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Abstract—The paper describes a novel high-performance catalyst that was developed for partial oxidation of
methane (POM) and dry reforming of methane (DRM) into synthesis gas. The catalyst is based on samarium
cobaltite dispersed in a samarium oxide matrix. Unlike its known counterparts based on samarium cobaltate, the
novel catalyst is resistant to carbonization and contains active sites that exhibit higher syngas productivity.
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Synthesis gas (syngas, a CO+H, mixture) is one of
the most important intermediates in methane conversion
to hydrogen and valuable petrochemicals [1-5]. The
high cost of syngas production makes its improvement
an urgent problem.

Energy-consuming industrial syngas production based
on steam reforming of methane (SRM) is commonly used
to synthesize a hydrogen-rich product.

Another well-known syngas production process,
partial oxidation of methane (POM), has the advantages
of exothermicity and a syngas composition suitable for
further processing into valuable petrochemicals.

Syngas production by dry reforming of methane
(DRM) is generally considered an effective pathway to
dispose of the two major greenhouse gases, namely CO,
and CH, [4-8].

There are also syngas production techniques that
simultaneously involve three oxidants such as H,O, O,,
and CO, [9, 10].

Relevant thermodynamic calculations have shown, for
all the process designs mentioned above, that high CH,
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conversion and high CO and H, selectivity levels (above
90%) are only achievable at temperatures above 800°C
[4, 6, 7, 11, 12], and that these performance parameters
can reach as high as 100% at 900°C.

The typical drawback of syngas production catalysts
is their performance deficiency caused by surface
carbonization. Therefore, creation of new carbonization-
resistant catalysts has remained a challenging problem.

Nickel-based and cobalt-based complex-oxide catalysts
produced from various perovskites and perovskite-like
materials have exhibited high performance in POM and
DRM processes [4—7, 11-29]. Their performance was
shown to be largely associated with the formation of
fine-dispersed nickel or cobalt metal phases stabilized by
rare-earth (REE) and some other oxides. These oxides,
along with metallic components, are able to facilitate the
catalytic transformations of substrates.

We previously demonstrated that POM and DRM
catalysts can be synthesized even without the prior
preparation of a completely single-phase initial material
[23, 24]. The catalysts can be produced by evaporating an
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aqueous solution of cobalt (or nickel) nitrates and REE
nitrates followed by rapid (2-3 h) annealing.

When tested in POM [18, 19] and DRM reactions
[25-28], the single-phase SmCoO; perovskites
synthesized by the citrate method or Pechini method
have shown relatively low performance. In our previous
study, a SmCoOj; material consisting of samarium and
cobalt oxides along with a perovskite was synthesized by
evaporting nitrate solutions and rapid annealing [24]. In
POM, this material achieved a syngas yield of 65-67%
(at 750°C) and 95-96% (at 900°C); in DRM, the
respective yields reached 48-51% (at 700°C) and
98—-100% (at 900°C). After the POM and DRM reactions,
the catalyst turned into a composite that contained
23 wt % Co dispersed in samarium oxide.

Like in its similarly formulated counterparts described
in the literature, the disadvantage of this catalyst was
strong carbonization, potentially threatening to clog the
reactor in the long run. A variety of publications have
reported that the coking of POM and DRM catalysts can
be reduced by diminishing the metal particles in them
[3—7, 11-21]. One approach to this end is by lowering
the amount of cobalt uniformly distributed in the catalyst
matrix.

The purpose of the present study was to synthesize a
more carbonization-resistant catalyst that would contain
2 wt % of cobalt dispersed in the samarium oxide matrix,
and to test it in POM and DRM reactions.

EXPERIMENTAL

To synthesize the catalyst, we used the following Sigma-
Aldrich reagents: samarium(II) nitrate hexahydrate
(CAS 13759-83-6); and cobalt(Il) nitrate hexahydrate
(CAS 10026-22-9).

Weighed samples of Co(NOj3),6H,0 and
Sm(NOs3);-6H,0 were dissolved in a minimum of distilled
water. The solution was dried and calcined at 500°C for
1.3 h and at 700°C for 2 h. The amounts of the reagents
corresponded to 2 wt % of cobalt in the resultant catalyst.
The synthesized material was designated as KtSmCoO.

The phase composition of the material was identified
by X-ray powder diffraction (XRD) on a Rigaku MiniFlex
600 diffractometer (Cuk, radiation, . = 1.54187 A) using
the database of the International Center for Diffraction
Data (ICDD).

Spent catalysts were subjected to thermogravimetric
analysis (TGA) in air in the range of 35-900°C at a

heating rate of 10°/min. The TGA data were processed
using the NETZSCH Proteus Thermal Analysis software
package.

The catalyst particle surfaces were examined by
scanning electron microscopy (SEM) on a Carl Zeiss
NVision 40 microscope with a magnification up to
%200 000 using SE or InLens secondary electron detectors
(accelerating voltage 7 kV) and ESB backscattered
electron detectors (accelerating voltage 1 kV). The
microscope was equipped with an Oxford Instruments
X-MAX 80 mm? detector with an accelerating voltage of
1-20 kV to measure the elemental composition of samples
by X-ray microanalysis (EDX).

The POM and DRM reactions were carried out in
an electrically-heated flow-type quartz reactor (inner
diameter 18 mm) with an axial thermocouple pocket
(outer diameter 8 mm), where an armored chromel—
alumel thermocouple 1 mm in diameter was fitted. The
thermocouple tip was located in the middle of the catalyst
bed.

The catalysts (0.2 g, 0.5-1 mm particles, | mm bed)
were placed on a quartz fiber support. For POM, the free
reactor volume was filled with quartz chips. The setup
was similar to that described in [30]. The catalyst was
heated up to 900°C in a flow of hydrogen or CH,~O,
or CH,~CO, mixtures undiluted with an inert gas
(CH4,/0O, = 2; CH,/CO, = 1). All the gases (at least
99.9% pure) were manufactured by the Moscow Gas
Processing Plant, Russia. The gas mixture flow rate was
7 or 12 liters per gram catalyst per hour (L g”' h™!) for
POM and 15 L ¢! h™! for DRM. When the catalyst was
heated in hydrogen, the hydrogen flow was stopped to
start a nitrogen purge followed by the injection of the
reagent gas mixture. The reactor temperature was varied
using a programmable temperature controller. At a set
temperature point, the products were analyzed, after which
the temperature was adjusted to other setpoints without
stopping the reagent injection. The gas flow rates at the
reactor inlet and outlet were measured by a bubble flow
meter.

The feed gas mixtures and products were analyzed
by a GC method similar to that described in [30, 31],
using GALS 311 chromatographs equipped with thermal
conductivity detectors, with helium as a carrier gas.
A 2 m x 5 mm steel column packed with Porapak Q
was used at 70°C to detect methane, CO,, ethylene,
and ethane, as well as to determine the total content of
hydrogen, oxygen, nitrogen, and CO. A similar column
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Fig. 1. XRD powder patterns: (/) initial KtSmCoO;
(2, 3) post-POM composites; and (4) post-DRM composite.

packed with zeolite NaX was used at 30°C to detect
hydrogen, oxygen, nitrogen, methane, and CO. The GC
data were processed using the ECOCHROM hardware/
software package.

The methane conversion, X(CH,) (%), was calculated
by the formula:

W, (CH,)~ W, (CH,)
W, (CH,)

X(CH,) = %100,

where W, (CH,) and W, (CH,) are the moles of methane
at the inlet and outlet of the reactor, respectively.

The degrees of oxygen and carbon dioxide conversion,
X(0,) and X(CO,), were evaluated in a similar manner.

The yield of hydrogen, Y(H,) (%), was derived by
the formula:

I/I/mll (HZ) x

) =2y cny

100,

where W, (H,) is the moles of hydrogen at the outlet.

The yield of CO, Y(CO) (%), from POM was derived
by the formula:

Pou€O) 199

Y(€o)= )

>

where W,

out

(CO) is the moles of CO at the outlet.
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The yield of CO, from POM was evaluated in a similar
manner.

The yield of CO, Y(CO) (%), from DRM was derived
by the formula:

W (CO)

0= ey, co,)

%100,

where W,,(CO,) is the moles of carbon dioxide at the inlet.

In specialized POM and DRM experiments carried
out in the reactor with no catalyst loaded, only minor
carbonization was observed on the reactor walls, mostly
after the quartz packing and quartz fiber layers. Under
the DRM conditions, the exhaust gases were found to
contain, along with unreacted reagents, trace amounts of
CO and hydrogen. In the catalyst-free POM experiment
at 900°C, the exhaust gases contained 15% H,, 25% CO,
7% CO,, 3% C,H,, and 50% CH,.

RESULTS AND DISCUSSION

Figure 1 provides the XRD patterns both for the
initially synthesized KtSmCoO (curve /) and the spent
catalysts after POM (curves 2 and 3, corresponding to
different KtSmCoO prereduction conditions as described
below) and after DRM (curve 4).

The XRD data show that the precursor KtSmCoO
was a cobalt—samarium oxide composite that contained
samarium cobaltite (Sm,CoO,) and samarium oxide
(Sm,0,) phases at a weight ratio of 1 : 26 as calculated by
the Rietveld method [32]. This corresponds to 0.5 wt %
of cobalt, instead of the expected 2 wt %, probably due
to the presence of X-ray amorphous cobalt-containing
components. At the same time, the EDX data for the
samples after POM and DRM (see Figs. 3 and 6) show
an average cobalt concentration of about 2 wt %, i.e.
the value coinciding with the Co content expected in
KtSmCoO.

Partial Oxidation of Methane

In the first series of POM experiments with KtSmCoO,
the catalyst was heated to 900°C in a CH,~O, mixture
injected at 7 L g! h™' (Table 1). At 900°C the yields of
CO and H, gradually increased, and reached 79% after
5h (Runs 1 and 2). The prolonged time of the generation
of active catalytic sites may be caused both by the
hindered access of the reagents to the Co components
located inside the Sm,0; particles, and by the increased
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Table 1. POM results for KtSmCoO heated to 900°C in
CH,—O, mixture

Run . ) Conversion, % | Yield, %
Time, min | T, °C

no. CH, O, | H, | CO
1 25 900 32 97 5 5
2 320 900 97 96 79 | 79
3 435 900 99 99 94 | 94
4 560 850 94 99 77 | 77
5 635 800 83 99 63 63
6 725 750 29 99 0 0
7 805 900 97 99 93 93

resistance of the Sm,CoQO, particles to reduction in the
presence of excess Sm,0;. As the POM was continued
at 900°C (Run 3), the yields of CO and H, further rose
up to 94%. Subsequent cooling led to a decrease in the
yields of CO and H,, specifically to 77% at 850°C and
63% at 800°C. At 750°C the catalyst became inactive in
POM, with only deep oxidation of methane occurring.
Nonetheless, both yields regained high levels (93%) after
reheating to 900°C.

Thus, Table 1 clearly shows that the composite catalyst
generated after POM, with 2 wt % Co in it, provided a
high yield of syngas at 800-900°C. The SmCoO; material
that we previously synthesized by a similar technique,
contained samarium and cobalt oxides along with a
perovskite [24]. The composite with 23 wt % Co generated
from the SmCoO; after POM achieved a syngas yield
of 95-96% at 900°C. Despite high performance being

I um
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reached immediately, that catalyst was prone to significant
surface carbonization to form carbon fibers and nanotubes.

In contrast, the SEM micrographs of the post-
POM KtSmCoO provide no evidence of significant
carbonization in the form of carbon fibers or nanotubes
(Fig. 2).

The EDX data for the spent catalyst (Fig. 3) show zero
carbon and the average elemental concentrations in the
catalyst particles consistent with the composition of the
initial material with 2 wt % Co.

The phase composition of the catalyst discharged from
the reactor after POM remained unchanged (see curve /
in Fig. 1). Although metallic cobalt is supposed to be
contained in post-POM catalysts based on REE cobaltates
[19, 28], the XRD pattern of the spent catalyst actually
lacks a metallic cobalt phase. This can be explained
by cobalt particle sizes too small to be detected by
XRD. In addition, under POM conditions, active cobalt
metal particles are able to enter into the reactions of
oxidation (1) and subsequent formation of Sm,CoO, (2):

2C0304 + 6Sm203 - 6Sm2C004 + 02. (2)

The above assumption is consistent with the increase
in the Sm,Co0O, content from 4 wt % in the precursor to
8 wt % after POM (as evaluated by Rietveld method).

The TGA of the composite discharged from the
reactor after POM shows a slight weight loss when
heated to 100°C, probably due to the removal of water
and adsorbed gases, followed by a weight increase, up to
1.95% at 700°C (Fig. 4). This increase may be attributable

e 1T
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Fig. 2. Micrographs of composite generated from KtSmCoO after POM under conditions specified in Table 1: (a) in secondary electrons;

and (b) in backscattered electrons.
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Fig. 3. EDX data for KtSmCoO catalyst after POM under conditions specified in Table 1: (a) spectrogram with reflections of detected
elements; and (b) electronic image of catalyst surface with indication of detection regions.

to reactions (1) and (2) involving metallic cobalt, cobalt
oxide, and samarium oxide, and/or to the potential
formation of a perovskite by reaction (3):

4C0304 + 02 + 6Sm203 — IZSmCOO3 (3)

No appreciable weight loss caused by the combustion
of carbonaceous deposits was detected.

To reach high yields of syngas in POM more rapidly,
another series of experiments was carried out. Here, the
KtSmCoO catalyst was preheated in hydrogen to 900°C;
the catalyst was then reduced at this temperature for 1 h;
and a CH,~O, mixture was injected at 12 L g™! h™!. The
results are presented in Table 2.

Table 2 clearly shows that the hydrogen prereduction
did not improve the POM results. At 900°C it took about
6 h to synthesize a high-performance POM catalyst.
Like in the previous series of experiments, further POM
occurrence at this temperature enhanced the yields of CO
and H, to 91%. Likewise, subsequent cooling caused a

PETROLEUM CHEMISTRY Vol. 63 No. 3 2023

predictable decrease in the yields, to 80% at 850°C and
to 57% at 800°C.

Cooling the reactor to 750°C likewise rendered the
catalyst inactive in POM, with only deep oxidation of
methane occurring. Subsequent reheating to 900°C saw
the CO and H, yields recover to 84—-87%, i.e. lower than

Table 2. POM results for KtSmCoO prereduced in hydrogen
at 900°C

Run ] ) Conversion, % | Yield, %
Time, min | T, °C

no. CH, O, | H, | CO
1 50 900 34 99 4 4
2 355 900 90 99 72 | 72
3 515 900 98 99 91 91
4 610 850 95 98 80 | 80
5 710 800 81 99 57 | 57
6 790 750 40 99 0 0
7 855 900 98 98 84 | 84
8 1045 900 99 98 87 | 87
9 1160 900 99 99 84 | 84
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Fig. 4. TGA data for catalyst after POM under conditions
specified in Table 1.

in the presence of the non-prereduced catalyst. Thus, the
prereduction of KtSmCoO in hydrogen did not accelerate
the formation of metallic cobalt, an element that must be
present to ensure high performance of POM [19, 28].

The XRD powder pattern of the catalyst discharged
from the reactor after the above-mentioned series of
experiments (Fig. 1, curve 3) displays a markedly increased
(from 4 to 41% by Rietveld method) concentration of
Sm,CoQy,, as well as the formation of SmCoO; (3% by
Rietveld method). The formation of these phases can be
explained by the interaction of the metallic cobalt formed
during the hydrogen reduction with the feed gas mixture’s
oxygen and with the excess samarium oxide according
to reactions (1)—(3).

Figure 5 illustrates the TGA data for the hydrogen-
prereduced KtSmCoO after POM under the conditions
specified in Table 2. As in the previous POM series, the
spent catalyst exhibited some weight loss when heated
to 200°C, apparently due to the removal of water and
adsorbed gases. Above 400°C, a slight weight increase
(0.83%) was observed, likely resulting from reac-
tions (1)—(3) with the nanoparticles of cobalt metal and
cobalt oxide being involved (these nanoparticles were
missed by XRD). No significant weight loss consistent
with the combustion of carbonaceous deposits was
observed.

The above discussion proves that the minor decrease
in the POM performance of the catalyst in the case of its
hydrogen prereduction was associated with some causes
other than carbonization. Vella et al. [29], who studied
the POM reaction in the presence of a LaNiO; perovskite,

102

101

TGA, %

100 200 300 400 500 600 700 800
T, 7C
Fig. 5. TGA data for hydrogen-reduced catalyst after POM
under conditions specified in Table 2.

believe that its low performance was to some extent
attributed to the formation of an inactive La,NiO,. In our
case, the high content of the Sm,0O;-stabilized Sm,CoO,
phase identified in the catalyst after POM may have
impaired its performance in a similar manner.

Dry Reforming of Methane

When setting up a series of DRM experiments, we
relied on the POM test results described above as well
as on the data reported in [25-27]. All these findings
suggested that hydrogen prereduction is not a necessary
step for the synthesis of a high-performance DRM
catalyst. The KtSmCoO catalyst was heated to 900°C in
an equimolar CH,—~CO, mixture flowing to the reactor at
arate of 15 L g! h! (Table 3).

Table 3 shows that, as in the POM case, at 900°C the
CO and H, yields steadily increased, and reached 91 and
90%, respectively, after 6.8 h. As the DRM was continued
at 900°C, the yields of CO and H, slightly decreased, then
were stabilized at 86—88%. Subsequent cooling to 800°C
led to a decrease in the yields of CO and H,, specifically
to 60% and 52—54%, respectively. At 700°C, these yields
dropped to 12—-13% and 7-8%, respectively.

The trends observed under the cooling, specifically the
significant formation of water and the CO yields superior
to the hydrogen yields, indicate an increasing intensity of
the reverse water—gas shift reaction (RWGSR):

H,+ CO, < H,0 + CO. 4)
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Table 3. DRM results for KtSmCoO heated to 900°C in reagent mixture

Run i . Conversion, % | Yield, % Run ] ) Conversion, % Yield, %
Time, min T, °C Time, min | T, °C
no. CH, O, | H, | CO no. CH, 0, H, CO
1 10 900 48 64 26 | 45 11 438 900 89 93 88 87
2 55 900 52 68 36 | 51 12 508 900 88 94 87 87
3 95 900 60 74 | 49 | 62 13 552 900 88 93 87 86
4 145 900 68 80 58 | 68 14 597 800 59 70 52 60
5 200 900 74 83 69 | 73 15 612 800 57 69 54 60
6 260 900 78 86 76 | 78 16 672 700 12 22 8 13
7 305 900 79 88 79 | 79 17 692 700 12 23 7 12
8 340 900 82 88 79 | 79 18 762 600 5 7 0 0
9 390 900 83 89 82 | 80 19 822 900 91 96 91 88
10 408 900 90 96 9 | 91 20 842 900 91 96 91 88

At 600°C syngas formation completely ceased.
Nonetheless, the yields of CO and H, regained high levels
(88% and 91%, respectively) after reheating to 900°C.

The XRD powder pattern of the post-DRM catalyst
(Fig. 1, curve 4) displays intense Sm,Oj; reflections, the
formation of 9 wt % (by Rietveld method) of Sm,CoOy,,
and trace amounts of metallic cobalt. The catalyst was
attracted by magnet, thus indicating the presence of
metallic cobalt particles too small to be detected by XRD.

Spectra 0 Co Sm

Total 69.12 1.71 29.18

The EDX data for the post-DRM sample (Fig. 6) show
2 wt % of cobalt in the catalyst particles, consistent with
the Co content in the initially synthesized KtSmCoO.
This agrees with the assumption that cobalt was largely
represented by XRD-undetectable particles.

The TGA data for the composite discharged from the
reactor after DRM are illustrated in Fig. 7. The spent
catalyst exhibited a minor weight variation not exceeding
0.6 wt %. At temperatures below 350°C, a weight loss

(b)

10 pm

Fig. 6. EDX data for KtSmCoO catalyst after DRM under conditions specified in Table 3: (a) spectrogram with reflections of detected
elements; and (b) electronic image of catalyst surface under detection.
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Fig. 7. TGA data for catalyst after DRM under conditions
specified in Table 3.

of 0.32% was observed, apparently due to the removal
of'adsorbed water and gases. The 0.36% weight increase
above 300°C probably resulted from the oxidation of
metallic cobalt. Another weight increase, by 0.1% above
700°C, was likely caused by reactions (1)—(3). No weight
loss attributable to the combustion of carbonaceous
deposits was detected.

Figure 8 provides the SEM micrograph of the catalyst
discharged from the reactor after DRM. The image clearly
shows a variety of flat (about 200 nm thick) catalyst
particles that have pores about 40 nm in diameter; these
particles have a non-uniform size distribution. There are
no fragments attributable to carbonaceous deposits or
fibers.

Previously we synthesized a SmCoOQO; catalyst by a
similar simplified method and tested it in DRM [24].
The synthesized material contained samarium oxide and
cobalt oxide in addition to a SmCoO; perovskite. Although
at 800—900°C this catalyst exhibited near-quantitative
yields of syngas, it had 10-fold higher cobalt content
than KtSmCoO and was prone to major carbonization,
potentially threatening to clog the reactor. In [25-27], DRM
was carried out in the presence of a catalyst generated from
a SmCoOj; perovskite synthesized by the citrate sol—gel
method. At 800°C, the conversion of methane and CO,
was 93%, and the yields of CO and H, amounted to 65 and
67%, respectively [25-27]. While the KtSmCoO catalyst
we prepared at 800°C exhibited similar yields of CO and
H, (60% and 52-54%, respectively), this was achieved

I um

Fig. 8. Micrograph of post-DRM catalyst recorded in
secondary electrons.

at methane conversion of 57-59% and CO, conversion
of 69-70%, indicative of higher selectivity. Unlike the
SmCoOj; catalysts described in [24-27], our KtSmCoO-
based catalyst underwent no carbonization in DRM.
The CO productivity of the KtSmCoQO-based catalyst
in DRM was 6000 moles per gram-atom of Co per hour
(mol g-at™' h™1) at 800°C and 8658 mol g-at™' h™! at 900°C.
The hydrogen productivity was 5400 mol g-at™' h™! at
800°C and 8373 mol g-at ™' h™! at 900°C. It is worth noting
that the SmCoOj catalyst prepared by the similar method in
[24] proved to be noticeably less productive in DRM. Its CO
productivity was 762 and 855 mol g-at™' h™" at 800°C and
900°C, respectively, and its hydrogen productivity was 762
and 864 mol g-at™! h™! at 800°C and 900°C, respectively.
The single-phase SmCoO; perovskite described in [25—
27] exhibited CO and hydrogen productivity as low as
231 mol g-at™! h™! at 800°C.

Thus, the KtSmCo0O-based DRM catalyst was not
only resistant to carbonization, but showed high syngas
productivity per gram-atom of Co contained therein.

CONCLUSIONS

Anovel carbonization-resistant catalyst for POM and
DRM was prepared. The initially synthesized KtSmCoO
material containing 2 wt% Co was shown to consist of
samarium oxide and Sm,CoO,.

The catalyst generated from KtSmCoO in situ during
POM achieved syngas yields of 63% at 800°C and
93-94% at 900°C. The in situ POM catalyst exhibited

PETROLEUM CHEMISTRY Vol. 63 No. 3 2023
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higher performance than its counterpart prepared by the
hydrogen prereduction of KtSmCoO.

In DRM, the catalyst generated in situ from KtSmCoO
demonstrated markedly higher syngas productivity per
gram-atom of cobalt contained therein than its previously
known counterparts. The syngas yields were 50—-60%
at 800°C and 88-90% at 900°C. A major advantage of
the novel catalyst is zero carbonization, both in POM
and DRM. The approach developed in this study for the
preparation of carbonization-resistant POM and DRM
catalysts is also applicable to materials based on other
rare-earth elements.
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