 h.

 

Method II.

 

 The system was prepared by precipita-
tion from the solution of manganese, iron, and zirco-
nium nitrates. For that, an aqueous solution of KOH
(2 mol/l) was titrated by the solution of these salts to
pH 9. The aging stage was analogous to that in method I.

 

Method III.

 

 The system was prepared by precipita-
tion from the solution of manganese, iron, and zirco-
nium nitrates by adding an aqueous solution of KOH
(2 mol/l) at a constant pH (pH 9). The aging stage was
analogous to that in method I.

 

Method IV.

 

 The system was prepared by precipita-
tion from the solution of manganese, iron, and zirco-
nium nitrates by adding an aqueous solution of NH

 

4

 

OH
(1 : 1) at a constant pH (pH 9). The aging stage was
analogous to that in method I.

To test the effect of a reducing agent added during
precipitation on the subsequent stages of the formation
of composite oxide systems, a sample was prepared
with H

 

2

 

O

 

2

 

 added (method IA).

 

Ca–Sm–Zr–O System

 

This system was prepared by consecutive precipita-
tion of samarium and zirconium nitrates at pH 9 (aging
at room temperature for 30 min) and then calcium
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. In the Ca–Sm–Zr–O system, the perovskite CaZrO

 

3

 

, pyrochlore
Sm

 

2

 

Zr

 

2

 

O

 

7

 

, and CaO are formed at 900–1200

 

°

 

C, but compounds with garnet structures are not found. The
reported systems are characterized by surface areas of 300–450 m

 

2

 

/g at 

 

≤

 

450°

 

C, and they have the polydisperse
distribution of pores over sizes. The introduction of surfactants at the stage of component mixing enables an
increase in the overall pore volume and mechanical strength of these systems. The Mn–Fe–Zr and Ca–Sm–Zr
compositions are active catalysts for the complete oxidation of hydrocarbons.
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nitrate at pH 11.5 by KOH (2 mol/l) (aging at 100

 

°

 

C
for 2 h).

All suspensions were filtered and precipitates were
washed out with distilled water until nitrates disap-
peared from the filtered mass. The samples were dried
in air at room temperature, then at 110

 

°

 

C for 12 h, and
calcined in air at 250–1200

 

°

 

C.
For comparison, we also prepared binary systems

with component ratios corresponding to the ternary
systems. Mn–Fe–O, Mn–Zr–O, Fe–Zr–O, and Sm–Zr–
O were prepared by coprecipitation from a mixture of
corresponding nitrates by an aqueous solution of KOH.
Ca–Sm–O and Ca–Zr–O were prepared by consecutive
precipitation of a mixture from the corresponding
nitrates by adding the necessary amount of KOH.
Aging, drying, and thermal treatment stages were anal-
ogous.

The porous structure in some samples was con-
trolled by adding surfactants both at the stage of precip-
itation and mixing of preliminarily synthesized and
dried samples. Cellulose with particle sizes of

 

≤

 

0.25 mm, carboxymethylcellulose, and polyvinyl
alcohol were used as surfactants. The concentration of
surfactants in all samples was 1% based on oxides.

The concentrations of the main components were
determined by the atomic-adsorption method [4]. Ther-
mal analysis was carried out using a Q-1500D instru-
ment at 18–1200

 

°

 

C at a heating rate of 10

 

°

 

C/min. The
catalyst sample weighed 0.2 g. The calculation of
apparent kinetic parameters was performed using ther-
mal analysis data obtained under comparable condi-
tions. The catalyst loading weight was 0.1 g, and the
accuracy in determining a weight loss was 

 

±

 

0.5%

 

.
X-ray phase analyses were carried out using an
HZG-4C diffractometer with a monochromatic Cu

 

K

 

α

 

irradiation. The accuracy in determining the unit-cell
parameter of the solid solution was 

 

±

 

0.003 

 

Å. The size of
the regions of coherent scattering 

 

D

 

 was calculated by the
Selyakov–Shearer formula [5]. The IR spectra of samples
were recorded using an IR Fourier-transform MV-102
spectrometer at room temperature. The samples were pre-
pared by tableting of a 2-mg sample with KBr.

The total specific surface areas of the samples were
determined by the method of argon thermal desorption
[6]. The error of this method is 

 

±

 

10%

 

. The porous
structure was analyzed using mercury porosimetry
using a Pore Sizer 9300 instrument. The mechanical
crushing strength was measured using an MP-9C
instrument. In the calculations, we averaged the results
over 20 granules.

The catalytic properties of samples were studied in
the following reactions:

(1) Selective nitrogen oxide reduction by propane in
an oxidative medium. The conversion of nitrogen oxide
and the conversions of propane into CO and CO

 

2

 

 were
estimated for the standard composition of the mixture
(0.1 vol % NO, 0.13 vol % C

 

3

 

H

 

8

 

, 1 vol % O

 

2

 

, and bal-

ance helium) in a flow-type setup at a space velocity of
4000 h

 

–1

 

 at 250–700

 

°

 

C. The concentrations of all com-
ponents were determined by chromatography.

(2) The complete oxidation of butane in a flow-
circulation setup. The concentration of butane in a
butane–air mixture was 0.5 vol %. Tests were per-
formed in a fixed bed over grains with a size of
1.0

 

−

 

2.0 mm and granules larger than 15 mm at
400

 

°

 

C. The initial reactants and reaction products
were analyzed by chromatography. The conversion
of butane was 60%. The degree of catalyst utiliza-
tion was calculated as the ratio of the granulated
sample activity to the activity of the same sample in
the form of a certain fraction.
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Fig. 1.

 

 Potentiometric titration curves of 0.5-mol/l solu-
tions: (
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) Fe(NO
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) ZrO(NO
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, and
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 by a KOH solution with a concentration of
(
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, 

 

2

 

) 0.5 mol/l and (
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, 

 

4

 

) 2 mol/l.
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RESULTS AND DISCUSSION

According to [7–9], the synthesis of garnet by the
precipitation method is favorable for the formation of
its structure at a lower temperature than in the solid-
phase synthesis. The higher the degree of homogeneity
achieved at the precipitation stage, the lower the crys-
tallization temperature. For the systems under study,
the choice of a precipitation method is determined by
comparing the values of pH corresponding to the pre-
cipitation of respective components. Figure 1 shows
that pH at which iron and zirconium hydroxides start to
precipitate differ only slightly: 1.5 and 2.0, respec-
tively. Manganese precipitates with a first drop of a pre-
cipitation agent because it is an easily precipitating
hydroxide [10]. Therefore, the Mn–Fe–Zr–O samples
were prepared by several methods (Table 1). For the
Ca–Sm–Zr–O systems, the difference in precipitation
pH for the corresponding components (Fig. 1) is sub-
stantial, and only consecutive precipitation is possible.
This led to a lower degree of homogeneity of the syn-
thesized samples.

Table 1 shows that, of all methods for the prepara-
tion of the Mn–Fe–Zr–O samples, method I provides a
chemical composition that is the closest to the calcu-
lated one. For the samples synthesized by method IV,
the deviation is the greatest. Substantial deviations of
calculated and experimental chemical compositions
were observed for the Ca–Sm–Zr–O sample.

Thermal analysis of the Mn–Fe–Zr–O samples
showed that methods I–III virtually do not affect the
positions of thermal effects, and a shift of some peaks
(Table 2) are only observed for the samples prepared by
the precipitation with NH

 

4

 

OH (method IV). The low-
temperature endo-effect at 130–140

 

°

 

C is stipulated by
the removal of unbound water. The exo-effects at
235

 

−

 

700

 

°

 

C are probably associated with the crystalli-
zation of iron, manganese, and zirconium oxides, or
with the formation of solid solutions based on these
oxides. The high-temperature exo-effect at 860–925

 

°

 

C
probably refers to the crystallization of the compound
with a garnet structure [7]. The endo-effects at
1180

 

−

 

1195

 

°

 

C refer to a polymorphic transition of

 

γ

 

-

 

Mn

 

2

 

O

 

3

 

 into 

 

β

 

-

 

Mn

 

2

 

O

 

3

 

 [11].

The presence of low-temperature and high-temper-
ature endo-effects (Table 2) stipulated by the removal
of unbound water (

 

150°

 

C) and possibly by the stepwise
dehydration of samarium and calcium hydroxides with
the formation of a pyrochlore structure (

 

360–845°

 

C)
[12–14] is characteristic of the thermal decomposition
of the Ca–Sm–Zr–O sample. High-temperature exo-
effects are absent.

X-ray phase analyses of the Mn–Fe–Zr–O samples
(Table 3) demonstrated that they remain X-ray amor-
phous up to 

 

750°

 

C; the main phase of the sample cal-
cined at 

 

750°

 

C is cubic ZrO

 

2

 

 with a unit-cell parameter
equal to 

 

4.99 

 

Å vs. 

 

5.09 

 

Å for pure ZrO

 

2

 

, which is prob-
ably due to the inclusion of Fe

 

3+

 

 or Mn

 

3+

 

 into the struc-

 

Table 1.  

 

Effect of the preparation procedure on the chemi-
cal composition of zirconium-containing samples

Preparation 
procedure

Chemical composition,* mol %

calculation experiment

MnO–Fe

 

2

 

O

 

3

 

–ZrO

 

2

I 41.4 : 15.3 : 43.3 37.6 : 18.3 : 44.0

II ″ 37.0 : 17.8 : 45.2

III ″ 36.5 : 17.1 : 46.4

IV ″ 33.0 : 18.8 : 48.2

CaO–Sm2O3–ZrO2

– 44.7 : 12.3 : 43.0 51.2 : 7.9 : 40.9

* The concentration of potassium in the Mn–Fe–Zr–O and Ca–Sm–
Zr–O samples was at most 0.01 and 0.4%, respectively.

Table 2.  Thermal analysis data for the systems under study

System Preparation
procedure

T, °C (∆m, wt %)

endo-effects exo-effects

Mn–Fe–Zr–O I 130 (25.0) 240 (0.0), 320 (0.9)

1190 (0.0) 415 (1.4), 690 (1.1)

860 (0.8)

″ II 140 (23.3) 240 (0.0), 320 (0.9)

1195 (0.5) 440 (0.6), 700 (1.3)

875 (1.0)

″ III 135 (22.8) 235 (0.0), 315 (1.0)

1195 (0.5) 425 (1.5), 695 (0.3)

875 (0.5)

″ IV 130 (32.5) 235 (0.0), 315 (1.2)

1180 (0.0) 395 (1.5), 700 (0.7)

925 (0.5)

Ca–Sm–Zr–O – 150 (10.7) –

360 (1.0)

560 (2.3)

845 (9.5)
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ture of ZrO2 (  = 0.82 Å,  = 0.67 Å,  =

0.70 Å, and  = 0.91 Å). The phase of α-Fe2O3 is

present in a small amount. Upon heating to 900°C, tet-
ragonal and monoclinic modification of ZrO2, α-Fe2O3,
and β-Mn2O3 with normal parameters are formed [15].
The formation of β-Mn2O3 at a lower temperature than
that suggested by thermal analysis data (Table 2) can be
due to the thermal treatment regime (isothermal) or to
the presence of other components in the system. Also,
if we take into account that the tetragonal modification
of ZrO2 is observed in none of the binary systems

r
Zr4+ r

Fe3+ r
Mn3+

r
Mn2+

(Table 3) and that this modification exists in individual
ZrO2 at lower temperatures, the presence of some of its
lines in ternary system is probably associated with the
formation of a new phase with a set of interplanar dis-
tances close to the set of lines in the tetragonal modifi-
cation. The data of thermal analysis are also supportive
of this idea and suggest that a new phase is crystallized
at 860–920°C. At 1200°C, changes in the phase compo-
sition and the unit-cell parameters of the corresponding
phases are observed (Table 3): the α-Fe2O3 phase dis-
appears, and a new phase is formed with a line set char-
acteristic of the garnet structure and a unit-cell param-

Table 3.  X-ray phase analysis of Mn–Fe–Zr–O samples

System Treatment temperature, °C
X-ray phase analysis data

phase unit-cell parameter, Å D, Å

Mn–Fe–Zr–O 110 amorphous – –

″ 250 amorphous – –

″ 350 amorphous – –

″ 450 amorphous – –

″ 750 cubic ZrO2 4.99 45

α-Fe2O3 (traces) – –

″ 900 tetragonal ZrO2 – –

monoclinic ZrO2 – –

α-Fe2O3 * –

β-Mn2O3 9.411 400

″ 1200 monoclinic ZrO2 – 500

β-Mn2O3 9.411 –

garnet 11.240 –

Fe–Mn–O 450 (Fe,Mn)3O4 8.346 85

γ-Mn2O3 – –

″ 730 α-Fe2O3 * –

β-Mn2O3 9.411 350

Mn–Zr–O 450 amorphous – –

″ 750 cubic ZrO2 5.055 45

Fe–Zr–O 450 amorphous – –

α-Fe2O3 * 200

″ 850 monoclinic ZrO2 – –

α-Fe2O3 * 1000

* a = 5.040 Å, c = 13.740 Å [15].
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eter of 11.240 Å. The phases of monoclinic ZrO2 and
β-Mn2O3 are also present, but their amounts are small.

Table 4 describes the phase composition of the
Ca−Sm–Zr–O system. It is seen that, at 450°C, the
phases of CaO, CaCO3 (traces) and cubic ZrO2 are
present in addition to the amorphous phase. At 750°C,
the perovskite CaZrO3 phase with normal parameters
[15] is formed in addition to the above phases, and the

beginning of pyrochlore Sm2Zr2O7 formation is
observed. The CaCO3 phase is not observed. The unit-
cell parameter of the solid solution based on cubic ZrO2

increases and becomes 5.258 Å (Table 4). This fact
points to an increase in the fraction of samarium in the
structure of ZrO2 comparatively to that in the sample
calcined at 450°C. The thermal treatment of this sample
in a nitrogen flow at 750°C did not result in a change in

Table 4.  X-ray phase analysis of the Ca–Sm–Zr–O system

System Treatment temperature, °C
X-ray phase analysis data

phase unit-cell parameter, Å D, Å

Ca–Sm–Zr–O 450 CaCO3 (traces), CaO – –

cubic ZrO2 5.160 –

″ 750 CaZrO3 * 300

CaO – –

(Zr, Sm)O2 5.258 25

Sm2Zr2O7 (traces) – –

″ 750** CaZrO3 * 300

CaO – –

(Zr, Sm)O2 5.232 25

Sm2Zr2O7 (traces) – –

″ 900 CaZrO3 * 350

CaO – –

Sm2Zr2O7 – –

″ 1400 CaZrO3 * 450

CaO – –

Sm2Zr2O7 – –

Sm–Zr–O 450 amorphous – –

″ 750 Sm2Zr2O7 10.590 50

cubic Sm2O3 5.464 –

cubic ZrO2 (traces) – –

Ca–Sm–O 450 CaCO3 – –

CaO – –

cubic Sm2O3 5.464 80

″ 750 CaO – –

cubic Sm2O3 5.464 350

Ca–Zr–O 450 amorphous – –

CaO – –

CaCO3 – –

″ 750 CaZrO3 * 300

cubic ZrO2 5.14 50

CaO * –

 * a = 5.762 Å, b = 8.017 Å, c = 5.591 Å [15].
 ** Calcination was carried out in a nitrogen flow.
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the phase composition, but the unit-cell parameter of
the solid solution based on cubic ZrO2 somewhat
decreased (Table 4). With an increase in the temperature of
sample treatment to 900–1400°C, the (Zr, Sm)O2 phase
disappears. This is probably due to the fact that this
phase is intermediate, and it transforms into the
Sm2Zr2O7 phase with an increase in temperature by
analogy with the Nd–Zr–O and Hf–Dy–O systems
[16]. The phase with a garnet structure was not detected
(Table 4).

IR spectroscopic study of two samples differing in
the preparation procedure and treatment temperature
(Fig. 2) provides further evidence for the formation of
garnet in the Mn–Fe–Zr–O system. The amount and posi-
tion of the absorption bands in an IR spectra depends on
the sample treatment temperature. The sample calcined at
700°C contains a broad band with a maximum at

523 cm–1 (Fig. 2a, curve 1); at 900°C, it transforms into
two absorption bands (520 and 572 cm–1), and new
bands appear at 364, 377, 424, 454, 680, and 737 cm–1.
The intensities of these bands are low (Fig. 2a, curve 2).
At 1200°C, the intensities of bands increase, especially
at 520 and 572 cm–1 (Fig. 2a, curve 3).

Comparison of the results obtained in this work
with data reported in [9, 17, 18] led us to conclude that
the sample calcined at 700°C is a solid solution based
on cubic ZrO2, because the nature of the IR spectrum
and the position of the maximum (523 cm–1) are anal-
ogous to those of cubic ZrO2 [18]. After the thermal
treatment at 900°C, the formation of garnet is
observed as evident from the appearance of absorp-
tion bands at 520 and 572 cm–1, which are the most
characteristic of this structure [9, 17]. The appearance
of the bands at 364 and 737 cm–1 points to the pres-
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Fig. 2. IR spectra of the Mn–Fe–Zr–O samples obtained by precipitation with (a) KOH and (b) NH4OH and calcined at (1) 700,
(2) 900, and (3) 1200°C.

Table 5.  Apparent kinetic parameters of the thermal decomposition of Mn–Fe–Zr–O of the samples determined from the
“fixed intervals” of endo/exo effects

Preparation 
procedure

Kinetic parameters*

n1 E1 logA1 n2 E2 logA2 n3 E3 logA3 n4 E4 logA4

125–145°C 400–450°C 710–730°C 860–920°C

I 1.18 35.1 3.73 1.43 82.5 4.96 2.18 450.6 22.5 1.69 307.7 12.7

IA 1.20 32.4 3.40 1.65 86.1 5.50 0.94 507.9 26.7 1.59 478.9 20.5

IV 1.18 30.8 3.24 1.05 55.1 3.26 1.93 434.8 21.6 1.17 879.9 38.2

* ni is the power of the rate law; Ei is the activation energy, kJ/mol, Ai is the preexponential factor, s–1.
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ence of monoclinic ZrO2 [18]. An increase in the cal-
cination temperature to 1200°C is favorable for an
increase in the fraction of garnet, while the fraction of
monoclinic ZrO2 is preserved.

The IR spectra of Mn–Fe–Zr–O samples precipi-
tated with NH4OH are analogous to those considered
above (Fig. 2b). They differ only in the intensities of
bands and this difference is probably due to a difference
in the fractions of garnet phase formed in both cases.

This is also evident from the values of apparent
kinetic parameters of thermal decomposition for the
samples prepared with different precipitation agents
(Table 5). These parameters were determined from the
thermal analysis data using fixed intervals of endo/exo
effects according to [19]. It is seen that the precipitation
agent substantially affects the kinetic parameters of
garnet crystallization (at T = 860–920°C). Thus, the
apparent activation energy of garnet formation has the
lowest value when KOH is used, whereas it is the high-
est in the case of NH4OH. These facts suggest that
KOH is a preferable precipitation agent for the prepara-
tion of garnet.

Thus, the results of thermal analysis, X-ray phase
analysis, and IR spectroscopic study showed that a
compound with a garnet structure is formed in the
Mn−Fe–Zr–O system. Taking into account the sizes of the
ionic radii of the system components, we can assume that
the distribution of cations over the positions of the structure
is different than in formula {Mn3}[Fe2](Zr3)O12.

To find the most probable distribution of cations
over interstices in Mn–Fe–Zr–O garnet, we estimated
using the Pauling formula [20] that ions such as Fe2+,
Mn2+, and Zr4+ can occupy dodecahedral and octahe-
dral vacancies in the closest oxygen packing, and Fe3+

and Mn3+ can occupy octahedral and tetrahedral posi-
tions. Proceeding from this fact, the supposed cation
distribution over interstices in garnet is

For many composite oxides, the enthalpies of their
formation from simple oxides can be calculated using
equations of the type ∆H = A + BδH (kJ/mol) where δH
is the sum of enthalpies of changing the coordination
numbers of cations, and A and B are constants specific
for the oxide type [21].

Preferred positions of cations in the structures of
oxides are determined by energy differences. Table 6
shows the values of δH for the ions under discussion. It
is seen that Zr4+ and Mn2+ prefer dodecahedrons in this
combination of cations, whereas Fe2+ does not. Com-
parison of preference energies (PE) of cation location
in octahedrons vs. tetrahedrons [22], PE (kJ/mol):
0 (Mn2+) < 20.9 (Fe2+) ≤ 22.2 (Fe3+) < 50.0 (Mn3+) sug-
gests that Mn2+ prefers octahedral positions, Fe2+ and
Fe3+ have about the same preferences, and Mn3+ prefers
tetrahedral positions.

Taking into account the above data and the phase
composition of the Mn–Fe–Zr–O system according to
which the monoclinic phase of ZrO2 and β-Mn2O3 are

Mnx
2+Fey

2+Zr3 x– y–
4+{ } Zrz

4+Feγ
3+Mn2 z– γ–

2+[ ]

× Feψ
3+Mn3 ψ–

3+( )O12.

500
Ssp, m2/g

400

300

200

100

0

0 200 400 600 800 1000 1200
ícalcin, °C

1
2

Fig. 3. Specific surface area vs. calcination temperature:
(1) Mn–Fe–Zr–O and (2) Ca–Sm–Zr–O.

Table 6.  Enthalpies of changes in the coordination numbers
[22]

Ion Change in the coordination number ∆H, kJ/mol

Fe3+ 6  4 22.2

6  5 11.1

Mn2+ 6  8 28

Mn3+ 6  4 50

Zr4+ 7  6 46

7  8 20

Fe2+ 6  8 50

6  4 20.9

Table 7.  Calculated enthalpies of garnet formation from ox-
ides in the Mn–Fe–Zr–O system

x ∆H, kJ/mol

0.5 –122.85

0.7 –114.73

1.0 –102.55

1.2 –94.43

1.5 –82.25
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formed in addition to garnet, the formula of cation dis-
tribution over positions in the structure can be simpli-
fied:

Using this formula and the correlation equation for
garnet ∆H = –224 + 0.7δH kJ/mol [23], we calculated
the enthalpies of garnet formation from simple oxides.

Zr3 x–
4+ Mnx

2+{ } Fe2x 1–
3+ Mn3 2x–

2+[ ]

× Fe3 x–
3+ Mnx

3+( )O12.

Analysis of enthalpies in Table 7 shows that the pre-
ferred distribution of cations is ∆H:

Zirconium-containing systems calcined at ≤750°C
are highly disperse (Tables 3 and 4) because they con-
tain phases with crystallite sizes (D) smaller than 300 Å
as determined by X-ray analysis. These data agree with
the results of adsorption measurements. Figure 3 shows
that the value of the specific surface area of hydroxide

Zr2.5
4+ Mn0.5

2+{ } Mn2
2+[ ] Fe2.5

3+ Mn0.5
3+( )O12 x( 0.5 ).=

Table 8.  Textural characteristics of the Mn–Fe–Zr–O and Ca–Sm–Zr–O samples

Sample Tcalcin, °C Vpore, cm3/g
Pore volume distribution, cm3/g Fraction of 

pores with
 r > 100 nm, %<10 nm 10–100 nm 100–1000 nm >1000 nm

Mn–Fe–Zr–O 450 0.102 0.008 0.020 0.010 0.064 63

Mn–Fe–Zr–O 750 0.164 0.012 0.024 0.056 0.072 78

Ca–Sm–Zr–O 450 0.148 0.024 0.076 0.008 0.040 32

Ca–Sm–Zr–O 750 0.250 0.050 0.070 0.065 0.065 52

Table 9.  Effect of surfactants and the method of their introduction on the textural characteristics of zirconium-containing
systems

Surfactant Method Tcalcin, 
°C

Ssp, 
m2/g

Vpore, 
cm3/g

Pore volume distribution, cm3/g Fraction of 
pores with

 r > 100 nm, %<10 nm 10–100 nm 100–1000 nm >1000 nm

Mn–Fe–Zr–O

Cellulose Precipitation 450 90 0.390 0.040 0.005 0.020 0.325 88

Carboxymethyl-
cellulose

Precipitation 450 270 0.083 0.028 0.007 0.011 0.037 58

Carboxymethyl-
cellulose

Mixing 450 230 0.290 0.030 0.020 0.140 0.100 83

Cellulose Precipitation 750 30 0.282 0.022 0.015 0.045 0.200 87

Carboxymethyl-
cellulose

Precipitation 750 13 0.150 0.008 0.096 0.012 0.034 31

Carboxymethyl-
cellulose

Mixing 750 18 0.300 0.010 0.100 0.150 0.040 63

Ca–Sm–Zr–O

Polyvinyl alcohol Precipitation 750 25 0.096 0.034 0.017 0.001 0.038 47

Polyvinyl alcohol Mixing 750 22 0.320 0.025 0.055 0.130 0.110 65

Carboxymethyl-
cellulose

Precipitation 750 27 0.062 0.016 0.060 0.040 0.036 65

Carboxymethyl-
cellulose

Mixing 750 12 – – – – – –
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zirconium-containing systems varies between 310 and
460 m2/g. An increase in the calcination temperature is
accompanied by a decrease in the specific surface area
in the Mn–Fe–Zr–O and Ca–Sm–Zr–O systems due to
the formation of low-dispersity phases and sintering.
However, the thermal stability of the Mn–Fe–Zr–O sys-
tem is higher, all other conditions being the same.

Samples calcined at 450 and 750°C are polydis-
perse, and the fractions of large pores (r > 100 nm) in
the Mn–Fe–Zr–O and Ca–Sm–Zr–O samples are 63
and 32%, respectively. An increase in the temperature
of treatment is accompanied by an increase in the frac-
tion of these pores (Table 8).

The Mn–Fe–Zr–O sample has a small volume of
pores and a rather high strength. In contrast, the
Ca−Sm–Zr–O sample has a rather large volume of
pores (Table 8) and a low strength.

To optimize textural and strength characteristics, we
attempt to control the pore structure of the systems by
adding surfactants. This led to an increase in the overall
pore volume both in the Mn–Fe–Zr–O system (Table 9)
and in the Ca–Sm–Zr–O system. The specific surface
area changed insignificantly in the case of the Mn–Fe–
Zr–O system, and the mechanical strength increased in
the case of the Ca–Sm–Zr–O system.

Catalytic properties of zirconium-containing systems
were studied in the reaction of nitrogen oxide reduction by
propane in an oxidative atmosphere. Figure 4 shows that
these systems show low activity in nitrogen oxide
reduction, although they are active toward propane
transformation into CO2. The conversion of propane on
a Mn–Fe–Zr–O sample reached ~40% even at ~320°C,
and the conversion is 90% at 700°C in the case of the
Ca–Sm–Zr–O sample. Differences in the behavior of
the samples are due to different mechanisms of reac-

Table 10.  Catalyst activities in butane oxidation at 400°C

Catalyst Composition, wt %
Tcalcin,

 °C

W(C4H10) × 107, mol g–1 s–1

Degree of active 
component use, %granules

(<15 mm)
granules

(1–2-mm fraction)

IK-12-1 26% CuO/Al2O3 500 2.1 4.9 43

IK-12-2 35% CuCr2O4/Al2O3 500 6.0 24.4 25

IK-12-3 10% CuO/Al2O3 500 3.2 7.9 40

IK-12-4 CuO + Fe2O3 500 10.7 19.4 55

IK-12-7 5% CuO/Al2O3 500 1.7 3.0 56

IKT-12-6 30% CuO + 70% Al2O3 500 1.2 7.9 16

Mn–Fe–Zr–O 23.4% MnO–24.8% Fe2O3–51.8% ZrO2 750 2.8* 3.5 79

* Granule is a 1-mm-thick ring with an outer diameter of 4 mm.
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Fig. 5. Propane conversion in the presence of nitrogen oxide
and oxygen vs. temperature for binary and ternary samples:
(1) Ca–Sm–Zr–O, (2) Ca–Zr–O, and (3) Sm–Zr–O.

Fig. 4. Activity of samples (1, 2) Mn–Fe–Zr–O and
(3, 4) Ca–Sm–Zr–O in (1, 3) nitrogen oxide reduction and
(2, 4) propane conversion in the presence of oxygen.
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tions [24]: alkane oxidation occurs via a single-step
mechanism at low temperatures (≤500°C), whereas it
occurs via several steps at higher temperatures
(>650°C). Note that the activity of binary Ca(Sm)–Zr–O
samples at >650°C was lower than the activity of the
corresponding ternary system (Fig. 5). Therefore, we
may conclude that the activity of the Ca−Sm–Zr–O
sample is not the sum of binary sample activities but
instead depends on the mutual effects of phases
involved in the composition.

The Mn–Fe–Zr–O sample was tested in the com-
plete oxidation of butane. Table 10 shows the values of
reaction rates for this and other (IK-12-1 through
IKT-12-6 [25]) catalysts. It is seen that our sample, cal-
cined at a higher temperature than other catalysts, has
an activity comparable to the activities of other sam-
ples. A switch from a catalyst with 1–2-mm grains to
granules did not lead to a significant decrease in the
activity. The use of the Mn–Fe–Zr–O catalyst in the
form of rings is favorable for the more efficient use of
the active component compared with known catalysts.
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