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Abstract: Direct light olefin synthesis from bio-syngas hydrogenation is a promising path-
way to decarbonize the chemical industry. The present study is devoted to the investigation
of co-hydrogenation of carbon oxides in the presence of complex systems with the per-
ovskite structure GABO; (B = Fe, Mn, Co). The catalyst samples were synthesized by
sol-gel technology and characterized by XRD, XPS, BET and TPR. It was found that the
Fe/Mn-containing samples exhibited efficient catalysis of the hydrogenation of simulated
bio-syngas to light hydrocarbons. The GAMnOQOj catalyst exhibits selectivity for C;—Cj light
olefins of up to 37% among C1+ hydrocarbons, with a maximum olefin/paraffin ratio.
GdMnO; also exhibits high conversion of CO and CO;, reaching up to 70-75% at 723 K.
However, the GdFeOj5 catalyst shows a lower selectivity of (C;__3 = 22%, while it exhibits a
higher conversion of CO,, up to 95%, at the same temperature. Herein, we established a
catalyst structure-performance relationship as a function of chemical composition. Oxygen
mobilities and ratios of surface (Os) to lattice (O;) oxygen, forms of hydrogen adsorption,
formation of -CHy- radicals and their subsequent recombination to olefins are influenced
by the nature of the element in the B position. This work provides valuable insights for the
rational design of bimetallic catalysts for bio-syngas hydrogenation.
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1. Introduction

Over the past few centuries, the use of carbon-based fossil fuels—coal, oil and natural
gas—has fueled a period of unparalleled human wealth and progress [1]. However, the
concentration of carbon dioxide in the atmosphere is steadily increasing. The “greenhouse
effect” is causing rising temperatures and contributing to global climate change. Countries
are therefore forced to limit CO, emissions, and scientists are forced to develop efficient
systems to capture and use CO; [2-4].

The conversion of biomass-derived syngas into chemicals and fuels using the Fischer—
Tropsch (FTS) method is a promising way to create environmentally friendly and sus-
tainable technologies for the production of fuels from renewable sources [5-8]. How-
ever, synthesis gas produced from biomass contains a significant amount of carbon diox-
ide (10-35% by volume), which is associated with the high oxygen content in the feed-
stock. This reduces the efficiency of the FTS process, which usually requires an optimal
H,/CO = 2 ratio [9,10].
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Therefore, methods for removing excess CO, from synthesis gas using additional
devices have been developed [11,12]. Nevertheless, these actions raise the expenses for raw
material processing, consequently increasing the price of the final product [13].

Bio-syngas is proving to be an attractive C; building block to produce high-value
organic chemicals, as it is an economical, safe and renewable carbon source [5]. However,
CO; is not commonly used as a carbon source in modern laboratory and industrial appli-
cations. In fact, only a few industrial processes—the synthesis of urea and its derivatives,
salicylic acid and carbonates—use CO; as a chemical feedstock. This is mainly due to
the thermodynamic stability of CO,. The conversion of CO, into other chemicals usually
requires high-energy substances or electro-reduction processes [14,15].

Much attention has been given by the scientific community to the direct hydrogenation
of captured CO, and the production of value-added chemical products using carbon-
free “green hydrogen” in the production process [16-21]. Catalysts for hydrogenating
carbon oxides to methanol and olefins have been studied extensively. However, the direct
hydrogenation of CO, to produce olefins is challenging due to the limitations of CO,
inertness and the difficulty of chain growth [17,22,23].

Direct hydrogenation of CO;, to -CH3- is possible by dissociative adsorption followed
by hydrogenation, but the extent of this process is unknown [24,25]. Another possible
route is the direct Fischer-Tropsch synthesis of CO, and H; (CO,-FT) by performing
a reverse water—gas shift (RWGS) reaction followed by FT in the same reactor. This is
thermodynamically simpler than RWGS, because the whole process is exothermic [26].

In general, three moles of H; are required to convert one mole of CO; to the hydro-
carbon precursor -CH,-, as shown in Equations (1)—(3) for the FTS and RWGS reactions,
respectively. In particular, the RWGS reaction is a thermodynamically controlled reaction.
Temperature and CO; concentration can shift the equilibrium forward or backward [24].

CO(g) + 2H, (2) = '(CHZ)n' + HzO(g) ArH(5)73 = —166 kJ/mol (1)
COZ (2) + HZ (g) = CO(g) + HzO(g) A, (5)73 =38 k]/mol (2)
COZ (2) + 3H2 (2) = - (CHZ)n_ + ZHzo(g) ArH(5)73 = —128 k]/mol (3)

Thus, for the hydrogenation of CO; via FTS, it is desirable for the RWGS reaction to
occur only after a certain concentration of COs.

The CO,-FT process is very attractive as a route to producing alkanes and olefins
straight from CO + CO, and Hj, but developing catalysts that are water-stable and highly
selective for olefins is a daunting issue. A major problem limiting the selective conver-
sion of CO, is the precise control of carbon chain growth to achieve high selectivity for
hydrocarbons with the desired carbon series or bond structure (saturated, unsaturated,
branched, etc.). As a thermodynamically stable molecule, CO; requires initial reduction to
the intermediate CO and subsequent C-C coupling, in contrast to CO hydrogenation. This
requires active sites corresponding to both RWGS and C-C coupling. As a result, these
problems make the hydrogenation of CO; to olefins a more difficult process than FTS.

The most commonly used metals in a typical syngas (CO + Hj) FTS are Fe at high tem-
peratures and Co at low temperatures. When comparing CO and CO, FTS, the conversion
of CO is much higher than that of CO; [26]. In addition, high methane production and de-
viation from the Anderson-Schulz-Flory (ASF) distribution occur with Co-based catalysts
in CO,-FT [27]. New and improved catalysts for the synthesis of typical FT products using
COy as a carbon source therefore need to be investigated. Current research into CO,-FT
has focused mainly on Fe-based catalysts. These yield more olefins than Co-based catalysts.
Olefin synthesis is also enhanced, and methane formation suppressed, by the addition of
manganese (Mn) to an iron-based catalyst [28].
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In recent times, perovskites have gained significant recognition as a viable substitute
for a variety of catalytic systems. Their affordability, straightforward production process
and the versatility of their structure through element substitution are key factors contribut-
ing to this [29]. The A-site metal in perovskites not only has a strong effect on the stability
of the whole crystal configuration but also provides the possibility to improve catalyst
performance by synergetic interactions with metals on the B-site [30,31]. For this reason, it
is necessary to choose suitable metal ions on the A-site in this kind of structure.

In our previous work [32], the catalytic activity of complex oxides of the perovskite
type AFeOs (A = La, Nd, Gd, Ho, Yb, Lu) in the dry reforming of methane was investigated.
The results indicate the presence of a “gadolinium angle” in the values of product formation
rate, which is associated with the peculiarities of electronic configuration change in the
lanthanide series. Gadolinium inhibited the reduction of Fe** and Fe?* in all types of
catalysts, which then suppressed the formation of iron carbides during the reaction [31,32].
This increased the activity of the catalyst.

The present study investigates the effect of metal (Fe/Co/Mn) in the B-position of
GdBOj3 perovskite catalysts for the conversion of CO,-rich syngas. Catalyst efficiency
in terms of conversion and selectivity to different products was investigated at different
CO; contents (Hp /CO/COy) in the feed. Since biomass-derived syngas is an Hy-deficient
feedstock for the FTS process, the experiments were performed under Hy-deficient condi-
tions [33]. The balanced H, content is defined as the molar ratio H, /(2CO + 3CO,) = 1 that
is necessary for the production of one unit of the intermediate product -(CH,)-. This ratio
was obtained using Equations (1) and (3). In contrast, a raw material is called H,-deficient if
the molar ratio of Hy /(3CO; + 2CO) is 0.5 [34]. By varying the CO,/(CO; + CO) ratio from
0 to 1, experiments were carried out to investigate the effect of the presence of CO; in the
feedstock under Hy-deficient conditions. We have found that catalysts with a perovskite
structure are promising for the FIS reaction in our previous studies [35-37]. It is therefore
interesting to investigate the efficiency of GdBO3 (B = Fe, Co, Mn) perovskite catalysts for
converting CO,-rich syngas to light olefins. As a result, the optimum operating conditions
for the conversion of CO,-rich syngas to obtain the maximum amount of light olefins
were proposed.

2. Results
2.1. Characterization of the Catalysts

The XRD patterns of fresh and spent perovskites are shown in Figure 1. XRD analysis
of the fresh catalysts (Figure 1) showed that the perovskites present in all catalysts con-
sist mainly of GdFeO3 (PDF-ICDD 01-072-9908), GAdCoO3 (PDF-ICDD 00-025-1057) and
GdMnOj3 (01-070-9199). The diffraction peaks have a slight shift in the parameters towards
large angles 20 during the Fe-Mn—Co transition. This shift is associated with the difference
in the radii of the B-ions and indicates the formation of structures with distorted crystal
lattice parameters.

The investigation of the phase composition after the catalytic tests shows that during
the catalytic transformations, the phase composition of GdFeO3; remains unchanged, while
the presence of C (PDF#00-041-1487) is observed in the GAMnOs diffractogram. Also
observed in the samples studied is the presence of SiO; (PDF#01-077-1725), which was
used to prevent sintering of the catalyst surface. The crystal lattice parameters and the
results of elemental analysis of the synthesized perovskites, which are presented in Table 1,
show a good correlation with the literature data [38,39] and the calculated values.
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Figure 1. XRD patterns of the GdFeO3, GAMnO3 and GdCoO3 oxides: (a) fresh; (b) spent.

Table 1. Structural parameters, surface composition by X-ray spectral microanalysis and specific
surface area by BET of GABO3; compounds (B = Fe; Mn; Co).

C d Lattice Crystallite Space Content (at%) SBET

ompoun Parameters (A) Size (nm) Group Gd B 0 (m?/g)
a =5.606

GdFeOs b=7.671 534 Pnma (62) 18.53 19.15 62.32 4.6
c=5.352
a =5.847

GdMnO; b=7.435 55.9 Pnma (62) 14.60 14.04 65.17 8.5
c=>5.312

The specific BET surface areas of GABOj3 are depicted in Table 1. The outcomes of the
nitrogen adsorption-desorption technique are displayed in Figure S1. All the perovskite
samples showcased the type IV isotherm based on IUPAC classification with an H1-type
hysteresis loop. The IV isotherm characterizes parallel channels with cylindrical shapes in
a mesoporous structure. Overall, two hysteresis loops can be identified in the isotherms.
The first presented at an intermediate relative pressure (P/Py) region, indicating a porous
structure with uniform channels belonging to mesostructures. The second one at a relative
pressure region of 0.8-1 implies textural mesoporous on GdBOs.

The surface morphology of gadolinium ferrite, manganite and cobaltite was studied
using scanning electron microscopy (Zeiss Merlin device, Oberkochen, Germany). The
surface morphology of oxides with the composition GdBO3 (B = Fe; Mn; Co) was stud-
ied using scanning electron microscopy. Micrographs of GdFeOs; (a), GAMnO3 (b) and
GdCoO;3 (c) fresh and spent (d, {, e) catalysts are shown in Figure 2.

The metal substitution in the B-site of the perovskite structure slightly affected the
morphology of the particles: for manganite and cobaltite, the particles turned out to be
of “more regular” spherical shape with the crystallite size of 100-200 nm. However, their
size was 55-60 nm according to XRD data, i.e., the particles obtained are polycrystalline
formed by synthesis during calcination. As with ferrite, manganite and cobaltite had a
porous structure, with larger particles having less marked porosity, consistent with the
specific surface area (Table 1).

The investigation of surface morphology after catalytic tests showed that for all cat-
alysts, a slight agglomeration of particles is observed, which is associated with some
sintering of crystallites as a result of catalytic processes. Figure 2d—f shows that in addition
to graphite, which is deposited directly on the catalyst surface according to the XRD and
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TGA results, the formation of carbon with a “filamentary” structure similar to carbon
nanotubes is observed.

Following the reaction, all the surface morphologies (Figure 2d—f) changed to reflect
deformation and some aggregation of particles up to ~250 nm. The SEM micrographs
of the used catalysts clearly showed that most of the surface was covered by deposited
graphite and graphite clusters protruding on the surface, mixed with some fine filamentous
carbon (Figure 2d—f). Graphite has been confirmed by TGA and XRD analyses. Particle
growth did seem to occur on all three catalysts, but the carbon deposits are more severe
for the GACoO; catalysts (Figure 2e). For GdFeO3 (Figure 2d) and GdCoOj3 (Figure 2e), in
addition to graphite, the carbon structure also has a fibrous (filamentous) shape, similar
to carbon nanotubes. This filamentous shape results from carbon diffusion through the
crystal lattice of the catalytic system, and the formation and growth of filaments on the
surface of the catalyst. This form does not cause deactivation of the catalysts and therefore
does not affect their effectiveness. After reaction, no filamentous carbon was observed in
all cases, since most of it would have been converted in situ to form a mixture of carbonates
such as Gd;O0,CO3. XRD analysis showed the presence of Gd;O,CO3 on the bulk of the
GdCoOj5 surface.

GdF903—|

profile width 1#12.95 nm

Figure 2. SEM images of the fresh (a—c) and spent (d—f) GdFeO3; (a,d), GAMnO; (b,f) and
GdCoOs (c,e) catalysts.
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Overview XPS spectra (Figure 3) of GdFeOj3 (a), GAMnO3 (b) and GdCoO3 (c) demon-
strate intense peaks of only Gd3d, Fe2p, Co2p, Co2p, Mn2p, Ols and Cls in the binding
energy range 0-1400 eV. The states of atoms were refined by decomposition of the spectra.
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Figure 3. Survey XPS spectrum for compounds of the GdFeOs (a), GdAMnOj3 (b) and GdCoO3 (c), and
identification of the main photoelectron lines.

The study of the XRS spectra of gadolinium for all oxides revealed the presence of
peaks with binding energies at 141.6 and 1188.5 eV. These peaks are characteristic of Gd
4d5/2 and Gd 3d5/2, corresponding to the Gd3* state [40].

Analysis of the XPS spectrum of iron atoms showed that the curve represents a
two-peak spectrum with low binding energy Fe2p3/2 and high binding energy Fe2p1/2
(Figure 4). The position of the Fe XPS peak depends on the chemical state and the environ-
ment of the atoms. The positions of Fe2p3/2 peaks for all studied oxides are in the range of
709.87 ~711.92 eV, and those of Fe2p1/2 peaks, 723.06~724.88 eV. The determined values of
Fe2p3/2 and Fe2p1/2 peak positions correspond to the standard values for Fe?* and Fe®*
states [41], and the presence of Fe in several states is also confirmed by the asymmetry of
the Fe2p peaks [42].

%
— T
740 735 730 725 720 715 710 705 700

3+
Co2p co* O om co*
\ ) \ ’
4&

T T T T T T T T T T T T T v T
810 805 800 795 790 785 780 775
Binding energy, eV
Mn 2p M

\
665 660 655 650 645 640

Binding energy, eV

Figure 4. XPS spectra (Fe2p, Co2p and Mn2p region) of GdFeO3, GdCoO3 and GdMnOs.

For GdCoO3, the Co 2p spectra (Figure 4) are represented by two main and two “satel-
lite” peaks, and the XPS spectra are broad, indicating the presence of atoms in several
oxidation states. The main peaks, namely Co 2p3/2 and Co 2p1/2, are located at binding
energies of 779.80 eV and 795.1 eV, corresponding to Co** and Co>" states, respectively [43].
The values of the spin—orbital splitting energies of Co 2p3/2 and Co 2p1/2 are ~15 eV.
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Manganese, having six stable oxidation states (0, I, III, IV, VI and VIII), three oxidation
states with significant multiplet splitting (II, I1I, IV), one oxidation state with less defined
splitting or broadening (VI) and overlapping binding energy ranges for these mutiplet
splitting structures, presents a serious challenge for both qualitative and quantitative
analysis [44]. The XPS spectra of Mn2p for GAMnOj3 (Figure 4) shows the presence of
two peaks located at 641.8 eV (Mn 2p3/2 peak) and 653.4 eV (Mn 2p1/2 peak). The
splitting between the Mn 2p3/2 and Mn 2p1/2 levels was 11.6 eV. The results (peak
positions) are in good agreement with the literature data [44,45]. Based on the data for Mn
2p3/2, the valence state of manganese in the compound is slightly higher than +3. Thus,
the heterovalent state of manganese in the complex oxide GAMnO3 is characterized by
Mn3* and Mn**. This indicates that the manganite samples obtained have defects due to
the lack of cations. Moreover, the Mn2* state can also be present in complex oxides, but the
task of determining the presence of this oxidation degree is complicated, because the XPS
analysis binding energies of Mn 2p for the Mn?*, Mn®* and Mn** states are quite close.

We note the presence of an Ols peak with a binding energy of around 528-532 eV
in the XPS spectra (Figure 3). Figure 5 shows the O1s spectra for GdFeO3, GAMnO3 and
GdCoOs. The presence of two superimposed peaks for perovskite compounds has been
reported [46,47]: the peak in the range of 528-530 eV corresponds to lattice oxygen (Op),
and the peak with binding energies of 530-532 eV corresponds to surface forms of oxygen
(Os): O*~, 0,2~ and O~. Each form can participate in the reaction and influence the
catalytic properties [48]. The Table 2 summarizes the XPS data of the surface composition
and atomic states of the studied perovskites.

O1s Og o,

540 538 536 534 532 530 528 526

540 538 536 534 532 530 528 526

GdCoO, %4

. e e

—~—

T T T T T T T
540 538 536 534 532 530 528 526
Binding energy, eV

Figure 5. Ols spectra for GdFeO3, GAMnO3 and GdCoO3.

Table 2. The XPS data of the surface composition and atomic states of the studied perovskites.

Content (at%)
Compound
Gd B B2t/(B2t+B3%) Og OL Og/Or
GdFeOs3 23.60 16.32 0.64 36.27 23.80 1.52
GdMnO; 18.20 24.90 - 22.98 33.93 0.67
GdCoOs3 18.19 21.99 0.47 26.61 32.21 0.83

2.2. Temperature-Programmed Reduction by Hydrogen

The reduction of perovskite-type oxides is thought to be stepwise and usually consists
of two successive reduction stages: low temperature up to ~783 K and high temperature of
783-1273 K. According to the data described in [46], the low-temperature reduction region
is associated with the Me3* — Me?* transition, while the broad reduction peaks in the
high-temperature region are associated with the Me?* — Me" transition.
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Figure 6 shows the H»-TPR spectra of complex and simple Fe/Mn/Co oxides. The
reduction of the B-element in perovskites occurs in two stages. The temperature ranges of
these stages are shown in Table 3. The presence of the reduction peak in the first temperature
range describes the partial reduction of Fe3* —Fet2, Mn**—Mn3*, Co3*—Co™ and the
formation of an oxygen-deficient compound of the GdBOs.5 type. The main peak of
reduction to the metallic state for GdFeO3 and GdCoO3 falls in the high temperature range.
This is due to the high stability of these compounds in a hydrogen atmosphere.

697 941 Fe,0,
o~ N

663 15k Mn,O,
-~ 620 683 Co,0,
=
&
£ 741 1217 GdFeO,
= WL
g
S
= 707 834 GaCoO,

T—— T

500 600 700 800 900 1000 1100 1200 1300
Temperature (K)

Figure 6. H,-TPR curves of GABOj3 (B = Fe, Mn, Co) and cobalt, manganese and iron oxides.

Table 3. Temperature reduction and quantitative analysis curves of temperature-programmed
reduction of GdBOj3 (B = Fe, Mn, Co).

Temperature (K) H; Consumption, mmol/g

Oxid
xiaes Peak 1 Peak 1 Peak 1 Peak 1 Total

741 K 1217 K

GdFe03 (Fe3+ —)Fe+2) (Fe2+ _)Feo) 141 752 893
739 K 998 K

GdMnOg3 (Mn** —Mnd*) (Mn®* —Mn2+) 286 528 814
707 K 834 K

GdCoO3 (Co3+—> Co+2) (C02+—> Co%) 381 592 973

Two reduction ranges are also observed, but at lower temperatures, for the simple
oxides Fe; O3, MnyO3 and Co,O3. This means that the reduction of the B-element in the
perovskite structure is more complicated than in simple oxides, which may be due to the
mutual influence of Gd-O-B and the different oxygen environment of the B-atom.

The XRD data of the spent GACoOs3 show its reduction to Gd,Co0,0s, and that the
valence states of cobalt change from Co®* to Co?*. These data are in good agreement with
the results described in the literature [49]. Analysis of the phase composition of GACoO3
after the second reduction peak (~1173 K) shows the presence of Gd,O3; and Co phases,
confirming the reduction of Co?* to Co’.

The phase analysis study shows that GdCoO3 after reduction exhibits the absence
of diffraction peaks characteristic of perovskites, indicating the destruction of the per-
ovskite structure and its transformation into Gd,O3 (PDF-ICDD 00-012-0797) and Co
(PDF-ICDD 01-078-4003). As for GdFeO3, the phase composition study shows the pres-
ence of GdFeOj3 perovskite phase reflections (PDF-ICDD 01-072-9908) and a small peak
of Gd,O3 (PDF-ICDD 00-012-0797), which is related to the high recovery temperature of
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this compound (peak at 1217 K, Figure 6). The first peak at ~739 K is associated with the
reduction of Mn** to Mn3* in GdAMnO3, and those at temperatures above 973 K with the
reduction of Mn®** to Mn?* [50]. In comparison with GdCoOj; and GdFeO3, the process is
accompanied by a lower level of hydrogen absorption.

For the Gd—Co-Mn-Fe-O series, the Timax of the reduction peaks is shifted to a higher-
temperature region, which indicates a high thermal stability, possibly arising due to the
influence of the mutual strengthening of the M-O bond (M = Co, Mn, Fe), which leads to a
limitation of the mobility of oxygen ions.

2.3. Catalytic Activity

Figure 7 shows feedstock conversions at different values of R = CO,/(CO; + CO) for
Hy-deficient feedstock compositions.

a R=C0,/(C0O,+CO) 1000 d R=C0,/(C0,+CO)
100.0 -
«(CO), % -+-0 s00 CO%  -4-0.33 »
: <
90.0 -#-0,33 20.0 -¢-0.5 ,’oz
-#-05 0/‘/
80.0 ) 70.0 -¢-0.67 ,z
00 -4-0,67 60.0 -¢-1.0 ’/’I'
’ -l 50.0 e 2 2
60.0 2 "—‘ DEA 24 r e
| R Y B
50.0 A Sad Ne-ve % 0.0 .82 2“:" :
‘4’ ¥ : 200 oeé +
40.0 1010
30.0 TK 0.0 T,K
200 300 400 500 600 700 800 200 300 400 500 600 700 800
b f
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40000 )4
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c e
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90.0 e .
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29 "
.9-:8.-% 40.0 i &
60.0 Y Zal ¥ ,2
%;3—-‘ 30.0 ‘£E‘:$=0==‘:¢.-3/
50.0 . % 20.0
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40,0 4 T,K 00 TK
200 300 400 500 600 700 800 200 300 400 500 600 700 800

Figure 7. Temperature dependencies of CO (a—c) and CO, (d-f) conversion on GdFeOs (a,d),
GdMnOj3 (b,f) and GdCoOs3 (c,e).

Under all conditions and on all catalysts investigated, the CO conversion was already
above 40% at 293 K (Figure 7a—) and increased with increasing temperature. However, on
GdFeOs in the temperature range 573-673 K, a decrease in CO conversion was observed
at all compositions of the reaction mixture. This can be explained by the formation of
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CO because of the RWGS reaction, which is most intense on iron-containing catalysts and
increases with increasing CO, concentration in the feed [51]. Under Hy-deficient conditions,
the % CO conversion was maximal at CO,/(CO + CO,) = 0.5 for all complex oxides. It is
noteworthy that the CO, conversion was not negative for all samples and increased from
10-15% at 293 K to 80-90% at 723 K (Figure 7d—f). CO, conversion occurs in two steps,
where in the first step CO; is converted to CO via the RWGS reaction. As a result, the
CO conversion either decreases or does not change (Figure 7). In a second step, the CO
formed is converted into hydrocarbons by the FTS reaction. There is a value of critical
ratio RC = CO, /(CO; + CO) [52], at which CO, conversion becomes equal to zero or even
negative, which is associated with WGS. RC = CO, /(CO; + CO) varies between 0.35 and
0.75 on iron-containing catalysts, as shown in [34,53,54]. Syngas produced from biomass
contains higher than critical amounts of CO;. The hydrogenation of such bio-syngas does
not require removal of CO; from the feedstock. This increases the carbon efficiency of the
process. The positive CO conversion values at all CO;/(CO; + CO) ratios indicate that our
perovskite catalysts are highly active towards RWGS and show significant FTS reaction
activity under these conditions.

The RWGS is an endothermic reaction, so it is favored at higher temperatures, whereas
FTO is an exothermic process [55,56]. Therefore, thermodynamic data indicate that low
temperature favors the FTO reaction, while a high temperature is necessary to activate CO,
for the RWGS reaction [57,58]. Therefore, the reaction conditions greatly influence the CO,
conversion and product distribution.

Figure 8 shows the distribution of hydrogenation products at 723 K as a function of
R = CO,/(CO; + CO) of perovskites with different elements in the B-position. The product
yield depends on the ratio of CO to CO,. Indeed, the result showed a strong product
dependency on the CO,/(CO; + CO) ratio in the feed gas. In particular, the CO,-rich
feedstock favors the formation of linear-chain hydrocarbons, especially for GdCoOs3. These
results agree with literature data using cobalt-based catalysts [54,59]. The low CO; con-
centration (less than 50%) acts as a diluting agent in the feed gas on cobalt catalysts. For
GdFeOs, increasing the CO; content in the feed gas suppressed the methane formation
while decreasing the CO, conversion. High CO; concentration favors the RWGS reaction,
and the main products were obtained by CO hydrogenation. However, CO, was converted
to hydrocarbons at higher CO; concentration (more than 50%) and affected the overall
distribution of FTS products. This can be explained by the change in the mean partial
pressure of CO and Hy. The partial pressure of hydrogen (H) remains relatively constant,
while a decrease in the partial pressure of carbon monoxide (CO) leads to an increase in the
ratio of Hj to CO at the surface. This, in turn, enhances the yield of C; and higher hydrocar-
bons. These findings are consistent with the trend observed in the iron (Fe/Cu/K/Si/Al)
catalysts, where selectivity for longer-chain hydrocarbons increases as the CO; content of
the feed gas increases [34,52].

Increasing the CO, content of the feed resulted in an increase in the propylene fraction
when hydrogenation was carried out in the presence of GAMnQOj3. Mn is a well-studied
promoter in CO, hydrogenation via CO,-FTS and is considered an effective option for
altering the product [52,60,61]. Al-Dossari et al. [62] observed that the Mn promoter
inhibits Hp adsorption and increases the affinity for CO, due to its basicity, thereby reducing
methane formation and increasing the O/p value and selectivity towards C,, hydrocarbons.

Calculation of total selectivity for ethylene and propylene at different
R =C0O,/(CO; + CO) showed an increase with increasing temperature for all studied cata-
lysts (Figure 9). The highest C5__3 values are achieved on GAMnOj3 (up to 35%) at T =723 K
and at R = 0.5. GdFeOs catalyst also shows high C5__j selectivity, reaching 22% at 723 K,
while the lowest selectivity for light olefins belongs to GACoO3 (4%).
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Figure 8. Distribution of hydrogenation products at 723 K from R = CO, /(CO; + CO) for GdFeO3,
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Scz = =
€23 _4-GdFe03 -4-GdMnO3 -e-GdCoO3 Scis Scia
400 200 40.0 P E R E— — p—
18.0 — — — 723K
35.0 ,*\ - — — 723K 35.0 ’_-_+
N B 623K 16.0 - Y
30.0 ¥ 1 \\ K 14.0 300 . ¥ DY R=C0,/(C0,+CO)
-~ \ % i N \
25.0 - S 12.0 25.0 —e-0
o N
200 ¢ 3 s & 10.0 200 -¢-033
’ eI 8.0 -e-05
6.0 0 -¢-0,67
4.0 10.0 —e-1
2.0 5.0

0.0 0.2 0.4 0.6
R=C0,/(C0,+CO)

0.0
0.8 1.0 GdFeO, GdMnO, GdCoO,  GdFeO, GdMnO, GdCoO,

Figure 9. Selectivity for C5_3 olefins as a function of CO; content in the reaction mixture (a) on
GdFeO3, GAMnO3 and GdCoOj at 573 (b) and 723 K (c).

Figure 9 also shows that the C5__3 selectivity depends on the CO/CO; ratio. For
GdFeO3; and GdMnO3, increasing the ratio R = CO,/(CO; + CO) up to 0.5 led to an
increase in selectivity. At R > 0.5, the selectivity decreased and was comparable to the
corresponding values for hydrogenation of carbon monoxide (R = 0) only. In the presence
of GdCoO;3, the increase of CO, content in the feed reduced the already low yield of olefins.

Kinetic parameters were determined from Arrhenius plots, charting effective activation
energies of product formation and logarithms of the pre-exponent, characteristic of the
number of active centers of the catalyst. The calculated corresponding values for all samples
are presented in Table 4.

For the hydrogenation of carbon monoxide, the nature of the element in the B-position
of the complex oxide structure does not significantly change the apparent activation ener-
gies of the hydrogenation product formation. The activation energies of methane, ethylene
and propylene formation were comparable for GdFeO3; and GdCoO3 and were larger for
GdMnOs3. The apparent activation barrier was at a similarly low value of 30 & 10 kJ/mol
for CHy, CoH, and C3Hg formation.

When the reaction was carried out in the presence of CO,, an increase in the CO,
content led to a decrease in the E," of methane, ethylene and propylene formation for the
iron catalyst. Conversely, for cobaltite and manganite, an increase in R = CO, /(CO, + CO)
up to 1led to an increase in the effective activation energies of product formation.

For all catalysts, the logarithm of the equilibrium constant for the reaction in the
presence of carbon dioxide is greater than for the reaction with carbon monoxide alone.
The CO; effect was most significant for GAMnQOs. The increase in the logarithms of the pre-
factor suggests the presence of some compensation effect (Meyer-Neidel rule [63]), which
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manifests itself in heterogeneous catalytic reactions. Usually, this effect indicates that the
process being studied is a multi-step process, and that the establishment of equilibrium is
preceded by a so-called “pre-equilibrium” stage, e.g., adsorption equilibrium (dissociative
adsorption of CO,, CO and Hy; formation of surface carbonate complexes and CH parti-
cles) [37]. In the case of complex oxides GdBO3, adsorption of CO and CO, predominantly
occurs on the A-centers of perovskite [64,65] with the formation of carbonate complexes
Gd;0,CO3. The dissociative adsorption of both CO and CO; easily occurs in the case of
co-hydrogenation of carbon oxides, leading to an increased concentration of CHy particles
and the interaction between them to produce ethylene and propylene.

Table 4. Values of activation energies and pre-exponential multipliers of the investigated catalysts for
methane, ethylene and propylene.

CH, CyHy C3Hsg
R= COz/(COz + CO)

E,, kJ/mol InKj E,, kJ/mol InKj E,, kJ/mol InKj

GdFeO3
0 30 4.74 34 6.37 44 5.94
0.33 22 6.28 29 7.07 39 6.70
0.50 22 6.45 30 7.01 38 7.20
0.67 21 6.57 28 7.32 38 7.26
1.00 20 6.52 28 7.60 42 6.79

GdMl’lO3
0 67 1.57 89 3.47 87 11.7
0.33 74 6.47 93 15.01 74 15.9

0.50 73 10.7 73 9.60 74 9.1

0.67 73 16.6 81 18.90 91 12.5
1.00 54 6.51 77 15.17 73 12.9

GdCoO3
0 33 2.15 36 5.74 35 7.13
0.33 38 1.48 46 4.19 43 6.27
0.50 39 1.08 46 3.80 45 5.43
0.67 38 1.79 43 5.23 41 6.98
1.00 31 2.94 35 6.89 40 7.35

The CO, pressure did not affect the kinetic characteristics of Co—Cs, olefin formation
on all these catalysts. The specific rate dependencies of CO; conversion and formation of
carbon-containing products with respect to reactants are different for CO; hydrogenation
on different catalysts, because the substitution of a metal atom in the B-position changes
the reducibility of these catalysts and/or the identity of carbon species on the catalyst
surface [66]. The reducibility of catalysts and/or the identity of the surface carbon species
can affect the kinetically relevant steps, active site structures, the number of unoccupied Me
atoms and hence the rate dependencies. It was reported in [67] that the oxophilicity of the
catalyst surface can determine the degree of surface oxygen content and its involvement in
kinetically significant stages of C-H activation. Modification of the oxophilicity of catalysts
by substitution of the element in the B-position led to a change in their properties [67].

As discussed above, adsorption of both CO and CO; primarily occurs on the A-sites
of perovskite, leading to the formation of carbonate complexes Gd,O,COj3 [65]. In the
studied perovskites, the lattice parameters of the crystal lattice are changed, and therefore
the binding energy between oxygen and metal in Gd-O-Me is also changed, which in turn
affects the gadolinium-oxygen bond and is reflected in the conversions of both CO and
CO; and consequently in the product selectivity (Figure 10).
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Figure 10. Selectivity for C;—Cj3 olefins and crystal lattice parameters (a); the proportion of surface
oxygen (Os) and lattice oxygen (Oy) (b).

As shown in [68], the type of element in the B-position affects the mobility of oxygen
and redox properties, and also changes the ratio of surface to lattice oxygen in the structure
of complex oxides. Thus, the substitution of iron for cobalt or manganese leads to a
decrease in the fraction of surface oxygen Og and an increase in the fraction of lattice
O;. Experimental results indicate that with increasing temperature, not only surface but
also lattice oxygen starts to participate in the reaction, the amount of which depends on
the oxide composition, i.e., the oxidizing capacity of the samples increases in the series
GdFeO3 < GdCoO3 < GAMnOj3 (Figure 10).

The RWGS reaction proceeds mainly via surface carbonate intermediates, including
reaction between the surface carbonates and oxygen vacancies or the diffusion of the
vacancies [69]. Theoretical studies using model systems of the RWGS reaction mechanism
predicted that C-O bond breaking in CO, occurred prior to the dissociation of Hy [70]. The
Hj) moiety could promote the charge transfer in the Me insertion process and facilitate
the dissociation of coordinated CO, molecules by reducing the energy barrier. The rate-
determining step for the reaction is the migration of the hydrogen atom from the Me center
to the oxygen atom. As the metal radius increases, the overlap of filled orbitals decreases,
and the binding energy of the atoms increases in the Mn—-Fe—Co series. Therefore, it is
expected that dissociation will be easier with decreasing d-orbital filling and decreasing
atomic radius. It can be assumed that exactly Co**, Mn3* and Fe®* in the Gd-O-Me
bond are active centers for hydrogen adsorption. Hydrogen is known to be preferentially
adsorbed and dissociative in atomic form on the surface of manganese and iron, and on
cobalt in both molecular and dissociative forms [71]. The ratio between saturated and
unsaturated hydrocarbons in hydrogenation products is also determined by the amount
of atomic hydrogen able to migrate from some active surface sites to others and by the
structure of these sites [36]. This is in good agreement with the experimental data obtained:
comparable selectivity for olefins on GdFeO3; and GAMnOj3 and low selectivity on GdCoOs.

When examining the specifics of the process of producing light olefins, it becomes
evident that maintaining the correct balance between active H and C is crucial [72]. The
large amount of *H on the surface (* denotes the adsorption state) will result in excessive
hydrogenation, which can lead to methanation. Conversely, if there is not enough H on
the surface, the catalyst will not be able to hydrogenate effectively, reducing its ability to
convert CO».

CO;, is first adsorbed and activated on the active Gd-O centers of perovskite to form
carbonate complexes Gd,O,CO3. Hydrogen is adsorbed dissociatively /molecularly on the
B-O-B centers. Then, *CO, can be hydrogenated by adsorbed *H to form an intermediate
compound *HOCO. The intermediate compound then dissociates into *OH and *CO. The
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*CO is then either desorbed as CO or undergoes further reactions through successive FTS.
To form hydrocarbons, *CO can dissociate into *C and *O [72,73]. The *C can then be
hydrogenated to *CHy at the surface. The *CHy species are precursors to the formation of
olefins. The most likely pathways are the accession of *C + *CHy and *CHy + *CHj [72].
Alternative partial hydrogenation of CO to HCO seems unlikely, as oxygenates were not
present in the reaction products. In short, the main stages in the conversion of CO, into
light olefins involve the breaking of C-O bonds and the formation of C—C bonds. A unique
aspect of this proposed process is that there is no stage for carbide formation. X-ray analysis
of the spent catalysts did not detect their presence. The structure of the catalyst framework
and the presence of gadolinium prevent the formation of iron carbides, thus increasing the
activity of the catalyst [31].

3. Materials and Methods
3.1. Materials

Iron, cobalt and gadolinium nitrates (Fe(NO3)3-9H,0, 98.5% AR; Co(NO3)3:9H,0,
98.5% AR; GA(NO3)3:6H20, 99.9% AR) were supplied from Vekton, St. Petersburg, Russia.
Manganese nitrate (Mn(NO3)2:6Hy0, 98% AR) was purchased from Lenreactiv, St. Peters-
burg, Russia. Citric acid was purchased from ALDOSA, Moscow, Russia, and was of ana-
lytical grade (AR, 99.3%). All chemicals were used as received without further purification.

3.2. Catalyst Preparation

The citrate-nitrate sol-gel method [74,75] was used for the synthesis of complex oxides.
A twofold excess of citric acid was added to solutions containing stoichiometric amounts of
nitrates under constant stirring. The synthesis was carried out at pH = 6. The resulting sol
was heated to 393 K and kept at this temperature until a dark porous dry gel was formed.
The gel was then calcined at a gradual increase in temperature to 723 K for 2 h. Gadolinium
cobaltite required additional calcination at 1073 K for one hour.

3.3. Characterization

X-ray diffraction (XRD) analysis was carried out using the Rigaku MiniFlex II diffrac-
tometer (Tokyo, Japan). The operating voltage and current were 30 kV and 15 mA, respec-
tively, and the scanning range was 26 = 10~60°. The Cu-K« radiation source was used,
and the spectra were recorded at a scan rate of 5°/min. The ICDD-PDF2 database was
used to analyze the phase composition of the studied samples.

X-ray photoelectron spectra (XPS) were recorded by Thermo Fisher Scientific (Waltham,
MA, USA) Escalab 250Xi spectrometer (AlK« = 1486.6 eV, spectral resolution 0.5 eV). The
Cls peak of 284.6 eV was used as the calibration peak to correct the charge effect of
the sample.

Temperature-programmed reduction (TPR) was conducted using a Micrometrics
AutoChem II 2920 analyzer (Micromeritics Instrument Corporation, Norcross, GA, USA).
In each H>-TPR test, 50 mg of catalyst was used. The materials were loaded into a U-shaped
continuous-flow quartz reactor and heated up to 1273 K at a 10 K/min rate in 10% Hy/Ar
gas mixture passed at a flow rate of 50 mL/min. Water vapors were captured using a trap
placed in a Dewar with ethyl alcohol (T = 134 K). Hydrogen consumption was measured
by TCD (thermal conductivity detector).

Thermogravimetric analysis (TGA) was performed by NETZSCH (Exton, PA, USA)
STA 449 F5 in the temperature range of 303 to 1173 K (heating rate of 10 K/min) in a stream
of air (rate = 50 mL-min™1).

Scanning electron microscopy (SEM) and energy-dispersive X-ray (EDS) analyses were
conducted via a Zeiss Merlin system (Oberkochen, Germany).
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N adsorption—desorption measurement was conducted using Quadrasorb SI device
(Boynton Beach, FL, USA) at the liquid nitrogen temperature of 77 K. The specific surface
area was calculated using the Brunner-Emmett-Teller (BET) method.

3.4. Catalytic Activity Tests

Catalytic tests were carried out in a flow reactor at atmospheric pressure, in the
temperature range of 523-708 K and a feed volume rate of 1.5 L/hour (GHSV = 8700 h—1)
with component ratio [(CO + CO,):H;] = 1:2, [CO, /(CO + CO,)] =0 + 1.

Powdered catalysts (0.1 g) were mixed with fine-grained quartz (dyiqg = 1-10 pm) in a
ratio of 1:5 to avoid sintering and placed in a quartz reactor (dreactor = 1 cm) with a quartz
filter to avoid particulate entrainment.

The reactants were analyzed by a Chromatec Crystal 5000 gas chromatograph (Yoshkar-
Ola, Russia) equipped with a column of stainless steel filled with Porapack Q and TCD and
FID detectors (with argon as a carrier gas). The rate of product formation R; (mol/hour-g)
was measured after reaching a steady state.

The catalytic characteristics were calculated using the following equations:

o, % = Dint — Mout o 10 (4)
Njnt
R‘
Si, % = 27112 %X 100 (5)
1
NjoutW
R; = 1\(;1;; (6)

where n;, and ngyt are the component molar content in the input and output of the reactor,
respectively; w is the feed rate (L /h); V is the chromatograph loop volume (0.153 X 1073 L);
and m is the catalyst mass (g).

4. Conclusions

To summarize, we synthesized a series of GABO3; (B = Fe, Mn, Co) perovskite-
type catalysts and found that Fe/Mn-containing samples efficiently catalyzed the hy-
drogenation of simulated bio-syngas to light hydrocarbons. Increasing the carbon diox-
ide content of the reaction mixture to CO,/[CO + CO,] = 0.5 suppressed the forma-
tion of methane and favored the formation of light olefins. The hydrogenation of CO,
occurred by combining the primary reverse water—gas shift reaction to form CO and
the subsequent hydrogenation of CO to produce olefins and paraffins. The GdAMnO3
catalyst exhibits selectivity for C;_3 of up to 37% among Cy; hydrocarbons, with a
maximum olefin/paraffin ratio. GdMnOj; also exhibits high conversion of CO and
CO,, reaching up to 70-75% at 723 K. However, the GdFeOs catalyst shows a lower
selectivity of C;_3 = 22%, while it exhibits a higher conversion of CO; up to 95% at
the same temperature. Herein, we established a catalyst structure—performance re-
lationship as a function of chemical composition. Substitution of an element in the
B-position leads to a change in oxygen mobility and the ratio of surface oxygen (Os)
to lattice oxygen (Oj). This is reflected in the conversion of carbon oxides as they are
adsorbed on A-centers via surface oxygen. The nativity of the element in the B-position
also influences the forms of hydrogen adsorption, the formation of -CHy- radicals and
their subsequent recombination into olefins. The process of converting bio-syngas into
light olefins involves breaking C-O bonds and forming C-C bonds. The uniqueness of the
proposed technique lies in the fact that it does not lead to the formation of carbides. The
analysis of spent catalysts did not reveal their presence. The framework structure and the
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presence of gadolinium prevent the formation of iron carbides, which, in turn, increases
the activity of the catalysts.

The findings presented here provide a strategy to tune bio-syngas hydrogenation
product distributions toward specific target products by varying the catalyst composition.
Further detailed studies are needed to identify the active sites/phase and elucidate the
underlying mechanisms, given the complexity of perovskite catalytic systems.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/catal15010067/s1, Figure S1: N, adsorption/desorption
isotherms of GdFeO3(a), GAMnO;3(b) and GdCoO3(c).
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