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Ferrospheres with the Fe,03 content in the range from 76 to 97 wt% were applied as catalysts for the
oxidative coupling of methane (OCM). To identify their phase composition and distribution of iron sites,
the ferrospheres were characterized by X-ray powder diffraction and Md6ssbauer spectroscopy before
and after the OCM reaction. Magnetite-based ferrite spinel, hematite and aluminosilicate glasses were
established to be the main phases. The ferrospinel of all ferrospheres partially oxidized to hematite after
the OCM reaction. It was established that the yield of C,-hydrocarbons sharply increased at the ferro-
spheres with Fe,03 content higher than 89 wt% The spinel phase of these ferrospheres includes Fe"¥3*(B)
sites with a Ca®* tetrahedral cation and an octahedral cation vacancy among the nearest neighbors. A
linear correlation between the yield of C;-hydrocarbons (ethane and ethylene) and the content of such
sites was established, thus indicating that their electrophilic oxygen species participate in selective CHy4
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conversion to CoHg.
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1. Introduction

The oxidative coupling of methane (OCM) is a promising way for
the direct conversion of the most inert hydrocarbon, i.e. methane,
into Cy-hydrocarbons (ethylene and ethane). Over a period of
more than 30 years, a large number of different catalytic mate-
rials have been tested for this reaction [1-9]. Unfortunately, all
known OCM catalysts suffer from insufficiently high selectivity
to C,-hydrocarbons for industrially relevant (>30%) degrees of
methane conversion. This is due to the fact, that the desired hydro-
carbons are easily oxidized to CO and CO, because they are more
reactive than methane. As a consequence, kinetic studies pre-
dict a limit for the maximal yield of Cy-hydrocarbons [7,10,11],
which is around 28 or 30% when performing the OCM reaction
with co-feeding [10] or alternating feeding [11] of CH4 and O,
respectively. Based on this background, improvements in the OCM
performance may be achieved by kinetic controlling selective (for-
mation of C,-hydrocarbons) and non-selective (combustion of
hydrocarbons) reaction pathways, which are influenced by vari-
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ous physico-chemical properties of the catalysts applied. Therefore,
one of possible approaches for developing novel selective catalytic
materials is to establish fundamental relationships between their
selectivity/activity and physico-chemical properties as detail as
possible.

As shown in our previous studies [12,13], ferrospheres sepa-
rated from fly ashes produced upon combustion of high-calcium
brown coals are promising OCM catalysts with catalytically active
Ca-promoted ferrospinel phase. Their OCM performance is strongly
influenced by the iron content. Ferrospheres possessing 87.5 wt%
Fe, 03 and etched by an aqueous solution of HF showed the selec-
tivity to Cy-hydrocarbons of 70% at the methane conversion of
24% at 850°C [13]. Contrarily, ferrospheres and magnetic ceno-
spheres with a lower iron content oxidized methane to carbon
oxides [14,15]. In order to elucidate possible fundamental reasons
for the different OCM performance, we thoroughly characterized
ferrospheres with the content of Fe, O3 in the range of 30-92 wt%
to determine their composition, morphology, microstructure of
iron-containing phases, and catalytic properties [16-18]. In partic-
ular, it was demonstrated that the aluminum-magnesium-ferrite
spinel is the main phase in ferrospheres with the content of Fe;03
lower than 80 wt% and high concentration of SiO, and Al,03. For
those with a higher Fe,03 content (>85 wt%), the CaO-promoted
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ferrite spinel and the hematite phases were identified. The for-
mer had the unit cell parameter exceeding the corresponding
parameter of stoichiometric magnetite, while the latter had the
unit cell parameters close to those of stoichiometric a-Fe;031
[6,17]. According to our previous study [ 18], the ferrospheres with
the aluminum-magnesium-ferrite spinel are not selective OCM
catalysts, yielding COx mainly. This undesired reaction on the ferro-
spheres containing the calcium ferrite spinel is suppressed in favor
of Cy-hydrocarbons formation.

Based on the above background, the objective of this work
is to establish relationships between the phase composition,
microstructure of the ferrospinel phase, the state and distribu-
tion of iron within the crystallographic sites of the iron-containing
phases in differently composed ferrospheres and their OCM per-
formance. In particular, we focus on gaining insights into possible
catalytic sites responsible for selective and non-selective methane
oxidation. To this end, fresh and used (after the OCM reaction)
catalysts were characterized by Mdssbauer spectroscopy and the
obtained spectra were rigorously evaluated. Steady-state catalytic
tests were performed at 750 and 825°C.

2. Experimental
2.1. Catalytic materials

Eleven narrow fractions of high-calcium ferrospheres with
Fe, 03 content 76-97 wt% were used as catalytic materials for the
oxidative coupling of methane. The samples are labeled as B(n),
S(n), and SMF(n), where B, S is the source of fly ash from which
the ferrospheres were separated and (n) is the weight percentage
of Fe,03. The ferrospheres of series B(n) and S(n) were separated
from ferrisialic type fly ash from combustion of coal Tugnuisky
Deposit (Buryatia) and the calsialic type fly ash from combus-
tion of coal Berezovsky Deposit (Krasnoyarsk region), respectively.
The chemical and phase composition, morphology of the globules,
and microstructural characteristics of the initial B and S series
were studied in detail in our previous study [16,17]. The ferro-
spheres of the SMF series were obtained from fractions —0.05
and —0.063 +0.05 mm of the S series by the grain-size classifica-
tion and separation in a gradient magnetic field. Table 1 shows
the chemical composition of all studied materials and their spe-
cific surface areas determined from Ar desorption according to the
multipoint Brunauer-Emmett-Teller (BET) method (NOVA 3200e
instrument). Fig. 1 exemplarily shows optical and SEM images
of selected ferrosphere fractions SMF(91.4) and SMF(93.5). It is
important to note that ferrospheres of series B (Table 1) orig-
inate from the melt of the system FeO-SiO,-Al,03, and their
chemical composition corresponds to the total regression equa-
tions [SiO,]=65.71-0.71[Fe,03] with the correlation coefficient
r=-0.99 and [Al;03]=24.92-0.26[Fe;03] with r=-0.97, which
are characteristic for this system [16]. Ferrospheres of S and

Table 1

Chemical composition (wt%) of narrow fractions of ferrospheres used as the catalysts.
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SMF series (Table 1) were formed from the melt of the sys-
tem FeO—CaO-SiO, and their chemical composition is described
by two other regression equations [CaO]=56.47-0.56[Fe;0s]
and [SiO;]=24.62-0.25[Fe,03] with the correlation coefficients
r=-0.97 and —0.90, respectively.

2.2. Catalyst tests

Catalytic tests were performed in a continuous-flow fixed-
bed quartz tube reactor with inner diameter of 4-8 mm at
750-850°C and a total pressure of 1.3 at (1at=98 kPa) using a
CHy4:0,5:He =82:9:9 feed. The amount of the ferrospheres was var-
ied in the range of 0.3-1.3g, and the contact time (W/F) was
1.2-1.3 g-cats/ml. The products and feed components were ana-
lyzed by an on-line gas chromatograph Agilent 7890A GC equipped
with high performance columns «HP Plot Al,O3», «Molecular Sieve
5A» and capillary column «DB-1». Experimental errors for determi-
nation of methane conversion (Xcy4) and selectivity of the product
formation (S) in three parallel experiments were 0.25 and 0.5%,
respectively.

2.3. X-ray powder diffraction (XRPD) analysis

X-ray powder diffraction (XRPD) analysis using the full-profile
Rietveld method [19] and the derivative difference minimization
(DDM) [20] was applied for quantifying the phase composition
of ferrospheres in their initial (as received) state and after the
OCM tests at 750°C. The former materials have been thoroughly
characterized in our previous study [16]. To preserve the cata-
lyst composition formed under the OCM conditions, the catalysts
after the catalytic tests at 750°C were rapidly (~150-200°/min)
quenched in the OCM feed before XRPD analysis. X-ray powder
diffraction patterns were recorded in the reflection geometry on
a PANalytical X'Pert PRO diffractometer (Co Ka radiation, 2® scan
range 15-115°) equipped with a PIXcel detector. The weight con-
tent of X-ray amorphous phase(s) was determined by the external
standard method with hematite used as a reference material. The
absorption coefficients of the samples for the Co Ka radiation were
calculated from the total elemental composition according to the
chemical analysis data.

2.4. Mossbauer measurements

Mossbauer spectra of ferrospheres in the initial state and
after the OCM tests at 750°C were recorded on an MS 1104Em
gamma-resonance spectrometer with a >’Co(Cr) source at room
temperature. To preserve the catalyst composition formed under
the OCM conditions, the catalysts after catalytic tests at 750°C
were rapidly (~150-200°/min) quenched in the OCM feed before
Mossbauer measurements.

Catalyst Fraction (mm) Bulk dencity (g/cm?) Sger (M?/g) Si0, Al,03 Fe,03 Ca0o MgO Na,0 K,0 TiO,

B(79.1) 0.063-0.1 1.95 0.38 9.00 6.22 79.12 5.40 0.90 0.23 0.08 0.10
B(76.2) 0.05-0.063 1.99 0.49 9.50 4.64 76.24 9.08 0.81 0.20 0.07 0.19
B(78.4) <0.05 2.07 0.60 9.41 5.04 78.38 6.24 1.10 0.20 0.05 0.16
S(85.2) 0.2-0.4 1.87 0.33 4.00 1.90 85.20 8.69 1.00 0.25 0.07 0.18
S(88.8) 0.16-0.2 1.93 0.24 2.48 1.20 88.82 7.43 0.81 0.20 0.05 0.19
S(89.8) 0.05-0.063 2.57 0.21 1.35 1.02 89.85 6.70 0.81 0.24 0.10 0.12
S(89.1) <0.05 2.54 0.34 0.64 0.92 89.12 8.81 0.60 0.10 0.05 0.16
SMF(93.5) 0.032-0.04 2.65 0.19 139 0.19 93.51 3.54 0.40 0.29 0.09 <0.01
SMF(91.4) 0.05-0.063 2.46 0.29 1.30 <0.01 91.36 6.57 0.33 0.28 0.06 <0.01
SMF(96.5) 0.05-0.063 2.56 0.20 0.80 <0.01 96.53 3.20 0.08 0.41 0.04 <0.01
SMF(97.2) 0.05-0.063 2.62 0.18 0.36 <0.01 97.25 2.04 0.10 0.28 0.05 <0.01
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Fig. 1. a) Optical image of ferrospheres SMF(91.4) and b) SEM image of ferrospheres SMF(93.5).
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Fig. 2. Selectivity to C;-hydrocarbons versus CH4 conversion at 750°C over fer-

rospheres with Fe,03 content >89 wt% (. ) and ferrospheres with Fe,03; content

<89 wt% (. ) (reaction feed CH4:0,:He=82:9:9 vol%, contact time (W/F) was
1.2-1.3 g-cats/ml).

3. Results and discussion
3.1. Catalytic properties of ferrospheres

Selected results of our OCM tests at 750°C are summarized in
Fig. 2 in form of a selectivity-conversion relationship. It should be
mentioned that each data point represents a certain catalyst. As
seenin this figure, all tested catalysts can be divided into two groups
differing in the selectivity to C,-hydrocarbons and in the effect of
CH4 conversion on the selectivity. For ferrospheres with Fe, O3 con-
tent of less than 89 wt% (see Table 1 for their detail composition
including catalysts abbreviation), the selectivity at the lowest CHy
conversion of around 2% was below 40-45% and strongly decreased
to 10-15% with increasing methane conversion. In comparison with
these catalysts, those with Fe,03 content of higher than 89 wt%
showed higher (50-72%) selectivity to C;-hydrocarbons and lower
effect of the conversion on the selectivity.

The effect of iron content on OCM performance of ferrospheres
is further illustrated in Fig. 3 showing steady-state yields of C,-
hydrocarbons and COx obtained at 750 and 825°C as a function
of iron content. For all catalysts, the yield of CO did not exceed
0.8% at both temperatures. Irrespective of the reaction tempera-
ture, CO, was the main reaction product over the samples with
the Fe;03 content lower than 89 wt%. Its yield at 750 °C decreased
withincreasing Fe, 03 content from 76.2 to 88.8 wt%, while no effect
was observed at 825 °C. (Fig. 3b). The latter behavior is explained
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Fig. 3. The effect of Fe;03 content in ferrospheres on the yield of CO, (. ) and
C,-hydrocarbons (. ) in the OCM reaction at (a) 750 and (b) 825 °C (reaction feed
CH4:0,:He =82:9:9 vol%, contact time (W/F) was 1.2-1.3 g-cat-s/ml).

by the fact that oxygen conversion was complete over all catalysts.
Importantly, C,-hydrocarbons became the main products over the
ferrospheres with a Fe;03 content higher than 89%; the yield
increased up to 7% at 825 °C. When the iron content increased fur-
ther, the yield continuously decreased but was always significantly
higher than for the materials possessing less than 89 wt% Fe,03.
The yield of CO, followed an opposite trend. The obtained depen-
dence of OCM performance on Fe,03 content in Fig. 3 strongly
suggests an abrupt change between the kinetics of primarily and
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Fig. 4. Weigh percentage of ferrospinel (‘ ) and hematite (. ) in ferrospheres
versus overall Fe;03 content in their (a) initial state and (b) after the OCM reaction
at 750°C.

secondary reaction pathways over ferrospheres with the content
of Fe;03 > 89 wt%.

The phase composition of as-received ferrospheres and those
after the OCM reaction is summarized in Fig. 4. One can see that
ferrospinel is the dominating phase in the fresh ferrospheres with
an overall content of Fe,03 below 89 wt%, while ferrospinel and
hematite are present in similar amounts in the ferrospheres with
higher Fe, 03 content (Fig. 4a). For all ferrospheres, the amount of
hematite strongly increased after their use in the OCM reaction
at 750°C. These results suggest that ferrospinel was oxidized to
hematite (Fig. 4b). Our quantitative XRPD analysis of these materi-
als also revealed that the lattice parameter of the ferrospinel phase
differed from that in the stoichiometric phase and increased with
an increase in the overall Fe, 03 content in the ferrospheres (Fig. 5).
The lattice parameter of spinel exceeds 8.396 A for most samples
possessing more than 89 wt% Fe, 03 and showing high OCM perfor-
mance (Figs. 2 and 3).

Taking into account the present data and our previous char-
acterization results [12,16,18], we suppose that the effect of
Fe,03 content in ferrospheres on their OCM performance (Fig. 3)
cannot be explained only by their distinctive phase composi-
tion and structural parameters of CaO-promoted ferrite spinel
and aluminum-magnesium-ferrite spinel. To check if the state
and distribution of iron cations influence the catalytic properties,
we applied Méssbauer spectroscopy for characterizing the ferro-
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Fig. 5. Effect of Fe,05; content in ferrospheres on lattice parameter of ferrospinel
after OCM reaction at 750°C.
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Fig. 6. Selected Mossbauer spectra of ferrospheres fractions 1) B(79.1), 2) S(89.1),
3) SMF(96.5) in initial (a) and steady states (b); 4) spectrum of magnetite.

spheres used in the OCM reaction at 750 °C for at least four hours
to achieve a steady-state operation. At this temperature, oxygen
conversion for samples S(n) and SMF(n) series with Fe,O3 con-
tent 85-97 wt¥% (see Table 1 for the abbreviations) changed in the
range 9-27% that corresponded to a similar oxygen partial pressure
of 0.106-0.085 atm (1 atm =98 kPa) at the outlet of the reactor in
steady-state conditions. This restriction was necessary to exclude
any effect of the oxidizing potential of the reaction conditions on
the oxidation state and distribution of iron cations in the ferrospinel
of ferrospheres in the range of an abrupt change in the pathways
of methane conversion (Fig. 2). The obtained results are presented
and discussed in the next section.

3.2. State and cation distribution of iron in ferrospheres in the
initial and steady states

Fig. 6 shows selected Mdéssbauer spectra of ferrospheres with
different OCM performance in their initial (as received) and steady
(after the OCM reaction) states. The interpretation of the spectra
was performed in two stages according to the procedure simi-
lar to that described in previous studies [21,22]. In the first step,
we were aimed at identifying the main iron-containing phases,
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i.e. magnetite-based ferrospinel, hematite, and aluminosilicate
glass. These results are in agreement with the X-ray diffraction
data described and discussed in the preceding section. Hematite
was identified by the characteristic parameters of the sextet
(IS~0.38 mm/s, H~ 517 kOe, and QS ~ —0.38 mm/s) [23]. The fast
electron exchange of Fe?* < Fe3* couples designated as Fe2°*,
is typical for magnetite. Characteristic Mossbauer parameters of
these cations are IS ~ 0.64 mm/S and H ~ 460 kOe [24]. The param-
agnetic parts of the spectrum with very large widths are attributed
to the alumosilicate glass (IS~ 0.2-0.5mm/s, and QS ~ 0-2 mm/s)
[25].

For the above interpretation of the spectra, we did not consider
the complete set of substitutional cations in the spinel phase. Thus,
it was not possible to estimate the effect of foreign cations on the
state of nonequivalent iron sites, which may influence the OCM
performance. To overcome the above limitation, our further anal-
ysis was aimed at identifying and describing the positions of iron
sites that differ from those in stoichiometric magnetite.

In the spectrum of “stoichiometric” magnetite above the Ver-
wey temperature (~125K), there are usually two sextets, one of
which is attributed to trivalent iron cations located in the tetrahe-
dral sites, i.e., Fe3*(A). The second sextet is assigned to the Fe2>*(B)
cations located in the octahedral sites. These sites have the fol-
lowing parameters: IS=0.3 mm/s and H=490kOe for Fe3*(A), and
IS=0.66 mm/s and H = 460 kOe for Fe>>*(B). Below the Verwey tem-
perature, to a first approximation there are two sextets, Fe3*(A+B)
and FeZ*(B) [26]. The spectra of the sites Fe3*(A) and Fe3*(B) are
unresolved. The sites A and B in maghemite y-Fe, O3 are also unre-
solved [27]. On this basis, the sites designated as Fe>*(A+B) and
Fe23*(B) in ferrospheres were assigned to the sites similar to those
in stoichiometric magnetite (Table 2 and Table S1, supplementary
data).

In stoichiometric magnetite Fe304 =(Fe3*)[Fe2*Fe3*]0,
=(Fe3*)[Fe,2°*]04, the ratio of the number of Fe2* ions to the
total number of iron atoms is equal to 0.333, while this ratio in
the spinel phase of ferrospheres in their initial and steady states
is significantly lower (Fig. S1, supplementary data) and strongly
depends on the overall Fe;O3 content. This can be associated
with both replacement of Fe2* by, for example, Mg2* and/or Ca2*
and formation of cation vacancies. Previous experimental results
[28-30] suggest that the Ca%* cations in magnetite are located in
the tetrahedral sites. The Mg2* cations occupy both types of sites
in spinel with a preference for the octahedral sites, while the AI3*
cations are located in the octahedral sites at low levels of doping
[31].

In addition to the iron sites of stoichiometric magnetite, other
iron positions are designated as Fe¥3*, Fe¥23* and Fe'V3* (Table
S1, supplementary data). Apparently, the formation of such sites
is caused by the imperfection of magnetite. The Mossbauer char-
acteristics of these sites are summarized in Table 2. Fig. 7 shows
a fragment of the spinel structure, which explains the appearance
of nonequivalent sites in defective magnetite. The assignment of
the iron positions in the ferrospinel phase was made by taking into
account a certain charge state of cations.

The FeV3*(B) site with a hyperfine field of ~470 kOe arises when
a diamagnetic cation, e.g. Mg?*, is among the nearest neighbors
to Fe3*(A). When the charge in the tetrahedral cation sublattice
decreases, e.g. Fe3* - Mg?2*, the nearest neighboring oxygen ions
become electron deficient. Consequently, to ensure the electroneu-
trality, the charge in the octahedral cation sublattice increases, i.e.
Fe25*(B) — FeV3*(B), with the transfer of a valence electron to oxy-
gen ions. The loss of one magnetic coupling of the octahedral cation
with tetrahedral cations leads to a decrease in the hyperfine field
from 495 kOe for Fe3*(A +B) of stoichiometric magnetite to 470 kOe
for FeV3*(B) (Table 2, Fig. 7b).

Fes*

vacancy Fe'?* or Fe'®*

™~

Fig. 7. Schematic fragment of the spinel structure. O is the oxygen, O is the octahe-
draland A is the tetrahedral cations; a) positions of iron in stoichiometric magnetite;
b) the emergence of tetrahedral A2*-cation causes positions Fe¥3* and Fe'25*; c¢) the

emergence of Ca?* and cation vacancy leads to the formation of positions Fe"¥3* and
Fev2.5+.

The Fe2>* sites of stoichiometric magnetite transform into the
FeV25* sites due to the presence of the nearest diamagnetic tetra-
hedral A%*-cation. Owing to the loss of one magnetic coupling with
the tetrahedral sublattice, the hyperfine field decreases from 460
to 426 kOe. Upon inclusion of the large Ca2* cation with an ionic
radius of 1.04 A into a tetrahedral site, a cation vacancy is formed
in the close vicinity to this cation, thus creating local distortions
and charge gradient in the lattice. The co-existence of these two
defects among the neighbors of the octahedral B-cation leads to the
formation of the FeY¥3*(B) site with the hyperfine field of 400 kOe
(Fig. 7c, Table 2). These sites were formed from the Fe2->*(B) sites
of stoichiometric magnetite and dropped out of the process of fast
electron exchange upon localization of the cation valence electron
at the oxygen ion.

It should be noted that the sites FeV3*(B) and Fe'2-3*(B) are
typical for ferrospheres of the B(n) series with the total iron con-
tent of 76-79 wt% (Table S1, supplementary data), whereas the
FeVV3*(B) sites were identified only in the ferrospheres with high-
iron content of the S(n) and SMF(n) series (Fig. 8, Table 1). Their
concentration was significantly increased after the OCM reaction
over ferrospheres with overall content of Fe; 03 > 89 wt%.

The fraction of iron in ferrite spinel and hematite phases signif-
icantly depends on the iron concentration in ferrospheres (Fig. 9).
For the as-received samples with Fe;03 > 89 wt% under considera-
tion of all iron sites, the content of the ferrite spinel phase decreases,
whereas the content of the hematite phase increases with increas-
ing overall content of Fe,03 (Fig. 9a). The phase changes became
even more pronounced after the OCM reaction on ferrospheres. In
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Table 2
Iron positions in spinel phase of ferrospheres identifiable by Méssbauer method.

Fe position IS, mm/s H, kOe The local environment of position

Fe3*(A+B) 0.27 + 0.04 495 + 6 Stoichiometric magnetite

Fe25*(B) 0.64 + 0.04 460 + 3 Stoichiometric magnetite, fast electronic exchange

FeV3*(B) 0.43 + 0.04 470 +£ 3 Diamagnetic A2*-neighbor, localization of the electron on the oxygen
FeV2>*(B) 0.65 + 0.07 426 + 8 Diamagnetic A%*-neighbor, fast electronic exchange

Fe"V3*(B) 0.37 + 0.13 400 + 20 Ca?*(A)-neighbor + cation vacancy, localization of the electron on the oxygen

IS is isomer chemical shift relative to aFe, H is hyperfine magnetic field on Fe nuclei.
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Fig. 8. The dependence of content of Fe3VV*(B) positions on the overall iron content
in steady state ferrospheres.

this case, ferrospheres of the series S(n) and SMF(n) underwent
stronger changes than those of the B(n) series.

It is important to mention that both Méssbauer (Fig. 9) and
XRPD (Fig. 4) studies revealed very similar relationships between
the phase composition of ferrospheres and overall Fe,03 content.
Such good agreement between these two characterization meth-
ods allows us to conclude that our analysis of Mdssbauer spectra
adequately describes the defect states of the spinel structures
(Fev2-5*(B), FeV3*(B), Fe¥V3*(B)) which can be involved as the active
sites of the OCM process.

3.3. Nature of the active centers of oxidative coupling of methane

On the basis of the results of catalytic tests, XRPD and Mdssbauer
characterization together with relevant literature data, the below
discussion is aimed at identifying OCM selective (formation of Cy-
hydrocarbons) and non-selective (COx formation) phases/sites in
ferrospheres. Iron species in such materials are located in three
main iron-containing phases: ferrospinel, hematite, and alumosil-
icate glass. It is well established that oxide AB,04 systems with
the spinel structure are effective catalysts for deep oxidation of
methane in excess oxygen [32-35]. Their activity is determined by
the oxygen binding energy, which is mainly affected by the cations
Cr3*,Co3*, and Fe3* in the octahedral sites of the spinel, whereas the
properties of divalent cations in the tetrahedral environment play
a secondary role. For the aforementioned ions, the Fe3* —0 bond
is the most stable thus making ferrites the least active deep oxi-
dation catalysts among other spinel structures [32,36]. It is worth
mentioning that pure Fe,Os is significantly more active than the
spinel structures [34]. Taking this literature data into account, we
can safely conclude that the low yield of CO, over the ferrospheres
with the overall content of Fe, 03 > 89 wt% (Fig. 2) does not correlate
with the presence of a-Fe;03 phase (Figs. 4 b, 9 b). Contrarily, we
have observed a linear dependence of this yield on the population of
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steady states at 750 °C on the overall Fe;03 content in ferrospheres.

iron sites located in the ferrospinel phase with the correlation coef-
ficient of 0.95 (Fig. S2, supplementary data). According to [32,34,36]
we also suggest that the activity of ferrospheres in methane oxida-
tion to CO, is determined by the binding energy of the nucleophilic
lattice oxygen in the spinel phase of the ferrospheres. However,
what are the active sites for selective methane oxidation to C,-
hydrocarbons?

Different aspects of the influence of structural defects of single-
phase and multiphase oxide systems on their OCM performance
have been widely discussed in literature.[2,4-6,37-42] It is gen-
erally accepted that the OCM reaction is initiated by activation of
methane on a surface oxygen species to yield gas-phase CH3* rad-
icals recombining further to C;Hg. The importance of electrophilic
oxygen species such as 0,2~, 0~ in the OCM reaction has been high-
lighted in several studies. Their formation occurs through different
mechanisms depending on the type of defect centers in the cat-
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alytic system. In particular, high activity of Li/MgO catalysts was
ascribed to the presence of [LiO~] defect sites, which are respon-
sible for the activation of methane with formation of CH3 radical
[2,4-6,39]. Structural oxygen vacancies in La;O3, Sm;03, Nd,03
and promoted M/La;03 or Sm;03 (M =Ca, Sr, Ba) oxides were sug-
gested to influence the OCM activity; their concentration can be
increased by promoting host oxides with metal oxides of lower
oxidation state [5,38,42].

In addition, structural ordering of oxygen vacancies in metal
oxide catalysts positively influence on their OCM performance.
For example, tetragonal Srp g Gdp»Co0O3_g perovskites with ordered
oxygen vacancies and Gd3*/Sr?* ions were about five times
less active in total methane combustion at 500°C, but showed
four times higher selectivity to C,-hydrocarbons at 850°C than
their cubic-phase counterparts with randomly distributed oxy-
gen vacancies [43]. A similar difference in the structure of oxygen
vacancies was also observed for two phases of Sm,0s3. Such vacan-
cies are distributed randomly in the monoclinic Sm;03, while
ordered pairs of anion vacancies are stabilized in the cubic Sm;03
[44]. According to [45] the cubic phase was eight times more active
in the formation of C;Hg at 600°C compared to the monoclinic
phase. Thus, it can be concluded that the mechanisms of oxygen
activation on this two systems are in many aspects similar and
include the oxygen adsorption on ordered oxygen vacancies. Elec-
tron required for this process is supplied by host ion oxidation for
reducible complex oxides and by impure ion oxidation for irre-
ducible simple oxides. In both cases, electrophilic oxygen species
are formed.

The closest analog to the studied ferrospheres in the struc-
ture and properties of catalytically active phase is ZnFe,04 with
the cubic lattice parameter a=8.442A. In the reaction medium
CH4:0,:Ar=41.6:8.4:50 vol% at 750 and 825°C, it provides the
yields of C;-hydrocarbons about 3 and 13%, respectively [46], which
are slightly higher than the values for the ferrospheres. As in the
case of Ca-ferrospinel, the cation Zn2* with the ionic radius of 0.6 A
occupies the tetrahedral positions. Unfortunately, the phase com-
position and the state of iron after the catalytic reaction were not
studied. It was only observed, that at temperatures above 825°C a
collapse of the crystalline structure occurred due to the sublimation
of ZnO.

For the iron-containing catalysts Ca(Sr,Ba)ysLa;sFegsLip504
and SrLaFegs5Zn(Mg)g504 with the K;NiF,4 structure, a correla-
tion between the yield of Cy-hydrocarbons and the content of
Fe** ions identified by Méssbauer spectroscopy was established
[40]. It was suggested that the formation of electrophilic O~
occurred according to the scheme: Fe** + 02~ « Fe3* +0~. Impor-
tantly, when iron ions were replaced by zinc or magnesium ions in
the SrLaFegsZn(Mg)o504 system, the Fe** concentration and the
yield of C;-hydrocarbons increased [40].

In contrast to the catalysts with the K;NiF4 structure possess-
ing Fe**, a defective Fe'¥3* state was formed upon incorporation of
CaZ* ions into the tetrahedral sites of the spinel structure in fer-
rospheres with high iron content. The concentration of such sites
significantly increased with the total content of Fe,03; >89 wt%
(Fig. 8). It is important to highlight that we were able to estab-
lish a linear dependence between the yield of C;-hydrocarbons and
the concentration of FeVV3*(B) sites with the correlation coefficient
of 0.91 (Fig. 10). This relationship strongly suggests that FeV¥3*(B)
participate in the stabilization of oxygen species that are active and
selective in the OCM reaction. The formation of such oxygen species
and their participation in CHy4 activation can be illustrated as fol-
lows. As concluded from our characterization analysis, the inclusion
of Ca2* jon with a large ionic radius (1.04 A) into the spinel struc-
ture stimulates the formation of a cation vacancy and an active
center (Fig. 7¢), which can be represented by [FeYV3*—02-—vac]. As
aresult, oxygen ions in the vicinity of this defect have a substantial
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Fig. 10. The dependence of C;-hydrocarbons yield at 750 °C on Fe"V3*(B) population
position.

deficiency of electrons. This deficiency is compensated by neigh-
boring iron cations. The formed center [FeVV3*—02- —vac] increases
the Madelung lattice energy due to the creation of a charge gradi-
ent and tends to return to the ground state at any opportunity. In
conventional iron oxide compounds, the energy of ligand-cation
electron excitation lies in the range from four to six eV [47]. Oxy-
gen species in such center becomes apparently electrophilic in the
presence of methane that is essential for homolytic breaking of the
C—H bond to yield methyl radicals recombining to ethane (Eq. (1)).
Fe'V3* is reduced to Fe"V2* upon CH4 activation. Summarizing the
above discussion, the ethane formation in the OCM reaction can be
represented in the form of reduction and re-oxidation steps of the
active sites:

4[FeYV3* — 0%~ —vac| + 4CH4 — 4[Fe"V2* — OH —vac] + 2C,Hg(1)
4[FeYV2t — OH —vac] + 20, — 4[Fe¥V3* — 0%~ —vac] + 2H,0 (2)

The interaction of methane with electrophilic oxygen leads to
the reduction of active center and the formation of the methyl rad-
ical. Ethane is formed by further recombination of CH3 radicals in
the gas phase (Eq. (1)). A re-oxidation of the reduced iron species
by the gas-phase oxygen leads to a simultaneous formation of the
initial active center and water (Eq. (2)).

Thus, we demonstrate that the type of defect iron species deter-
mines the OCM performance of ferrospheres in crystalline phases.
The stabilization of certain defect/phase depends on the overall
Fe,03 content and the presence of Ca%* dopants in the lattice of
ferrite spinel. The derived knowledge may be used for designing
OCM catalysts with improved performance.

4. Conclusions

The results of catalytic tests and catalysts characterization by
XRPD analysis and Mossbauer spectroscopy enabled us i) to derive
molecular insights into the states and distributions of iron cations
in ferrospheres with Fe, O3 content in the range from 76 to 97 wt%
and ii) to explain their effect on selectivity in the oxidative cou-
pling of methane. The main identified phases were the ferrite spinel
and hematite, with their concentration decreasing and increas-
ing with the overall iron content, respectively. The spinel phase
of ferrospheres with Fe,03 content <89 wt% is magnetite diluted
by diamagnetic cations. A liner correlation between the iron frac-
tion in this phase and CO, yield was established, thus indicating
that its nucleophilic lattice oxygen participates in the deep oxi-
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dation of methane. Contrarily, electrophilic oxygen species in the
spinel phase of ferrospheres with higher Fe, O3 content are selec-
tive for the methane oxidation to C;-hydrocarbons. Such species are
formed upon incorporation of Ca%* ions into the tetrahedral sites of
the spinel structure with simultaneous generation of an octahedral
cation vacancy in the nearest neighborhood.
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