ISSN 0023-1584, Kinetics and Catalysis, 2015, Vol. 56, No. 4, pp. 523—531. © Pleiades Publishing, Ltd., 2015.
Original Russian Text © A.G. Anshits, O.A. Bayukov, N.N. Anshits, O.N. Pletnev, E.V. Rabchevskii, S.N. Vereshchagin, E.V. Kondratenko, 2015, published in Kinetika i Kataliz,

2015, Vol. 56, No. 4, pp. 529—538.

Nature of the Active Sites of Ferrospheres in the Oxidative
Condensation of Methane

A. G. Anshits® ¢ *, O. A. Bayukov’, N. N. Anshits?, O. N. Pletnev’, E. V. Rabchevskii“,
S. N. Vereshchagin“, and E. V. Kondratenko“

¢ Institute of Chemistry and Chemical Technology, Siberian Branch, Russian Academy of Sciences, Krasnoyarsk, 660036 Russia
b Kirenskii Institute of Physics, Siberian Branch, Russian Academy of Sciences, Krasnoyarsk, 660036 Russia
¢Siberian Federal University, Krasnoyarsk, 660041 Russia
4 Leibniz Institute for Catalysis at the University of Rostock, Rostock, 18059 Germany
*e-mail: anshits@icct.ru
Received October 28, 2014

Abstract—The catalytic properties of ferrospheres containing 76—97 wt % Fe,05 in the oxidative condensa-
tion of methane were compared with their phase composition and the distribution of iron cations over the
crystallographic positions of iron-containing phases in a steady state. It was established that the reaction route
of methane oxidation changed at a Fe,O; content of 89 wt %. Deep oxidation was the main reaction route on

ferrospheres with a Fe,O; content of <88.8 wt %. At a Fe,05 content of >89 wt %, the yield of C, hydrocar-
bons sharply increased and the contribution of deep oxidation decreased. The yield of C, hydrocarbons cor-
related with the amount of defects in the structure of iron spinel, which are iron ions with the tetrahedral cat-
jon of CaZ* and the octahedral cation vacancy among the nearest neighbors.
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INTRODUCTION

The oxidative condensation of methane (OCM) is a
promising process for the direct conversion of methane,
which is the most inert hydrocarbon constituent of nat-
ural gas, into ethylene. The maximum yields of C,
hydrocarbons can be determined from the known
kinetic parameters of the heterogeneous and gas-phase
steps of methane oxidation based on the dependence of
the selectivity of C, hydrocarbon formation (S¢,) on the

conversion of methane (X¢y,) [1-3]. In particular, the
yield of the C, products was no higher than 28% if the
process was performed in a CH,—O, mixture [1], and it
was 30% under the conditions of a sequential reactant
supply [2]. The above theoretical values for C, can be
considered as bounds for the experiments conducted in
a wide range of CH,/O, ratios in the reaction mixture.
Zavyalova et al. [3] critically analyzed the results of
more than 400 studies published in the last 30 years and
found a relationship between the elemental composi-
tion and the catalytic properties of different systems in
the OCM process at a C, yield of 16—30%. With the use
of the most effective catalytic systems, in which the yield
of the C, products was higher than 25%, in fixed-bed
flow reactors at temperatures of 943—1223 K, the ratio

CH,/0O, =1.7-9.0, and contact times of 0.2—5.5's, S¢,
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depended on Xy, . On catalysts with the same elemen-
tal composition, the selectivity of the formation of C,
hydrocarbons monotonically decreased as the conver-
sion of methane increased from 30 to 65%, whereas
their yield remained at a level of 25—30%. The experi-
mentally obtained yields of C, on the most effective cat-
alytic systems completely correspond to published esti-
mations [1, 2]. The theoretically and experimentally
established dependence of S¢, on Xy, in the heteroge-
neous—homogeneous OCM process makes it possible
to conclude that a highly effective catalyst should not
only contain a large quantity of centers for the initiation

of CH, radicals but also suppress the surface processes
of the deep oxidation of C,—C; hydrocarbons [3].

The problem of finding inexpensive and thermally
stable systems that would ensure the required levels of
Sc, and methane conversion is of considerable current
scientific and practical interest. Among these systems
are ferrospheres containing 87.5 wt % Fe,0; and 2.0 wt %
MnO with a catalytically active iron spinel phase
promoted with calcium, which were isolated from fly
ash upon the combustion of high-calcium brown coal
[4]. Catalysts on which the conversion of CH, at a
temperature of 850°C was 24% and the selectivity of
the formation of C, products was as high as 70% were
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obtained by the etching of these ferrospheres with
solutions containing HF [5]. At the same time, the
narrow fractions of ferrospheres and magnetic cenos-
pheres with a lower iron content exhibited high efficiency
as catalysts for the deep oxidation of methane [6, 7].

For determining the reasons for different catalytic
actions of ferrospheres in deep oxidation and OCM
reactions, we studied the interrelation between the
composition, the morphology of globules, the micro-
structure of iron-containing phases, and the catalytic
properties of the narrow fractions of ferrospheres with
Fe,0; contents from 36 to 92 wt %, which were sepa-
rated from the ashes of four known types obtained upon
the combustion of coal [8—10]. In particular, it was
found that the ferrospheres are formed from melt drops
in reducing atmospheres, when iron almost entirely
occurs in the state Fe>*. The macrocomponent compo-
sition of the test ferrospheres corresponds to the com-
positions of crystallization range boundaries of primary
phases, namely, wustite, fayalite, Fe-cordierite,
and hercynite phases, in the state diagram of the
FeO—Si0,—Al,0; system [8, 9]. Two main ranges differ-
ent in the composition and viscosity of the melt from
which the ferrospheres are formed can be recognized. At a
Fe,0O; content to 80 wt %, the behavior of the melt is
determined by the properties of the FeO—SiO,—Al, O,
system. The ferrospheres of this system are character-
ized by the presence of alumoferrite spinel, whose con-
centration increases as the iron content is increased; in
this case, the lattice parameter of iron spinel increases
from 8.344 to 8.3897 A. At a Fe,0, content higher than
85%, the behavior of the melt is determined by the
FeO—CaO system. Iron spinel promoted with CaO,
whose lattice parameter is higher than the correspond-
ing value for stoichiometric magnetite, and a hematite
phase with lattice parameters close to the parameters of
stoichiometric a-Fe,0; are formed in the ferrospheres
of this system [8].

The catalytic properties of the ferrospheres of these
two systems in the oxidative methane conversion reac-
tion are also different [10]. The deep oxidation of meth-
ane occurs on the ferrospheres that include alumoferrite
spinel as an active phase. The deep oxidation reaction is
suppressed on the ferrospheres of the FeO—CaO system
with an active phase containing calcium ferrite spinel,
and the oxidative condensation of CH, becomes the
main reaction path.

The aim of this work was to study the state and dis-
tribution of iron cations over different crystallographic
positions of the iron-containing phases of ferrospheres
in a steady state and the nature of catalytic centers
responsible for the oxidation of methane in different
routes using Mossbauer spectroscopy.

EXPERIMENTAL

We examined 11 narrow fractions of high-calcium
ferrospheres with an iron oxide content of 76—97%. In
this work, the test samples are referred to as B(n), S(n),
and SMF(n). The quantity » in parentheses indicates the
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Fe,0; content of the microspheres (in wt %). The sym-
bols B, S, and SMF designate the source from which the
ferrospheres were obtained. The ferrospheres of B(n)
and S(n) series were isolated from fly ashes of the FS
type formed upon the combustion of coal from the
Tugnuisk deposit (Buryatia) and fly ashes of the CS type
upon the combustion of coal from the Berezovsky
deposit (Krasnoyarsk krai), respectively. A process
flowsheet that includes the stages of granulometric clas-
sification, magnetic separation, and density separation
was used for the isolation of B(n) and S(n) ferrospheres.
Sharonova et al. [8] described in detail the separation
procedure, the determination of chemical and phase
compositions, the morphology of globules, and the
microstructural characteristics of the iron-containing
phases of the samples of these series. The SMF(#n) sam-
ples were prepared by the corresponding treatment of
samples from the S(#n) series. Thus, the SMF(93.51)
sample (—0.04+0.032 mm fraction) was obtained by the
additional size grading of a fraction of —0.05 mm of the
S(89.12) sample with the use of an NSA W/D 200 mul-
tifrequency screen analyzer (Technologies, Israel). The
SMF(91.36), SMF(96.53), and SMF(97.25) samples
with high iron content were obtained by the magnetic
separation of a fraction of —0.063+0.05 mm of the
S(89.25) sample in a gradient magnetic field with the
use of a 138 T magnetic separator (Russia). Table 1
summarizes the chemical composition of all of the test
samples.

The catalytic properties of the ferrospheres were
studied in a catalytic flow system in fixed-bed quartz
microreactors with an inside diameter of 4—8 mm at
temperatures of 750—860°C, a reaction mixture of
CH,: O,: He =82:9:9 (by volume), and a total pres-
sure of 1.3 atm. The ferrosphere sample weight varied
from 0.3 to 1.3 g; the catalyst bed length at a maximum
load reached 10 mm, and the contact time was 2.24—
3.34 s. The composition of the initial mixture and the
reaction products was analyzed on an Agilent 7890A
GC chromatograph (Agilent, the United States)
equipped with HP Plot Al,O; and Molecular Sieve 5SA
columns and a DB-1 capillary column.

The Mossbauer spectra of the ferrospheres were
obtained on an MS-1104Em gamma-resonance spec-
trometer (Research Institute of Physics of Southern
Federal University, Russia) with a Co’(Cr) source at
room temperature. For studying the state of iron in the
samples after the catalytic experiments, these samples
were kept in a flow of the reaction atmosphere for 4 h at
750°C and then rapidly cooled at a rate of 150—
200°C/min in the reaction atmosphere.

The interpretation of the spectra was performed in
two stages with the use of a modified published proce-
dure [11, 12], according to which the results of Moss-
bauer spectroscopic studies are interpreted disregard-
ing the complete set of substituent cations in a spinel
phase. This circumstance did not allow us to estimate
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Table 1. Chemical composition of the narrow fractions of ferrospheres

Samble Apparent Concentration, wt %
p density, g/cm®[ o .

SIOZ A1203 Fe203 CaO MgO Na20 Kzo T102 SO3
B(79.12) 1.95 9.00 6.22 79.12 5.40 0.90 0.23 0.08 0.10 0.26
B(76.24) 1.91 9.50 4.64 76.24 9.08 0.81 0.20 0.07 0.19 0.29
B(78.38) 2.07 9.41 5.04 78.38 6.24 1.10 0.20 0.05 0.16 0.24
S(85.20) 1.87 4.00 1.90 85.20 8.69 1.00 0.25 0.07 0.18 0.25
S(88.82) 1.93 2.48 1.20 88.82 7.43 0.81 0.20 0.05 0.19 0.21
S(89.25) 2.57 1.35 1.02 89.25 6.70 0.81 0.24 0.10 0.12 0.28
S(89.12) 2.54 0.64 0.92 89.12 8.81 0.60 0.10 0.05 0.16 0.25
SMF(93.51) — 1.39 0.19 93.51 3.54 0.40 0.29 0.09 0 0.58
SMF(91.36) 2.69 1.30 0 91.36 6.57 0.33 0.28 0.06 0 0
SMF(96.53) 2.46 0.80 0 96.53 3.20 0.08 0.41 0.04 0 0
SMF(97.25) 2.56 0.36 0 97.25 2.04 0.10 0.28 0.05 0 0

the influence of the cations on the state of the non-
equivalent positions of iron and to relate them to the
catalytic properties of ferrospheres. In this work, we
analyzed experimental data by revealing and identify-
ing the positions of iron, which differ from the appro-
priate positions in stoichiometric magnetite.

RESULTS AND DISCUSSION
Catalytic Properties of the Ferrospheres

A preliminary study of the catalytic properties of
ferrospheres with a Fe,O; content of 36—92 wt % at
600—750°C showed [10] that the dependences of their
activity and selectivity for the formation of products
on the iron content are complicated and nonmono-
tonic. In particular, it was found that a sharp increase
in the selectivity of the formation of C, hydrocarbons
was observed at a Fe,O; content higher than 85 wt %.
Under the action of a reaction atmosphere, the phase
composition and structural parameters of iron-con-
taining phases changed substantially [10].

It is possible to assume that the complex nature of
these dependences is determined by the state of iron
and the distribution of cations over the crystallographic
positions of steady-state phases. In turn, the distribu-
tion depends on the macrocomponent composition,
process temperature, and reaction mixture composi-
tion. In order to eliminate the effect of the oxidation
potential of a reaction atmosphere on the distribution of
iron cations, catalytic experiments in the course of
Mossbauer spectroscopic studies should be carried out
at close partial pressures of oxygen. This can be ensured
by maintaining close oxygen conversion values in the
experiments on different catalytic systems.

The catalytic properties of ferrospheres with a Fe,04
content of 76—97 wt % were studied in a temperature
range of 750—860°C. At a Fe,O5 content of 89 wt %, a
sharp increase in the yield of C, was observed in the
No. 4
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entire temperature range, and this yield noticeably
decreased as the iron content was further increased
(Fig. 1). The observed dependences of the yield of
methane oxidation products on the Fe,O; content are
indicative of a change in the reaction route on going to
the ferrospheres with a Fe,O; content of > 89 wt %. On
these samples, the maximum value of S, = 62—72%
was attained at 825°C and an oxygen conversion of no
higher than 85%. At the same time, the selectivity for C,
formation on the ferrospheres of B and S series with a
Fe,0; content of < 89 wt % was 10—20% at a 100% con-
version of oxygen. A constant level of the yield of CO,
on these samples is explained by the complete conver-
sion of oxygen. The yield of CO remained at a low level
of no higher than 0.8% over the entire range of iron con-
centrations (Fig. 1).

As the temperature was increased to 850°C, the
maximum yield of C, (8.2%) was reached on the
SMF(91.36) sample and shifted toward higher iron
content. Note that the yields observed at high tem-
peratures were almost coincident with the corre-
sponding values obtained on high-calcium ferro-
spheres, which include (Ca,Fe)Fe,O, as an active
phase with the unit cell parameter a, = 8.405 A [4].
A somewhat higher C, yield of ~13% at 825°C was
observed with the use of single-phase ZnFe,O, spinel
with g, = 8.442 A as a catalyst [13]. In this case, Se,
was no higher than 65%.

At 750°C, the high degrees of oxygen conversion
Xy, =95, 100, and 77% were obtained only on the
three catalysts B(76.2), B(78.4), and B(79.1), respec-
tively. On the samples of S and SMF series with a
Fe,O; content of > 85.2 wt %, the concentration of
oxygen changed insignificantly upon passing through
the reactor; the conversion X varied from 9 to 27%,
which corresponds to a partial oxygen pressure of
0.095—0.085 atm at the reactor outlet under steady-
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Fig. 1. Dependence of the yield of methane oxidation prod-
ucts on the total iron content of ferrospheres at temperatures
of (a) 825 and (b) 750°C: (1) CO,, (2) C,, and (3) CO.

state conditions. An insignificant change in the con-
centration and close degrees of oxygen conversion
allowed us to assume that the formation of a redox
steady state in the major portion of ferrosphere sam-
ples occurred at similar partial pressures of O,. There-
fore, the catalysts after the catalytic experiments per-
formed on them at 750°C were used for studying the
effect of the distribution of iron cations on the yields of
OCM products.

For the samples with a Fe,O; concentration of
<89 wt %, CO, was the main reaction product at
750°C, and its yield dramatically decreased as the
Fe,0; content was increased from 76.2 to 88.8 wt %.
For the S(88.8) sample, the yields of CO, and C, were
approximately the same (0.75—0.8%). For the ferro-
spheres with a Fe,O; content of 89—97 wt % C,
hydrocarbons became the main product, whose yield
sharply increased to 2.2% and then monotonically
lowered as the concentration of Fe,O; was increased.
Analogous dependence, although with a smaller
amplitude, was observed for CO, (Fig. 1b). These dif-
ferences can be related to the state and the distribu-
tion of iron cations over the crystallographic posi-
tions of phases in a steady state of the ferrospheres
formed from the melts of two different systems:
FeO—-Si0,—Al,0; and FeO—CaO.

ANSHITS et al.

State and Distribution of Iron Cations in Ferrospheres
in the Initial and Steady States

The state and distribution of iron over the phases
and crystallographic positions were studied by the
Mossbauer spectroscopy of ferrospheres in the initial
and steady states after catalytic experiments per-
formed on them at 750°C. As an example, Table 2
summarizes the parameters of the spectra of ferro-
spheres with strongly different catalytic properties.

In accordance with X-ray structural analysis [8],
the following three main iron-containing phases are
present in ferrospheres in the initial and steady states:
magnetite, hematite, and aluminosilicate glass.
Hematite is identified based on the parameters char-
acteristic of a sextet (/S=~0.38 mm/s, H~ 517 kOe, and
0S8 ~—0.38 mm/s) in the Mossbauer spectra [14], and
magnetite is identified based on the presence of Fe?>*
iron positions with rapid electron exchange [15]. The
enormous width of the lines of quadrupole doublets
suggests a large set of positions with different degrees
of distortion, which is characteristic of an amorphous
or glassy state of substance. Therefore, the paramag-
netic parts of the spectrum were assigned to the iron
that occurred in aluminosilicate glass.

The spinel phase of all of the samples was defect
diamagnetically diluted magnetite (Table 2). Two
sextets are usually present in the spectrum of sto-
ichiometric magnetite above the Verwey transition
point (~125 K, the temperature of the transition of
cubic Fe;0, into a structure with lower symmetry).
The first is caused by the presence of trivalent iron
cations that occupy tetrahedral positions Fe’* (A),
and the second, by the presence of Fe?>* (B) cations
in an octahedral environment. The parameters of
these positions are the following: 1S = 0.3 mm/s and
H = 490 kOe for Fe3* (A); IS = 0.66 mm/s and H =
460 kOe for Fe>>* (B). In the first approximation, two
sextets are observed below the Verwey temperature:
Fe** (A + B) and Fe** (B) [16]. The spectra of the
positions Fe3* (A) and Fe** (B) are unresolved. The
positions A and B in maghemite y-Fe,O; are also
unresolved [17]. On this basis, we believe that the
positions in the ferrospheres designated as Fe** (A + B)
and Fe?>* (B) in Table 2 analogous to the positions of
stoichiometric magnetite.

In the stoichiometric magnetite Fe;O, = (Fe3*)

[Fe**Fe’*]0, = (Fe*")[Fe; |0, the ratio of the number
of Fe?* cations to the total number of iron atoms is
0.333. In the spinel phase of ferrospheres, the above
ratio is considerably lower (Fig. 2), and it strongly
changes depending on the iron content of the ferro-
spheres. This deviation is caused by the defectiveness
of magnetite, which can result form the replacement
of iron cations by diamagnetic cations and cation and
anionic vacancies and associated spinel lattice distor-
tions. In particular, experimental results [18—20] evi-
denced that the Ca?* cations in magnetite are located
in the tetrahedral positions. At low spinel doping lev-

KINETICS AND CATALYSIS Mol. 56 No. 4 2015
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Fig. 2. Dependence of the Fe2* content of the spinel phase
on the total iron content of the ferrospheres in the (/) ini-
tial and (2) steady states.

els, the cations AI** and Ti** are arranged in the octa-
hedral positions. The cations Mg>* occupy the posi-
tions of both types, preferably, octahedral [21].

Along with the positions corresponding to stoichio-
metric magnetite, the test ferrospheres had additional
positions, which are designated as Fe***, Fe'2*, and
Fe'3+. Table 3 summarizes the characteristics of the
positions of iron detected in a spinel phase. Figure 3
shows the fragments of a spinel structure to elucidate
the appearance of nonequivalent positions in defect
magnetite. The positions of iron in the spinel phase of
ferrospheres are designated as cations in a specific
charge state.

Tetrahedral cation A has 12 nearest octahedral
neighbors; therefore, insignificant diamagnetic dilu-
tion in the octahedral sublattice with the rupture of
one of 12 magnetic couplings does not exert a substan-
tial influence on the hyperfine fields on the iron nuclei
of sublattice sites. Octahedral cation B has only six tet-
rahedral neighbors, and the replacement of one cation
A by a diamagnetic cation weakens the hyperfine field
on cation B by 15—20 kOe due to a decrease in the

ANSHITS et al.

number of magnetic couplings [22—24]. The position
of Fe"3*(B), which is characterized by the presence of
a hyperfine field of ~470 kOe, appears upon the
appearance of the diamagnetic cation Ca’** or Mg?*
among the nearest neighbors A. The charge reduction
Fe3*— Ca?* in the tetrahedral sublattice creates elec-
tron deficiency on the nearest oxygen atom, and the
condition of electroneutrality requires an increase in
the charge in the octahedral sublattice Fe?>* (B) —
Fe¥3* (B). The loss of one magnetic coupling of an
octahedral cation with tetrahedral cations weakens a
hyperfine field from 495 kOe (Fe** (A + B)) for sto-
ichiometric magnetite (Fig. 3a) to 470 kOe for Fe"3* (B)
(Table 3, Fig. 3b).

Upon the appearance of the nearest diamagnetic
cation A, the Fe?>* positions of stoichiometric mag-
netite are converted into the Fe'?>>* positions. As a
result of the loss of a magnetic coupling with the tetra-
hedral sublattice, a hyperfine field is weakened from
460 to 426 kOe (Table 3).

The occurrence of the Ca?* cation, which possesses
a large ionic radius (1.04 A), in small tetrahedral posi-
tions provokes the appearance of a cation vacancy near
it; because of this, local distortions and a charge gradi-
ent across the lattice appear. Therefore, the appear-
ance of the Fe"** (B) position with H = 400 kOe can
be explained by the presence of two defects: tetrahe-
dral Ca?* (A) and a cation vacancy among the neigh-
bors of cation B (Fig. 3c). It is clear that these posi-
tions are a consequence of the transformation of the
Fe?*>* (B) positions of stoichiometric magnetite, and
they do not participate in the process of rapid electron
exchange on the localization of an electron of the cat-
ion on the oxygen atom.

With consideration for all of the detected states, a
decrease in the concentration of iron spinel and an
increase in the contribution of a hematite phase were
observed in the initial samples as the total Fe,O; con-
tent was increased (Fig. 4a). After conducting the cat-
alytic experiments (Fig. 4b), the hematite content
increased and the iron spinel content decreased, and
this effect manifested itself to the greatest degree on
catalysts with a high concentration of Fe,O;. The con-

Table 3. Positions of iron in the spinel phase of ferrospheres identified by Mdssbauer spectroscopy

Iron position IS, mm/s H, kOe Local environment of the position
Fe3* (A + B) 0.27 £0.04 495+ 6 Stoichiometric magnetite
Fe23* (B) 0.64 £ 0.04 460 £ 3 Stoichiometric magnetite,
rapid electron exchange
Fe'3* (B) 0.43 +0.04 470+ 3 Diamagnetic A2* neighbor,
electron localization on oxygen
Fe'23+ (B) 0.65 £ 0.07 426 + 8 Diamagnetic A2* neighbor,
rapid electron exchange
Fe"V3* (B) 0.37+0.13 400 % 20 Ca?* (A) neighbor + cation vacancy, elec-
tron localization on oxygen

KINETICS AND CATALYSIS Mol. 56 No. 4 2015
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(b)
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FCV2'5+ or FCV3+
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Fig. 3. Spinel structure fragments: (a) the position of iron
in stoichiometric magnetite, (b) A**-substituted magne-
tite, and (c) Ca?*_substituted magnetite with a cation
vacancy. Notation: (O) oxygen, (OJ) octahedral cations,
and (A) tetrahedral cations.
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Fig. 4. Dependence of the iron content of (/) iron spinel,
(2) hematite, and (3) an amorphous phase in the (a) initial
and (b) steady states on the total iron concentration in the
ferrospheres.

centration of an amorphous phase in a steady state var-
ied from 3 to 13% with a pronounced maximum at a
Fe,0; concentration of 89 wt %.

Nature of the Active Sites
of the Oxidative Conversion of Methane

Oxide systems with the structure of spinel AB,O,
are effective catalysts for the deep oxidation of meth-
ane in an excess of oxygen. The comparison of the spe-
cific catalytic activities of the binary oxides with a
spinel structure (chromites [25], cobaltites [25, 26],
and ferrites [27, 28]) and 3d-metal oxides in the oxida-
tion reactions of hydrogen and methane showed that
the cations that are the constituents of spinel do not
manifest the additivity property. Trivalent cations in an
octahedral coordination play the main role, and biva-
lent cations in a tetrahedral environment are of sec-
ondary importance. The activity of these systems
depends on the binding energy of oxygen, which pri-
marily depends on the cations Cr3*, Co**, and Fe** in
the octahedral position of spinel. The strongest bond is
Fe3*—0. Therefore, of the above oxide systems with
the structure of spinel, ferrites manifest the smallest
activity [25, 29]. It was found that their activity in the
reaction of methane oxidation at 425°C changes
approximately by an order of magnitude (from 28.7 x
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Fig. 5. Dependence of (A) the yield of C, products and
(®) the population of Fe"">* (B) positions in a steady state
on the total iron content of the ferrospheres.

10" to 3.4 x 10'!' (O, molecule) cm~2 s~') in the order
NiFe,O, > CoFe,0O, > CdFe,0, > CuFe,O,> ZnFe,0, >
MgFe,O, > MnFe,0,, and they are much inferior to
Fe,0; in activity (52 x 10'! (O, molecule) cm~2s7') [27].
The published data cited indicate that the low yields of
CO, on the samples with a Fe,O; content of >89 wt %
(Fig. 1) cannot be explained by a high concentration
of the a-Fe,O; phase in a steady state (Fig. 4b).

It is important to note the symbatic dependences of
the yield of CO, (Fig. 1b) and the concentration of the
spinel phase of ferrospheres in a steady state (Fig. 4b).
Therefore, it is possible to assume that the activity of
ferrospheres in the deep oxidation reaction of meth-
ane depends, according to published data [25, 29], on
the binding energy of lattice oxygen in the spinel phase
of ferrospheres.

Note that the Fe"**"(B) positions were detected
only in the high-iron ferrospheres from S and SMF
series. In this case, their content in the ferrospheres with
a total Fe,O; concentration of >89 wt % considerably
increased (Table 2). By this is meant that the Fe"** (B)
positions can participate in the stabilization of the oxy-
gen forms that are active in the OCM process.

As noted above, the activity of ferrospheres in the
deep oxidation of methane is determined by the bond-
ing energy of lattice oxygen in the iron spinel phase. In
contrast to this, oxygen species stabilized on the struc-
tural defects of the catalyst participate in the OCM pro-
cess. Different aspects of the effect of structural defects
on the catalytic properties of single-phase and
polyphase oxide systems in the OCM process have been
widely discussed in the literature [30—36]. The role of
the impurity and intrinsic structural defects of unreduc-
ible, reducible, simple, and multicomponent oxide sys-
tems in the formation of active oxygen species in CH,—O,
and CH,—N,0 reaction atmospheres was considered in
detail in a survey [32]. The participation of the active
surface oxygen species O~ is assumed for the majority of
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oxide systems effective in the OCM reaction from dif-
ferent structural types [30—35]. The mechanism of the
formation of this species depends on the defect centers
present in the system. For example, Yan et al. [35] used
Mossbauer spectroscopy to demonstrate a rela-
tionship between the yield of C, and the concen-
tration of Fe** ions in the iron-containing catalysts
Ca(Sr,Ba), sLa, sFe, sLi, s0, and SrLaFe, sZn(Mg), 50,
with the structure of K,NiF,. According to Yan et al.
[35], the O~ species, which is active in the OCM reac-
tion, is formed according to the reaction scheme

Fe** + O = Fe** + O~.

On the three catalysts Ca(Sr,Ba)LaFeLiO, with a
high Fe** content, a high yield of C, was observed; at
800°C and the mixture of CH,: O, =2: 1, this yield was
22% at S¢, = 54—57%. The replacement of the iron ion
by zinc or magnesium ions in the SrLaFe, sZn(Mg), sO,
system increased the Fe** content and the yield of C,.
This replacement led to the conversion of 50% Fe3* ions
into Fe* and to an increase in the yield of C, by a factor
of more than 2 to 14—15%.

Unlike the SrLaFe,;Zn(Mg),s0, system, where
the replacement of Fe3* by Zn?* and Mg?* ions causes
the formation of Fe**, the occurrence of Ca?* in the
tetrahedral positions of spinel leads to the formation of
the Fe"** defect state in the high-iron ferrospheres.
Figure 5 shows the dependence of the fraction of these
positions in a steady state of ferrospheres and the yield
of C, on the same samples on the total iron concentra-
tion in them. The same character of these two depen-
dences, including a sharp increase in both of the quan-
tities at a Fe,0; content of 89 wt % is indicative of the
participation of Fe"** (B) in the stabilization of the
oxygen species that is active in the OCM process.

Strictly speaking, the Ca>"-substituted fragment of a
spinel structure should be considered as an active center
(Fig. 3c). It was demonstrated above that the inclusion
of the Ca®" ion facilitates the formation of a cation
vacancy. As a result, the oxygen of a spinel phase near
these defects experiences considerable electron defi-
ciency, which is made up by the presence of the adjacent

iron cations. The resulting pair of Fe"™ + O
increases the Madelung energy of the lattice because of
the appearance of a charge gradient, and it tends to
return into the ground state when occasion offers. In
ordinary iron oxide compounds, the ligand—cation
electron excitation energy is 4—8 eV [37]. This energy is

considerably lower for the Fe"*> + O}; state.

We assume that the interaction of methane with
oxygen [Fe"" + Oﬁgf] is a one-electron process, which

ensures the formation of CH; radicals whose recom-
bination in a gas phase affords ethane. The oxidation
surface OH groups leads to the release of H,O and the
regeneration of the active center.

KINETICS AND CATALYSIS Mol. 56 No. 4 2015
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CONCLUSIONS

Thus, in this work, we compared the catalytic prop-
erties of ferrospheres containing 76—97 wt % Fe,0; in
the oxidation reaction of methane with the state and
the distribution of iron cations over the crystallo-
graphic positions of iron-containing phases in a steady
state. The ferrospheres included iron spinel and hema-
tite as the main phases. In the steady state, the concen-
trations of a hematite phase and spinel increased and
decreased, respectively, as the total iron concentration
was increased. The symbatic dependences of the yield
of CO, and the spinel phase content on the total iron
concentration in the ferrospheres indicated the partic-
ipation of the lattice oxygen of iron spinel in the deep
oxidation of methane.

The spinel phase is defective magnetite. In the low-
iron ferrospheres, it is diluted with the diamagnetic
cations of Al and Mg. In the spinel phase of the high-
iron microspheres, the positions of iron with the tetra-
hedral Ca®* cation and the octahedral cation vacancy
were detected among the nearest neighbors. The con-
centration of these structural defects correlates with
the yield of C, hydrocarbons. The oxygen ion of a
spinel phase near these defects acts as an active oxygen
species in the OCM reaction.
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