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Abstract—The effect the structural properties of a support, magnesium aluminum spinel, with different struc-
tural characteristics has on the physicochemical properties of Fe–K-containing catalysts for the hydrogena-
tion of CO is studied. It is shown that hematite is the main phase in Fe-containing catalysts. A highly disperse
distribution of iron oxide on the surface of the substrate is observed in case of a bimodal distribution of meso-
pores. It is shown via IR spectroscopy that Fe2+ cations and metallic iron are the main sites of adsorption.
The introduction of potassium reduces the surface concentration of clusters (including Fe2+) in different
coordination environments. A rise in the contribution from the subcarbonyl forms of adsorption to the spec-
trum of the absorption bands and a drop in the amount of oxidized iron on the surfaces of metallic iron par-
ticles are observed.
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INTRODUCTION
Iron-containing catalysts supported on an oxide

support are traditionally used in the hydrogenation of
CO, or Fischer–Tropsch synthesis (FTS). The pro-
motion of the catalysts by metals (K and Cu) allows us
to achieve high activity along with olefin and C5+
hydrocarbon selectivity [1–3]. Carbides of different
chemical compositions are considered the active
phase of Fe-containing catalysts [1, 4, 5]. Highly
disperse iron carbides can form during the activation
of iron catalysts in a f low of CO or synthesis gas and
remain stable in a wide range of reaction conditions
[6]. The role of the active component on the support is
important, since adsorption proceeds on it in particu-
lar. The catalytic properties of the catalyst depend
largely on how the stage of adsorption proceeds. Alu-
mina is a traditional support both for iron and cobalt
FTS catalysts. However, the formation of iron– and
cobalt–magnesium aluminum spinels with quite small
metal crystallites that are subsequently reduced only at
high temperatures and are inactive in FTS, proceeds
over such catalysts during FTS at a high degree of con-
version [7, 8]. To prevent oxide–oxide interaction
with the active component, it is modified by metals
and other chemical compounds, e.g., magnesium
oxide or silica gel [3, 9]. Stabilization of an Al2O3 sup-
port by 5% silica gel allows us to achieve rates of

around 49 mmol CO  h−1 under the standard con-
ditions of FTS. They are lower when traditional com-
mercial alumina supports are used: 26–39 mmol CO ×

 h−1 [10]. The authors of that work explained this
by the formation of a thermally stable bimodal porous
structure that allows us to achieve high dispersity of
the metal in the catalysts prepared via impregnation
[10]. According to [11], adding small amounts of silica
gel to alumina can prevent the formation of inactive
cobalt aluminates and thus prevent deactivation of the
catalyst during FTS. It was noted that the properties of
the porous support, its specific surface area, average
pore size, and pore size distribution substantially
affect the adsorption and catalytic properties of the
prepared catalyst.

As was noted above, potassium as a promoter for a
Fe-containing catalyst affects the physicochemical
properties of the catalysts, and the activity and selec-
tivity in the catalytic hydrogenation reaction of CO
(FTS). The authors of [12] showed that adding a small
amount of potassium stabilizes the surface of the sup-
ported iron oxide and prevents further sintering of the
particles upon calcination. At a high concentrations of
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Table 1. Characteristics of the supports

D is particle size and Δ is loss of bulk density.

Sample [Al2O3], wt % [MgO], wt % Ssp, m2/g Δ, g/mL D × 5, μm

MA-S 72.3 27.7 23 ± 1 0.29 1.8

MA-SP 71.2 28.8 185 ± 2 0.35 47.5

Table 2. Results from investigating the surfaces of the catalysts via the low-temperature adsorption of nitrogen

Sample Ssp (BET), m2/g Vpore (BJH), cm3/g dav (BJH), nm D, nm Fe2O3 (XRD)

MA-S 15 0.09 32 –

Fe/MA-S 21 0.11 23 8.1

Fe/K/MA-S 13 0.09 25 7.7

K/Fe/MA-S 15 0.1 25.5 6.5

(FeK)/MA-S 18 0.1 32 7.5

MA-SP 163 0.47 10 –

Fe/MA-SP 125 0.34 9 –

Fe/K/MA-SP 112 0.3 9 –

K/Fe/MA-SP 101 0.33 10 –

(FeK)/MA-SP 118 0.3 9 –
potassium, the active sites of the catalyst can be closed
by potassium cations, reducing the catalytic activity.

The aim of this work was to investigate the effect
the structural properties of the support and the means
of preparation have on the physicochemical properties
and forms of adsorption of carbon monoxide on the
surfaces of potassium-promoted iron-containing cata-
lysts for the hydrogenation of CO that are based on
magnesium aluminum spinels with different textures.
To rule out the influence of processes that occur
during activation, untrained (freshly prepared) cata-
lysts were taken as the objects of study.

EXPERIMENTAL

Preparation of the Catalysts

The catalysts were prepared via successive or
simultaneous impregnation of the support (magne-
sium aluminum spinel) with solutions of Fe(NO3)2 ·
9H2O and KNO3 with a 2 wt % concentration of
potassium and a constant concentration of iron of
15 wt %. Spinels of the AlxMgyOz type (SASOL Ger-
many GmbH) of the Puralox MG 30, Spinel (S), and
Spinel Precursor (SP) grades were used as the sup-
ports. We denote these spinels as MA-S and MA-SP,
respectively; their technical characteristics are pre-
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vo
sented in Table 1. The catalysts were dried for 1 h at
80°C on a rotary evaporator and then calcinated for
3 h in a nitrogen flow at 450°C in the programmed
mode (the volumetric f low rate of nitrogen was
1200 h−1 and an 8 K/min rate of heating). Drying and
calcination were repeated after each impregnation
stage with the corresponding metal nitrates. The
resulting catalysts are denoted below as Fe/MA,
Fe/K/MA, K/Fe/MA, and (FeK)/MA. The supports
of magnesium aluminum spinel are MA-S with a small
specific surface area and MA-SP with a large specific
surface area.

PHYSICOCHEMICAL STUDIES

Low-Temperature Adsorption of Nitrogen

The porous structure of the support and iron-con-
taining catalysts based on magnesium aluminum spi-
nel (specific surface area, specific micropore volume,
and average pore size in the samples) were studied via
the low-temperature adsorption of nitrogen on a
Micromeritics ASAP 2000 sorbtometer. Immediately
prior to each experiment, samples of 0.2–0.3 g were
degassed for 4 h in vacuum (P < 10 mmHg) at 300°C.
Measurements were made at intervals of 5 s. The
results are presented in Table 2.
l. 93  No. 12  2019
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Fig. 1. Dependence of pore volume V on pore diameter d
for the (a) (FeK)/MA-SP and (b) (FeK)/MA-S catalysts.
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X-ray Diffraction Analysis
X-ray diffraction analysis (XRD) was performed on

a DRON-3 diffractometer with CuKα radiation and a
graphite monochromator. Measurements were made
in the 2θ range of 20°–70°. Scanning step was 0.1 deg,
with exposure time per point of 3 s. To determine the
sizes of the crystallites, recording was done in incre-
ments of 0.02° and a time of exposure per point of 10 s.
Average particle size DHKL of hematite was estimated
using the Scherrer formula [13]:

where λ is a wavelength of 1.54 Å, β is the integral half-
width of a line equal to the area of the peak divided by
the intensity at the maximum, and θ is the angle of
reflection.

IR Spectroscopic Study
Diffuse reflection IR spectra were recorded on an

EQUINOX 55/S Fourier-transform IR spectrometer
(Bruker). A sieved powder 2θ range of each sample
was placed into a quartz ampoule with a window made
of CaF2 and calcinated at 400°C (1 h in air and 2 h
under vacuum of at least 5 × 10−5 Torr). Gaseous CO
was purified by passing it through a liquid nitrogen
trap and with prolonged exposure over a calcinated
zeolite. The differential spectra of adsorbed CO were
obtained by subtracting the background spectrum
from the experimental spectrum of a sample contain-
ing adsorbed CO, followed by adjustment of the base-
line with the OPUS 6.0 software (Bruker). The digital
noise subtraction for low-intensity spectra was per-
formed.

RESULTS AND DISCUSSION
Two porous magnesium aluminum spinels that

were white powder-like substances of the 0.05–0.1-
mm fraction were chosen as the supports for Fe–K
supported catalysts. Table 2 presents the values of the
main structural parameters of the spinels and catalysts
based on them according to data obtained via the low-
temperature adsorption of nitrogen. The specific sur-
face area of the MA-SP spinel was an order of magni-
tude larger than that of MA-S: the average pore vol-
ume in MA-SP was 500% larger and the average pore
diameter was 300% smaller, compared to MA-S. This
pattern was retained in the catalysts based on these
spinels. An exception was the sample of Fe/MA-S,
where the specific surface area was notably larger than
that of the initial support.

Figure 1 presents the dependence of pore volume
on diameter for the (FeK)/MA-SP and (FeK)/MA-S
catalysts. As is seen from Fig. 1, a bimodal dependence
of pore volume on diameter with maxima at 33 and
75 Å is observed for the sample based on the MA-SP

λ≈
β θHKL ,

cos
D

RUSSIAN JOURNAL O
spinel, where the pore volume consists mainly of mes-
opores. For the sample based on the MA-S spinel, this
dependence is of an almost unimodal character with a
maximum at 620 Å, and the contributions from meso-
pores and macropores are comparable. For the other
samples based on MA-SP and MA-S spinels, the pore
size distribution is similar to that of the (FeK)/MA-SP
and (FeK)/MA-S systems, respectively.

The data from X-ray diffraction analysis of the cat-
alysts showed that the main phases were magnesium
aluminum spinel and hematite. As examples, Fig. 2
presents the X-ray diffraction patterns for samples of
Fe/MA-S and Fe/MA-SP. The X-ray diffraction pat-
tern of the Fe/MA-S sample (Fig. 2a) is formed by rel-
atively narrow reflections of the crystalline phase that
correspond to magnesium aluminum spinel (denoted
as S) and hematite (denoted as O). The X-ray diffrac-
tion pattern of Fe/MA-SP corresponds to a system
with a fairly large contribution from the amorphous
phase (Fig. 2b). It is interesting that despite the iden-
tical procedure for introducing the active phase into
the catalyst, no reflections corresponding to hematite
are in this case observed. The X-ray diffraction pattern
has quite broadened peaks that correspond to magne-
F PHYSICAL CHEMISTRY A  Vol. 93  No. 12  2019
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Fig. 2. XRD diffraction patterns of (a) Fe/MA-S and (b) Fe/MA-SP: (s) reflections of spinel and (o) reflections of iron oxide
(hematite).
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sium aluminum spinel against the background of the
amorphous phase. This effect is due to the effect the
texture of the support had on the state of the supported
phase: a highly disperse distribution of iron oxide
formed over the surface with the bimodal distribution
of the support’s mesopores. This result agrees with the
data obtained for silica gel-modified alumina in [10].
The particles of iron oxide were quite small, so the
reflections from them were strongly broadened. The
X-ray diffraction patterns of catalysts MA-SP and
MA-S based on the same spinel virtually coincide with
those presented in Fig. 2. X-ray diffraction analysis of
the synthesized samples showed they contained no
potassium-containing phases, due to the weak con-
centration of potassium in the catalyst and its low
degree of crystallinity.

Along with determining the phase composition of
the catalysts using the results from XRD (Fig. 2a), we
used the Scherrer equation [13] to estimate the average
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vo
size of the coherent scattering region (CSR) for hema-
tite in the catalysts based on MA-S spinel (Table 2). By
assuming the particles were of uniform size, the
dimensions of the CSR allowed us to estimate the
average particle size. According to our estimates, the
average particle size of hematite for the Fe/MA-S cat-
alyst was 8 nm and fell to 6.5 nm when there was potas-
sium in the K/Fe/MA-S catalyst.

Carbon monoxide is an effective spectral probe for
determining the nature of adsorption sites. The use of
CO as a probe molecule allows us to differentiate cat-
ions in different states of oxidation, determine their
electron-accepting properties, and estimate their
coordination environment. In addition, CO is a
reagent in the reaction of FTS. It is therefore of con-
siderable interest to investigate the forms of CO
adsorption on the surfaces of our systems.

The adsorption of carbon monoxide on the sur-
faces of our samples was investigated via diffuse reflec-
l. 93  No. 12  2019
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Fig. 3. Difference IR spectra of CO adsorbed at room tem-
perature on (a) Fe/MA-S, (b) (KFe)/MA-S, (c)
Fe/K/MA-S, and (d) K/Fe/MA-S catalysts. The pressure
of CO is (1) 5, (2) 20, and (3) 50 Torr; F(R) is the
Kubelka–Munk function.
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tion IR spectroscopy. Figures 3 and 4 present the dif-
ference IR spectra of CO adsorbed at room tempera-
ture on the catalysts based on MA-S and MA-SP,
respectively. The spectra were formed by the superpo-
sitioning of several absorption bands (ABs), and two
groups of overlapping absorption bands are easily dis-
tinguished. According to our XRD data, the main
iron-containing phase was hematite Fe2O3. However,
the literature data [14–16] indicate that Fe3+ cations
do not form carbonyl complexes, since they are in the
coordinatively saturated state and are not capable of
forming complexes that are stable at room temperature
and contain molecules with weak electron-donating
properties. The absorption bands observed in the
high-frequency region of the spectrum are therefore
attributed to carbonyl complexes with Fe2+ cations.
According to the data of [17], refined with DFT quan-
tum-chemical calculations [18], the absorption bands
at 2185–2188 and 2175–2180 cm−1 (Figs. 3a–3d) are
due to the adsorption of CO in linear form on sites of
the [FeOFe]2+ and [FeO]2+ types, respectively. The
authors of [14] believed that the AB at 2175 cm−1 in
this case corresponds to the dicarbonyl form of
adsorption, while those of [19] assumed the tricar-
bonyl form of adsorption was involved. The contribu-
tion from the absorption band corresponding to the
complexes of CO with isolated Fe2+ cations (2205–
2218 cm−1) is negligible, and this band can be distin-
guished only when a surface is sparsely occupied by
CO molecules (Figs. 3c, 3d, spectrum 1; Fig. 3b, spec-
tra 2, 3).

The absorption band at 2150–2160 cm−1 (Figs. 3c,
3d; Figs. 4a–4d) appears in the spectrum when there
is interaction between iron and the aluminum-con-
taining support. It corresponds to the adsorption of
CO on the Fe2+ cations that form on the surface of iron
aluminate at the points of contact between iron and
spinel [17, 20]. The isotope shift effect showed that
this form of adsorption corresponded to tricarbonyls
Fe2+(CO)3 [19].

The most intense ABs in the low-frequency group
of bands at 2090–2115 and 2070–2075 cm−1

(Figs. 3a–3d, spectra 2, 3; Figs. 4a–4d) can be
attributed to the carbonyl complexes with Fe2+ cat-
ions. The authors of [20] assumed that these two
structures differ by the immediate environment of the
cation. If the AB at 2070 cm−1 corresponds to the car-
bonyl complex with a Fe2+ cation surrounded by Fe0

metallic iron atoms on the surface of metallic iron, the
AB at 2100 cm−1 corresponds to the complex with a
Fe2+ cation, the coordination sphere of which includes
oxygen or carbon atoms [20]. Such adsorption sites
emerge on the surface of iron oxide or carbide as a
RUSSIAN JOURNAL O
result of the surface of metallic iron being oxidized or
carbidized.

According to the data of [19], the low-intensity AB
at 2123–2137 cm−1 (Fig. 3a; Figs. 3b–3d, spectra 2, 3;
Figs. 4a, 4c, 4d) corresponds to polycarbonyls. The
authors assume that this AB corresponds to the tetra-
carbonyls on Fe+ cations. This state of oxidation is not
typical of iron, but it can be stabilized by the carbonyl
F PHYSICAL CHEMISTRY A  Vol. 93  No. 12  2019
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Fig. 4. Difference IR spectra of CO adsorbed at room tem-
perature on the (a) Fe/MA-SP, (b) (KFe)/MA-SP, (c)
Fe/K/MA-SP, and (d) K/Fe/MA-SP catalysts. The pres-
sure of CO is (1) 5, (2) 20, and (3) 50 Torr.
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environment. Quantum chemical calculations do not
rule out the possible existence of carbonyl complexes
with Fe+ [18].
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vo
The low-frequency ABs at 2050–2065 and 2000–
2015 cm−1 (Figs. 3b, 3c, 3d; Figs. 4a, 4d) correspond
to the linear form of adsorption of CO on Fe0 metallic
iron atoms that differ by the coordination environ-
ment. If the AB at 2015 cm−1 corresponds to the car-
bonyl complexes on Fe0 atoms surrounded by the same
Fe0 atoms, the AB at 2050 cm−1 corresponds to the
complex with Fe0, the coordination sphere of which
includes oxygen or carbon atoms [20]. The bands with
frequencies of 1995 cm−1 or less correspond to the sub-
carbonyl forms of adsorption Fe (CO)m [14].

We assume that small (several atomic layers) islets
of iron oxide on surfaces of spinel are the predecessors
of particles of metallic iron. Particles of metallic iron
form as a result of the reduction of iron oxide during
vacuum heat treatment, or directly in a CO atmo-
sphere. The ABs of carbonyl complexes with Fe2+ cat-
ions, the coordination sphere of which includes oxy-
gen atoms (2100 cm−1), in the spectrum allows us to
consider the incomplete reduction of iron oxide in
these islets.

Comparing the spectra for a sample of Fe/MA-S
(Fig. 3a) and those of potassium-promoted samples,
we can that introducing potassium into the composi-
tion of the catalyst leads to a substantial (5–7 times)
drop in the intensity of all absorption bands for the
samples on the MA-S spinel, and the ratio of their
intensities is substantially altered. While we attribute
the AB at 2185 cm−1 to the carbonyl complexes with
[FeO]2+ that predominate in the sample of Fe/MA-S
(Fig. 3a), the AB at 2175–2180 cm−1 that we attribute
to the complexes [FeOFe]2+ is the central band for the
potassium-containing samples on the same spinel
(Figs. 3b–3d). The relative contribution from the ABs
at 2100 and 2072 cm−1 of the carbonyl complexes with
Fe2+ cations on surfaces of the oxide or metallic phase
is thus reduced, and the relative contribution from the
ABs at 2050 and 2015 cm−1 that correspond to the
complexes with metallic iron increases. The relative
intensity of the ABs below 2000 cm−1 that correspond
to subcarbonyl complexes of the Fe (CO)m type
simultaneously grows substantially. Such forms are
characteristic of metallic iron particles. The much
higher intensity of the absorption bands at 2020 cm−1

and lower, which correspond to the carbonyl com-
plexes on Fe0 and the ABs of subcarbonyl complexes,
can be noted for the sample of (KFe)/MA-S (Fig. 3b).

In the group of samples based on MA-SP spinel,
the introduction of potassium also leads to suppres-
sion of the high-frequency bands in the spectrum. In
this case, however, it is not as great (2–4 times) as with
the previous group. For potassium-containing sam-
ples, the contribution from the absorption band at
2200–2215 cm−1 (Figs. 4b–4d), which corresponds to
complexes with isolated Fe2+ cations, becomes notice-

0
n

0
n
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Fig. 5. Difference IR spectra of the carbonate-like struc-
tures appearing in the CO atmosphere: (a) Fe/MA-S, (b)
K/Fe/MA-S, (c) (FeK)/MA-S, and (d) Fe/K/MA-S. The
pressure of CO is 50 Torr.
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Fig. 6. Difference IR spectra of the carbonate-like struc-
tures appearing in the CO atmosphere: (a) Fe/MA-SP, (b)
K/Fe/MA-SP, (c) (FeK)/MA-SP, and (d) Fe/K/MA-SP.
The pressure of CO is 50 Torr.
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able. Like the effect observed for the samples on MA-S,
the introduction of potassium suppresses the adsorp-
tion sites bound to Fe2+ cations on the surface of the
oxide or metallic phase. However, the intensity of the
ABs at 2050 and 2020 cm−1, which correspond to the
carbonyl complexes with Fe0 on surfaces of the metal-
lic phase and the ABs of subcarbonyl complexes for
the samples of (KFe)/MA-SP, K/Fe/MA-SP, and
Fe/K/MA-SP (Figs. 4b–4d), grows in relation to the
sample of Fe/MA-SP (Fig. 4a). The substantially
greater (4 times) suppression of most adsorption sites
of CO can be noted for the sample of K/Fe/MA-SP,
but the intensity of the ABs of subcarbonyl complexes
is in this case even higher than with Fe/MA-SP
(Fig. 4d).

Systems obtained via simultaneous impregnation
of components (KFe)/MA-SP and (KFe)/MA-S stand
out against this background. When using this impregna-
tion method, the relative contribution from the adsorp-
tion sites bound to metallic iron grows maximally
against the background of a drop in the concentration of
the adsorption sites bound to Fe2+ (Figs. 3b, 4b).

Impregnation in the order Fe → K results in the
maximum suppression of adsorption sites (Figs. 3d,
4d). Impregnation in the reverse order produces a dif-
ferently directed effect. While the suppression of
adsorption sites is similar to the type observed in the
K/Fe/MA-S system (Fig. 3d) can be noted in the
RUSSIAN JOURNAL O
Fe/K/MA-S system (Fig. 3c), the composition and
relative concentrations of the adsorption sites for the
Fe/K/MA-SP system (Fig. 4c) are close to those of
the (KFe)/MA-SP system (Fig. 4b). We may assume
the local concentration of potassium is in this case
important, as it is 10 times lower on the surface of
MA-SP.

Along with the emergence of the absorption band
of the carbonyl complexes, new ABs in the region
below 1700 cm−1 appear upon the adsorption of CO.
These ABs characterize the vibrations of the bonds in
the surfaces of carbonate–carboxylate compounds
formed as a result of the reaction with CO adsorbed on
the surface at room temperature (Fig. 5). According to
the literature [17], there are several ways that carbon-
ate-like structures can form on a surface: through the
dissociation of CO on small Fe0 particles, through the
reaction of CO with hydroxyl groups with the forma-
tion of CO2 [CO + OHads → CO2 + (1/2)H2] or
through the formation of formate [CO + OHads →
HCOOads] [21]. The formation of carbonates generally
does not affect the spectra of carbonyl complexes [17].

When CO interacts with the surface of Fe/MA-S
(Fig. 5a), the ABs at 1563 and 1328 cm−1, which can be
attributed to bidentate carbonates, appear in the spec-
F PHYSICAL CHEMISTRY A  Vol. 93  No. 12  2019
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Table 3. Spectral manifestations and types of carbonate
compounds formed on the surfaces of the catalysts (ν is the
position of the bands of the doublet and Δν is splitting)

Question marks mean the position of the maximum was not
determined.

Catalyst ν, cm−1 Δν, cm−1 Interpretation

Fe/MA-S 1565, 1320 245 Bidentate
1655, ??? "

(KFe)/MA-S 1595, 1290 305 Bidentate
1640, 1250 390 "

Disappears
1485, 1370 115 Monodentate

1445 Symmetrical
K/Fe/MA-S 1550, 1390 160 Monodentate

1595, 1300 295 Bidentate
1620, 1240 380 "

Fe/K/MA-S 1550, 1400 150 Monodentate
1585, 1300 285 Bidentate
1620, 1245 375 "

Disappears
1475, ??? ? Monodentate

1450 Symmetrical
Fe/MA-SP 1590, ??? ? Bidentate

1650, ??? ? "

1675, ??? ? "

Disappears
1440, 1385 55 Monodentate
1525, 1260 265 Bidentate

(FeK)/MA-
SP

1630, 1265 365 Bidentate

1665, 1240 425 "

Disappears
1480, 1335 144 Monodentate

K/Fe/MA-SP 1625, 1250 145 Bidentate
1660, ??? "

Disappears
1495, 1365 130 Monodentate
???, 1315

Fe/K/MA-S 1568, ??? Bidentate
1615, 1270 345 "

1655, 1230 425 "

Disappears
1495, 1325 170 Monodentate

1450 Symmetrical
trum (Table 3). Introducing potassium into the com-
position of the samples based on the MA-S spinel
greatly enhances the formation of carbonates in a CO
atmosphere at room temperature. The highest con-
centration of carbonates is observed on the sample of
(KFe)/MA-S (Fig. 5c). We assume the main path of
carbonate formation is the emergence of carboxylate
ions on particles of metallic iron, followed by their
migration to the surface of the support. The formation
of carbonate-like structures proceeds with the partici-
pation of basic oxygen on the surface of magnesium
aluminum spinel (Table 3). The following carbonates
form as a result: monodentate Δν ∼ 150 cm−1 and
bidentate carbonates of three types that are character-
ized by splitting between the components: Δν ∼ 290,
370, and 420 cm−1 (Table 3). Note that the number of
the types of carbonate-like structures and the dis-
tances between the components of the doublet in the
spectrum are close to those of the carbonates on the
surface of MgO [22], indicating that the observed car-
bonates formed with the participation of oxygen intro-
duced into the coordination sphere of Mg2+ cations.
The introduction of potassium enhances the oxidizing
capacity of the catalysts.

The concentration of carbonates on the samples of
the MA-SP spinel was much lower. A characteristic
feature of these difference spectra is the number of
intense negative peaks in the region of 1200–
1500 cm−1 (Fig. 6). This testifies to the decomposition
or evolution of some carbonate-like structures on the
surfaces after vacuum heat treatment in a CO atmo-
sphere. The amount of predominantly monodentate
carbonates with Δν ∼ 120–170 cm−1 and symmetric
carbonates (free ions) falls. Since these structures were
stable in a vacuum at 400°C but changed at room tem-
perature in a CO atmosphere, we assume these struc-
tures did not decompose but evolved into bidentate
carbonates with considerable splitting of the doublet,
due likely to the drop in the basicity of oxygen on the
surface upon the adsorption of CO.

CONCLUSIONS

Hematite is the main phase in iron-containing cat-
alysts. but since there is no adsorption of CO on Fe3+,
the main adsorption sites are Fe2+ cations and metallic
iron. The effect promotion by potassium has on the
adsorption properties of a surface were studied, along
with the possible types of adsorption sites on the cata-
lysts, which differ by the method of the promoter
introduction. Addition of potassium lowers the surface
concentration of clusters, including Fe2+ in different
coordination environments, and from our point of
view promotes the enlargement of metallic iron parti-
cles on the surface. It is assumed there is a change in
the distribution of iron, from the state of mixed clus-
ters and particles to predominantly metallic iron par-
ticles. This explains the rise in the contribution from
l. 93  No. 12  2019
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the absorption bands of the subcarbonyl forms of
adsorption to the spectrum and the drop in the
amount of oxidized iron on the surfaces of these
metallic particles. The introduction of potassium
enhances the oxidizing capacity of the catalysts’ sur-
faces and results in the formation of carbonate-like
structures at room temperature.
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