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Abstract: Nickel- and cobalt—cerium bimetallic oxides were used as catalysts for the methanation of
CO;, under pressure. The catalysts” activity increases with pressure and an increase of just 10 bar is
enough to double the yield of methane and to significantly improve the selectivity. The best results
were those obtained over nickel-cerium bimetallic oxides, but the effect of pressure was particularly
relevant over cobalt—cerium bimetallic oxides, which yield to methane increases from almost zero at
atmospheric pressure to 50-60% at 30 bar. Both catalyst types are remarkably competitive, especially
those containing nickel, which were always more active than a commercial rhodium catalyst used
as a reference (5wt.9, Rh/Al,O3) and tested under the same conditions. For the cobalt—cerium
bimetallic oxides, the existence of a synergetic interaction between Co and CoO and the formation
of cobalt carbides seems to play an important role in their catalytic behavior. Correlation between
experimental reaction rates and simulated data confirms that the catalysts” behavior follows the
Langmuir-Hinshelwood—Hougen—Watson kinetic model, but Le Chatelier’s principle is also important
to understand the catalysts’ behavior under pressure. A catalyst recycle study was also performed.
The results obtained after five cycles using a nickel-cerium catalyst show insignificant variations in
activity and selectivity, which are important for any type of practical application.
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1. Introduction

The control of CO; emissions is an important matter that can be achieved by reducing
the amount of CO, discharged into the atmosphere; storing CO;; or employing CO; as
feedstock, aiming to produce value-added products such as chemicals and fuels [1]. This
last path is the most promising.

In fact, CO; is a cheap and attractive carbon source that can be used to produce a
variety of raw materials, e.g., methane and methanol, making it one of the most attractive
options to reduce the greenhouse effect. Additionally, methane itself can be used to produce
many other chemicals and is an important energy carrier that can be used in many sectors,
such as the power, household, and transportation industries.

Among relevant industrial applications, the methanation of CO is at the core of the
Power-to-Gas (PtG) technology for renewable energy storage [2]. The natural gas network
is already well established and synthetic renewable CH,4 produced via PtG can be added to
the existing grid, not only to compensate for any fluctuations, but, in the future, to fully
replace natural gas from fossil sources [2,3]. The hydrogen needed for the methanation of
CO; can be obtained from renewable resources, such as biomass gasification, wind power,
or solar water-splitting [4-6].

Nickel-based catalysts have been at the center of many CO, methanation studies,
namely due to their good activity and cheaper costs [7,8]. Moreover, Ni and other metals
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such Co [4,9,10] continue to be studied as alternatives to those based on noble metals, e.g.,
Ru [11], Rh [12], or Pd [13], that are more active but also much more expensive. However,
traditional Ni catalysts suffer from deactivation by sintering, coke deposition, and the
formation of volatile nickel carbonyls at high temperatures [14]. The best way to overcome
such problems is to decrease the temperature or to increase the reaction pressure so that it
favors the formation of CH, and prevents the deposition of coke [15,16]. The advantages of
pressure conditions, in terms of reaction kinetics and thermodynamics, are known [17,18],
and the effects of pressure conditions on syngas production have been studied over the
last 90 years [19,20]. To our knowledge, most of the studies so far published focus on
the hydrogenation of CO; at elevated pressure points for the production of syngas or
methanol, the latter at pressures ranging from 40 to 100 bar [21-23]. The effect of pressure
on the methanation of CO; is an issue that continues to be largely unexplored, especially
in the case of nickel-based catalysts that already show very good activity at atmospheric
pressure [16]. However, a few recent studies were performed in order to increase the
catalytic activity to methane of less active metals, e.g., Fe and Co, at relatively low pressures
(5-30 bar) and the results are indeed very promising [24-30].

Herein, we describe the effect of low pressures (<30 bar) on the catalytic behavior of
nanostructured nickel- and cobalt—cerium bimetallic oxide catalysts for the methanation
of CO; at 300 °C. This work complements that previously carried out by our group at
atmospheric pressure [31]. In fact, the results over nickel-cerium bimetallic oxides were
excellent at atmospheric pressure, but the results obtained over cobalt-cerium bimetallic
oxides presented low or moderate activity. Therefore, we thought that under pressure
the catalytic activity of such systems could be improved, which did happen. The results
were compared to those obtained under the same conditions over a commercial catalyst of
rhodium supported on alumina (5wt.9, Rh) as a reference. Additional tests were also carried
out over reused samples in order to strengthen the viability of nickel- and cobalt—cerium
bimetallic oxides as catalysts for the methanation of CO; [31].

2. Results and Discussion
2.1. Characterization of Catalysts before Catalytic Reaction

All fresh catalysts were textural and morphologically characterized by X-ray diffrac-
tion, scanning electron microscopy—energy dispersive spectroscopy, and the nitrogen
adsorption—desorption Brunauer-Emmett-Teller (BET) method. Their reducibility /redox
properties were evaluated by temperature-programmed reduction under hydrogen (H,-
TPR), whereas their acid-base properties were evaluated using the dehydrogenation/dehy-
dration of 2-propanol as a reaction model. The characterization was described in our
previous publication where these catalysts were tested for CO, methanation at atmospheric
pressure [31].

The morphology observed for the catalysts obtained by sol—gel methodologies (Epox-
ide addition and Pechini) can be described as a spongy structure typical of an aerogel
that comprises a network of sphere-shaped nanoparticles containing the metal elements
(20-50 nm in diameter). The catalysts prepared by Electrospinning present a nanofiber
structure with external diameters covering a wide range of 250—500 nm. Regarding the
preparation method, the cubic phase of CeO, was the main phase confirm by XRD along
with the cubic phases of NiO or Co304. After pre-reduction treatment, the phases observed
were the metallic phase of the d-block element (Ni or Co) and CeO5.

The preparation method influences BET surface areas, redox, and acid-base properties
of cerium-based catalysts (Table 1). The BET surface areas increase following this order:
Epoxide addition method (=37 m?/g) < Pechini method (=46 m?/g) < Electrospinning
technique (=66 m?/g). Considering the reducibility/redox properties, the interaction of
NiO or Co304 species with CeO; presented different degrees of interaction, which are
method dependent and increase in the following order (increase of Tm values): Epoxide <
Electrospinning < Pechini. It was also possible to confirm that all catalysts are basic, and
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that the population of basic sites is higher on nickel samples than on cobalt samples. It is
also higher on the nanofibers compared to nanoparticles.

Table 1. Characterization of nickel- and cobalt—cerium bimetallic oxides by BET, H,-TPR, SEM/EDS,
and dehydrogenation/dehydration of 2-propanol (acidity /basicity).

Preparation a . . EDS
Method Surface Area H,-TPR Basicity (Atomic Ratio
m?/g m?/gNi or Co Tm (°O) molgp/molga P VA/UP ¢ Ni or Co/Ce) 4
3NiO.CeO,
Epoxide addition 425 0.57 330 3.0 36.6 2.8
Pechini 46.8 3.25 179, 374,733 2.9 146.4 2.7
Electrospinning 73.6 1.17 336, 697 3.0 2529 2.9
CO304.C602
Epoxide addition 29.5 0.84 341, 382, 655 3.9 244.0 2.8
Pechini 44.2 0.78 286,434,714 3.8 370.0 2.8
Electrospinning 58.2 1.15 300, 356, 683 4.1 717.0 3.0

(*) BET method (P/Po = 0.3); metallic areas measured by the N,O method [32]; (®) and () Theoretical values 3,
error +0.1; (°) Between the ratio of the reaction rates of formation of acetone (A) and propene (P).

2.2. Methanation of CO, under Pressure

Figures 1 and 2 show the effect of pressure on the yield and selectivity to methane
over fresh nickel- and cobalt—cerium bimetallic oxides, respectively. Clearly, the pressure
enhances the catalysts’ yield and selectivity to CHy. The best results were those obtained
nickel-based catalysts followed by the rhodium catalyst supported on alumina and cobalt-
based catalysts, (~70% vs. =~ 50% vs. ~10% at 10 bar, respectively). The selectivity to
methane was always very high over nickel and rhodium catalysts (>97%, at pressures
>10 bar), but in the case of the cobalt catalyst obtained by the Electrospinning technique, it
increased significantly with pressure, e.g., 85% vs. 21% at 30 and 1 bar, respectively. How-
ever, the values were always lower than those measured over nickel and rhodium catalysts.
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Figure 1. Methanation of CO, over fresh nickel-cerium bimetallic oxides at 300 °C: pressure and
method effect on the yield to CHy.
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Figure 2. Methanation of CO, over fresh cobalt—cerium bimetallic oxides at 300 °C: pressure and
method effect on the yield to CHy.

Catalysts” performance seems also to depend on the catalysts” preparation method.
The best catalytic results were those obtained over samples prepared by the Electrospinning
technique, which is more obvious for the cobalt catalysts (Figure 2). In the case of the
nickel catalyst, very good results were also obtained over those prepared by the Epoxide
addition method; the differences between this method and the Electrospinning technique
are not significant, except at atmospheric pressure (1 bar). Regardless of the preparation
method, all nickel catalysts are, in general, more active than the rhodium catalyst. While
for cobalt catalysts the activity increases linearly with the pressure (it seems to double
each time that the pressure doubles), for nickel catalysts the activity increases significantly
from 1 to 10 bar, but the effect of pressure is not significant at higher pressures (it reaches a
plateau). The major selectivity improvement occurs also at 10 bar, which is significant since
low-pressure experimental facilities can be easily implemented. This is an advantage for
any future practical applications.

The behavior of cobalt catalysts merits an additional remark since CHy yields and
selectivities obtained at 30 bar (40% and 80%, respectively) over the catalysts prepared by
the Electrospinning technique and the Pechini method are important and to our knowledge
not often reported in the literature [33]. Moreover, recent studies have shown that the
possibility of a synergetic reduction—oxidation cycle, ascribed to the reduction of CoO and
the oxidation of metallic Co, seems to be the key factor to enhance cobalt-based catalysts’
limited activity for the methanation of CO, [34].

Taking that into consideration, we have studied the effect of pressure over reused
nickel- and cobalt-cerium bimetallic oxides recovered from our previous CO, methanation
studies at atmospheric pressure in the same temperature range (250-500 °C). Moreover,
in the case of our cobalt catalysts, the presence of both CoO and metallic Co phases
after the catalytic studies could be confirmed by powder XRD analysis [31]. The results
obtained show a catalytic behavior that is very similar over fresh and reused nickel-cerium
catalysts, with minor variations in activity and selectivity to methane, mostly over the
catalysts obtained by the Pechini and Epoxide addition methods (Figures S1-54). Instead,
the activity and selectivity toward methane over cobalt—cerium catalysts are surprisingly
better over the reused samples of those obtained by the Pechini method and Electrospinning
technique. The activity is comparable to that obtained over the rhodium catalyst without
any pretreatment under hydrogen at pressures > 10 bar and remarkably better at 30 bar
(Figures 3 and 4). At such pressure, the activity is significantly higher, almost double
the activity of the rhodium catalyst (71 vs. 39%) and is similar to that obtained over the
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nickel-cerium catalysts prepared by the Epoxide addition and Pechini and methods (74%).
This is a very good result and to our knowledge rarely reported in the literature.
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Figure 3. Methanation of CO, over reused nickel-cerium bimetallic oxides at 300 °C without pre-
treatment under hydrogen: effect of preparation method on yield to CHy.
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Figure 4. Methanation of CO, over reused cobalt-cerium bimetallic oxides at 300 °C without pre-
treatment under hydrogen: effect of preparation method on yield to CHy.

In addition, any comparison between our results and those reported by other authors
is difficult, if not impossible, due to differing experimental conditions, namely in terms
of GHSV and temperature (Table 2). That is why we decided to test, in the same exper-
imental conditions as this study, a commercial rhodium catalyst supported on alumina
(5wt.% Rh/AlyO3) using the results obtained for comparison. It can be said that nickel-
cerium catalysts are clearly competitive when compared to the rhodium catalyst supported
on alumina. Cobalt—cerium catalysts also present good activity, namely the reused catalysts
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obtained by the Electrospinning technique. They have an activity comparable to those
found in the literature, although under very different conditions. This result reinforces
the relevance of low pressure conditions as a way to enhance catalysts” activity and the
potential of cobalt-based catalysts for the methanation of CO;.

Table 2. Comparison of catalysts’ activity.

Conditions .
Catalyst (T °C, P Bar, :ﬁ;slf CH, (S‘,Zl) aCH4 (SDZI) SO Ref.
GHSV mL/g.h)
3NiO.CeO, Epoxide 300, 30, 15,000 78.7 (76.5) 99.5 (99.8) 0.5(0.2) This work
3NiO.CeO, Pechini 300, 30, 15,000 71.2 (74.9) 98.5 (99.8) 0.9 (0.2) This work
3NiO.CeO; Electrospinning 300, 30, 15,000 85.1 (90.0) 99 (98.4) 1(1.6) This work
Co0304.CeO, Epoxide 300, 30, 15,000 24.3 (31.9) 81.9 (85.9) 7.7 (14.1) This work
C0304.CeO, Pechini 300, 30, 15,000 46.0 (63.5) 86.5 (96.3) 5.6 83.7) This work
C0304.Ce0O; Electrospinning 300, 30, 15,000 46.3 (71.0) 84.5 (97.4) 5.3 (2.6) This work
S5wt-% Rh/AlO3 300, 30, 15,000 86.2 99.8 0.2 This work
Co/Cey.§Zrp.20, 320, 15, 15,000 80.4 99 1 [30]
Co/ZrO, 400, 30, 7200 84.2 99 1 [26]
Co/ZrO, 400, 30, 3600 924 99.9 0.1 [29]
Co nanorods 300, 10, 18,000 78.4 98 2 [28]
Zr-Co30y4 200, 5, 18,000 58.2 100 0 [27]

(*) The values obtained with reused catalysts are between parentheses.

A catalyst recycle study using the nickel-cerium catalyst synthetized by the Pechini
method (Figure 5) was also undertaken. The results obtained after five cycles show that
such a catalyst is stable without significant variation in activity and selectivity (loss of
~10% in yield; loss in selectivity inferior to 1%), which is important for any type of
practical application.

mmCycle 1; X CH4 mmCycle 2; X CH4 mmCycle 3; X CH4 mmCycle 4; X CH4 = Cycle 5; X CH4
—Cycle 1; S CH4 —Cycle 2; S CH4 —Cycle 3; S CH4 —Cycle 4; S CH4 —Cycle 5; S CH4

100 100
. I
80 - — . 90
1 66 X
Q 62 - 80
=~ 60 A 5
T (/2]
S 70 2
k) 2
© 40 A b
> 29 - 60 &
b (]
7]
2 ] -
0 h T T T T T T T 40
1 10 20 30
P (bar)

Figure 5. Recycle study performed over the nickel-cerium bimetallic oxide catalyst at 300 °C pre-
treatment under hydrogen: cycle 1 black; cycle 2 green; cycle 3 blue; cycle 4 orange.
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2.3. Characterization of Catalysts after Catalytic Reaction

To explain such results, we must consider the catalysts’ evolution during the reaction
and the effect of the pre-reduction treatment on their chemical composition and structure.
The literature shows that pre-treatment under hydrogen enhances catalysts’ activity for the
methanation of CO,, which is explained by the formation and densification of the metallic
active sites at the surface [35].

The analysis of nickel-cerium catalysts by powder XRD confirms that before treatment
under hydrogen, the only oxides phases detected were those of NiO and CeO,. After pre-
treatment under hydrogen and reaction under pressure (fresh or reused), only the patterns
of CeO, and Ni could be observed (Figure 6 and Figure S5, respectively). Such results
explain the weak catalytic behavior variations observed over such catalysts, regardless of
the preparation method or the pre-treatment. Indeed, the formation of the main active
species (metallic Ni) can easily occur at 300 °C (reaction temperature used in this study)
under a reductive atmosphere [36].
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- | NiCe (Pechini PR)
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5000 - & A ® CeO2
i ME“ ) A N|
- - | i
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Figure 6. Nickel-cerium bimetallic oxides prepared by different methods: XRD analysis (powder)
after tests under pressure over fresh samples.

In the case of the cobalt-based catalysts, CeO, along with metallic cobalt were the only
species detected after reaction over fresh pre-reduced samples (Figure 7a), whereas over
reused catalysts without pre-treatment under hydrogen, the oxide phases detected were
metallic Co, CoO, and CeO, (Figure 7b). The fresh cobalt catalysts were pre-reduced at
450 °C. The need for such high temperature is important since under a reductive atmo-
sphere, lower temperatures are not enough to fully reduce the cobalt oxide phase (Co304)
to Co [37], e.g., at 300 °C, explaining the presence of CoO on the reused catalysts with no
pre-treatment. Therefore, considering that the best results were those obtained over reused
samples, the synergetic co-existence/cooperation between metallic cobalt and CoO, already
reported by other authors, seems to be a key factor to improving the methanation of CO,
over cobalt-based catalysts [34].
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Figure 7. Cobalt—cerium bimetallic oxides prepared by different methods: XRD analysis (powder)
after tests under pressure over fresh and reused catalysts, (a) and (b), respectively.

Further characterization of the catalysts was accomplished by temperature-programmed
oxidation (O,-TPO) studies that allow not only the oxidation and quantification of carbon,
but also the oxidation and quantification of any fraction of metallic active species (Niand Co)
present on the catalysts after a reaction. The profiles obtained are easily distinguishable and
understandable because the oxidation of carbon corresponds to a negative peak, whereas
the peak related to the oxidation of any metallic fraction of Ni or Co is positive (Figure 8
and Figure S6).
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Figure 8. O,-TPO profiles obtained after reaction for (a) nickel-cerium and (b) cobalt-cerium bimetal-
lic oxides catalysts pre-treated under hydrogen and prepared by the Pechini method.

The O,-TPO profiles show that the amount of carbon is below the detection limit
over the nickel-based catalysts and over the 5,9, Rh/Al,O3 (<0.01 wt.%; 0.0001 g/gcat)
(Figure 8a and Figure Sé6a,c). It is an unusual result but not a surprise taking into account
that pressure prevents coke deposition [15,16]. On the other hand, over cobalt-based
catalysts, high and measurable amounts of carbon were detected (Figure 8b and Figure
56b,d), which seems to be associated to the preparation method: higher over the nanofibers
(Electrospinning) and lower over the nanoparticles (Epoxide, Pechini).

Moreover, the quantification of the results shows that the amount of metallic fraction
present on the catalysts after a reaction seems also to be associated with the preparation
method: higher over the nanofibers (Electrospinning) and lower over the nanoparticles
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(Epoxide, Pechini). The catalysts” activity follows the amount of such metallic nickel, which
is also true for both metals, except for the cobalt sample prepared by the Electrospinning
technique (fibers) (Figure 9). We have also found that the activity of the cobalt samples
seems directly proportional to the carbon content. The most striking behavior is that of
the samples prepared by the Electrospinning technique, the most active are those with the
lowest content of cobalt and the highest content of carbon.

-@-Yield CH4 - AmountCo -@AmountNi ¥ AmountC

14 1.2
12 A '1-0'?3
o
10 - &)
9 - 0.8
= 8 4 5
5 L 0.6 2
2 9] 8
> -0.4‘«;
41 o
g

5 | L 0.2

0 0.0

Epoxide Pechini Electrospinning
Preparation method

Figure 9. Correlation between catalytic activity at 10 bar/300 °C and amounts of Co, Ni and C on
samples prepared by different methods (Epoxide addition and Pechini methods and Electrospin-
ning technique).

To explain such a result, we must consider that cobalt—carbon nanostructures have
recently attracted attention due to their unique tunable properties and interesting applica-
tions, e.g., fuel cell, catalysts support, growing exponentially every year [38-43]. Among
them, cobalt carbides, e.g., Co,C and Co3C, are well known. Their preparation methods
include, among others, Electrospinning and subsequent carbonization [44].

Moreover, to confirm the extent of carbonization, H,-TPR (temperature-programmed
reduction under hydrogen) studies are normally performed; it is known that the carbide
phase shows a rapid transition to cobalt metal in a H, environment at a temperature of
~200 °C [40]. Our H,-TPR results are consistent with this information (Figure 10). Clearly,
the samples prepared by the Electrospinning technique show a first reduction peak that can
be attributed to the carbides at ~200 °C and a second reduction attributed to the reduction
of CoO at ~390 °C, in agreement with the XRD data obtained after the reaction where
the diffraction patterns of Co and CoO could be identified. The carbide phases can be
also characterized by XRD but, unfortunately, the poor crystallinity of our samples does
not allow for any conclusion. However, the formation of cobalt carbide species that are
catalytically active for the methanation of CO; seems like a strong possibility to explain the
unusual evolution of the activity with the carbon content, but further work is needed in
order to confirm this hypothesis.
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Figure 10. Comparison of H,-TPR obtained before and after reaction for cobalt—cerium bimetallic
oxides catalysts pre-treated under hydrogen obtained by the Electrospinning technique.

2.4. Kinetic Considerations

CO; methanation is a reversible and strongly exothermic reaction. It is thermo-
dynamically favorable and is also a volume-reducing reaction (CO; + 4Hp, — CHj +
2H,0, AHg98 = —164.9 k] /mol). However, the methanation of CO; is difficult to achieve
due to the kinetic barriers related to the eight-electron-reduction process and the high
temperatures typically needed (>300 °C) that also favor the undesired endothermic reverse
water—gas shift (RWGS, CO, + H; — CO 4+ HO, AHS98 = 441.3 k] /mol) reaction.

Two reaction paths have been proposed for the reduction of CO, to CHy: the first
involving the direct hydrogenation of CO, without passing through an intermediate [45,46]
and the second involving the formation of an intermediate, carbon monoxide (CO). Nowa-
days, the most agreed-upon reaction mechanism seems to indicate that the reaction goes
through the formation of CO and formates (via carbonate species) as reaction intermediates,
with the transformation of CO; into CO being the limiting step [47,48]. The number of CO,
methanation studies under pressure are still scarce and, to our knowledge, limited to a
few cobalt- and nickel-based catalysts [16,28,49-51]. High pressures and low temperatures
favor the reaction, e.g., at 30 bar and 300 °C, the influence of the RWGS is only important
at temperatures higher than 450 °C [49]. Therefore, in order to understand the effect of
pressure on our catalysts” behavior, kinetic investigations were undertaken and carried
out at atmospheric pressure and at 30 bar in the temperature range 200-350 °C, where the
methanation reaction is practically irreversible [52].

The only products detected were CHy and CO and the relation between reaction
rates and temperature could be linearized (Arrhenius equation, constant composition of
the reaction mixture), which indicates an exponential relation of the specific reaction
rate constant, k, to the reagent concentrations (Figure 11, Equation (1)). Therefore, the
kinetic equations can be described by rational power laws that correlate the reaction
rate to the concentration of both reactants, in the absence of inhibition by the products,
e.g., Equation (2).

k= Ae & )

(where, E; = energy of activation (kJ/mol), A = frequency factor, R = universal gas constant
J/(mol K), and T = absolute temperature, K).

rcH, = kP, Pco,y 2
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(where, rcy, = rate of formation of methane (mL per gram of catalyst per hour), k = specific
reaction rate constant, Pco, and Py, = partial pressure of hydrogen and carbon dioxide
(bar), x and y = order of reaction parameters for hydrogen and carbon dioxide, respectively).

A 30 bar, Ni Epoxide A 30 bar, Co Epoxide ® 30 bar, Co Pechini @ 30 bar, Ni Pechini
A1 bar, Ni Epoxide A1 bar, Co Epoxide 01 bar, Co Pechini 01 bar, Ni Pechini
030 bar, 5,5 Rh/AIL,O; 01 bar, 5, Rh/AI,Of
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9.0 -
< 80 -
(2] e
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2 /
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b4 ] \\\ /+
a3 60 A \8 /5 uRIVALO,
SO¥
5.0 1 A ®
4.0 T T T T r T . T x
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1T x 103 (K1)

Figure 11. Relationship between reaction rates to temperature linearized in coordinates of the
Arrhenius equation obtained for the catalysts prepared by the Epoxide addition and Pechini method
and for the commercial rhodium catalysts (5, Rh/Al,O3) used as reference.

Moreover, concerning methanation reactions based on adiabatic reactors, the three
most-used kinetic approach models are those based on a simple linear power law (Equation
(2)), on the Langmuir-Hinshelwood—Hougen—Watson model [50] (Equation (3)), or on the
Chiang and Hopper power-law-type equations [51] (Equations (4) and (5)). In this study, all
three were used in order to simulate the catalysts” behavior and to correlate experimental
with calculated data.

(kP 1 PCO O,5>
H,3 2
rcH, = : 3)

2
(1 + k1Pp05 + kzpcoz% + kzPCO 2 + k3PHzO>

2

TCH, = (kPH24 o, ) 4)
(1 + ki Ppys + kchoz)
ron, = (iPeo) ©)

(1 + klsz + kzPCOZ)S

The results obtained show clearly that the Langmuir—Hinshelwood—Hougen—Watson
model (Equation (3)) and a simple power law with an H, order of reaction of 4 (Equation (2),
x =4andy =1, rcy, = kPy,sPcp,1) can be noted as a hypothesis for all catalysts.
However, the experimental data obtained under pressure for the nickel- and cobalt—cerium
catalysts also shows also a good correlation with a Chiang and Hopper-type kinetic equation
(Figure 12), as shown in Equations (4) and (5). For nickel catalysts, this agrees with the
results published thus far, and for cobalt catalysts, this is being reported for the first time.
In the case of the cobalt-based catalysts, a good correlation could be also obtained using
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Equation (2) with an order of 0.25 for H, and 1 for CO,, rcpy, = kPH20.25 Pco,1s but the best
fit was obtained using Equation (4), at least until pressures of 20 bar. Therefore, the specific
reaction rates for the consumption of Hy and CO, increase with the pressure, linearly
in the case of the cobalt-based catalysts and following a more complex power law for
nickel-cerium and rhodium catalysts.

12,000

10,000 - @@@,@—G—G}G—eg
! f %<
8,000 A /® X

< )
S , /A
€ 6,000 X
] /
g

4,000 X ’ﬁ
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2,000 gﬁgﬂ’ X
>K>K
0 XK
15 20 25 30 35
P (bar)

Figure 12. Correlation between experimental reaction rates obtained at 300 °C and 30 bar over nickel-
and cobalt—cerium bimetallic oxides prepared by the Pechini method (filled black circle and filled
black triangle, respectively) and simulated data (Langmuir—Hinshelwood—Hougen—Watson model power
law: red circle, Equation (3); Chiang and Hopper power laws: red triangle, Equation (4) and orange
cross, Equation (5); linear power laws, blue asterisk, Equation (2) x =4, y = 1 and green triangle,
Equation (2), x = 0.25, y = 1). Filled black lozenges correspond to the experimental data obtained over
the reference catalyst (5.2, Rh/Al,O3).

Finally, under the premise of reactant concentration excess, which is definitely the case
of the reactions under pressure, Py,x Pco,v can be regarded as a constant (C) and Equation
(2) can be rewritten as: rcpy, = kC or if substitute into Equation (1), Inrcy, = In(AC) — %

Therefore, the E, values can be calculated from the (Inrcp, ) vs. % plot (Figure 11 and

Figure 57) and the results obtained were compiled in Table S1. The plots are parallel
lines and either at atmospheric pressure or at 30 bar the variations of E, are insignificant:
33.2 + 2.2 kJ.mol ! vs. 34.3 & 4.2 k].mol !, respectively. Therefore, the reaction mechanism
does not change with pressure and is not affected by the preparation method, except
perhaps for the cobalt—cerium catalyst obtained by Pechini method. Moreover, the values
of the specific reaction rate constants for the formation of methane (kc,, at 300 °C) were
calculated to be 5682 + 1410 mL/g.h and 7229 + 1697 mL/g.h at atmospheric pressure
and 30 bar, respectively. Considering the error, these values are very similar regardless
of the pressure imposed on the system. That is to say that the pressure effect cannot
be regarded as a pure kinetic effect that in general follows the Langmuir—Hinshelwood—
Hougen—Watson model and the contribution of Le Chatelier’s principle (thermodynamics)
also seems important. This agrees with the conclusions of other authors that have shown
that higher pressures and low temperatures favor the methanation reaction accordingly to
such principles [49].
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3. Materials and Methods
3.1. Synthesis and Characterization

Nickel-cerium and cobalt—cerium bimetallic oxides were prepared by three differ-
ent approaches and obtained as either nanoparticles or nanofibers and characterized as
described by our group elsewhere [31]. For the Epoxide addition method, 4.5 mmol of
NiCl,.6H,0 or CoCl,.6H,O (Alfa Aesar; purity > 99.9%) and 1.5 mmol of CeCl;.7H,0O
(Aldrich; purity > 99.9%) were dissolved in 6.3 mL of absolute ethanol in a flask. Subse-
quently, 3.8 mL of propylene oxide was added to the solution and the mixture was stirred for
5 min. The gel obtained was sealed in the preparation vessel and aged in absolute ethanol
for 48 h at 50 °C, then dried by the organic solvent sublimation drying method (OSSD)
using successive replacement solutions of 50%, 80%, and 100% of acetonitrile/ethanol (v/v),
each one over 24 h at the same temperature of the aging stage. The aerogels were calcined at
500 °C under a heating rate of 1° C/min for 2 h. The product was ground and the grain size
reduced to 200 mesh (75 um). Using the Pechini method, 3.75 mmol of Ni(NO3),.6H,O or
Co(NO3)2.6H,0 and 1.25 mmol of Ce(NO3)3.6H,O (Aldrich; purity > 99.9%) were mixed
with 1.9 g of citric acid and 0.56 mL of ethylene glycol in 6.5 mL of deionized water (molar
ratio, TMM: citric acid: ethylene glycol = 1:2:2; TMM is the total number of moles of metal
nitrates in solution). The mixture was stirred until it formed a homogenous solution and
then heated at 80-90 °C while stirring until the solution became a porous, wet gel. After
that, the gel formed was dried for 5 h at 220 °C and then calcined at 500 °C for 2 h at a
heating rate of a 1 °C/min. The final product was ground and sifted with a mesh of 75 um.
For catalysts prepared by Electrospinning technique, the metal salts, Ni(NOs3),.6H,O or
Co(NO3),.6H0 and Ce(NOs3)3.6H,O (Aldrich, purity > 99.9%),) were dissolved in an
appropriate stoichiometry (molar ratio of Ni or Co:Ce = 3) on the solution of 42 wt.% of
polyvinylpyrrolidone (PVP) in absolute ethanol. For the Electrospinning experiments, the
solution was collected in a syringe with a ~0.9 mm interior diameter stainless steel flat-tip
needle, which was pumped continuously using a syringe pump (KW scientific) at a rate
of 1 mL.h~!, with an electric field of 15 kV applied between the syringe tip needle and a
grounded aluminum plate placed 10 cm from the needle tip and used as a collector. The
electrospun materials were subsequently calcined at 500 °C for 2h in air atmosphere at
1°C.min~ 1.

In this study, the samples were characterized after a reaction by XRD (X-ray powder
diffraction), O;-TPO (temperature-programmed oxidation), and H,-TPR (temperature-
programmed reduction). The diffraction patterns were obtained on a Bruker D2 PHASER
diffractometer (Cu, ka monochromatic radiation, A = 1.5406 A, operational settings: voltage
=30 kV; current = 10 mA; 26 scan range 20-80° using a step size of 0.03° and a time per step
of 2 s), aiming to analyze the pressure effect on their crystalline structure (compared with
standard JCPDS powder diffraction files [53]) and particle size (using the Scherrer equa-
tion). The O,-TPO experiments were conducted in a commercial Micromeritics ChemiSorb
2720 unit equipped with the optional ChemiSoft TPx system using 10-20 mg of each used
catalyst, a specific Micromeritics U-type quartz reactor, and a gaseous mixture of 10% O in
helium (flow rate of 20 mL.min~!) at a heating rate of 10 °C/min from room temperature to
1050 °C. Moreover, considering the reactions that may occur, a qualitative and quantitative
analysis of each O,-TPO profile was performed. The qualitative analysis was performed
by understanding the different oxidation steps. The quantitative analysis was performed
through the total and partial O, consumption associated with each peak to quantify the oxi-
dation of the metallic active phase (Ni, Co) and the amount of carbon present at the catalysts’
surfaces after reaction. The O, uptakes were evaluated by integration of the experimental
O,-TPO curves, based on calibration measurements with Ni and Co generated in situ
by the total reduction of commercial NiO and CuO powders (Aldrich, 99.99995% purity)
(e.g., Ni+1/20, — NiO; O, — uptake (mol) = 3.52 x 105 x Peak area). The H,-TPR
experiments were conducted in the same commercial Micromeritics ChemiSorb 2720 unit
equipped with the optional ChemiSoft TPx system, also using 10—20 mg of each catalyst, a
specific Micromeritics U-type quartz reactor, and a gaseous mixture of 10% H; in argon
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(flow rate of 20 mL.min"!) at a heating rate of 10 °C.min~! from room temperature to
1050 °C. A qualitative and quantitative analysis of each H,-TPR profile was also performed.
The qualitative analysis was performed by understanding the different reduction steps
and identifying and linking the maximum reduction temperature rates (T) of the differ-
ent peaks to them. The quantitative analysis was performed by calculating the total and
partial H, consumption associated with each step. The H, uptakes were evaluated by
integration of the experimental H,-TPR curves, based on calibration measurements with
NiO powder (Aldrich, 99.99995% purity) (NiO + H, — Ni+ H,0, Hy — uptakes (mol) =
4.913 x 107¢ x Peak area).

3.2. Catalytic Studies

The CO, methanation studies were carried out in a stainless-steel (316 s) plug-flow-
type reactor (quartz wool bed) at 300 °C and under pressures of 1, 10, 20, and 30 bar; reactor
length 20 cm, reactor internal volume 15 cm. The catalysts’ grain size was controlled using
a 200 mesh sieve (0.074 mm). The amount of catalyst (m = 10-20 mg; max. 2 mm bed
thickness, not diluted) was selected in such a way that rate limitation by external mass and
heat transport processes under differential conditions were negligible by applying suitable
experimental criteria, such as those defined by Mears (-roRn/kC << 0.15) [54], Froment
and Bischoff (APCH, << 1x10~% atm; (DT) max << 1 K) [55], or Weiz and Prater (R?r/CsDe
<< 0.3) [54]. A gaseous mixture of CO,/Hj (1:4 mol/mol) was used, and the reaction was
studied with an adequate Gas Hourly Space Velocity (GHSV: 15,000 mL of CO; per g of
catalyst and per h). Mass flow controllers (Bronkhorst) were used to control CO,, Hy and
He flows, whereas pressure was controlled by a Bronkhorst EL-PRESS controller. Blank
tests were also performed either at atmospheric pressure or under pressure (1-30 bar)
and the only product observed was CO for a maximum CO; conversion of 1% at 500 °C/
30 bar pressure.

The reactor outlet gas composition was analyzed online by gas chromatography using
a Shimadzu 9A equipped with two detectors: a thermal conductivity detector (TCD) for
the detection of all gaseous reagents and products, and a flame ionization detector (FID) for
the detection of all condensable organic products, the first using a Restek ShinCarbon ST
column (L=2.0m,1/8in., ID = 1mm, 100/200 mesh) and the second a Supelco 10% SP-2100
column (L =1.8 m, 1/8 in., ID = Imm, 100/200 mesh). The GC system is equipped with
two pneumatic six-port gas-sampling valves (0.250 mL loops) for online TCD and FID
analysis. Before TCD analysis, the outlet gas was cooled in an ice-water trap in order to
avoid any column contamination, namely by water. Unless stated otherwise, all pure gases
and mixtures were purchased from Air Liquide and supplied with an ALPHAGAZ 2 purity.
The values reported in this paper represent the steady state activities after 1 h on stream at
each pressure.

The catalysts’ activity was defined as the volume of CH, converted per g of catalyst
per hour (mLcpa g’1 h~1). The conversion of CO, and selectivity to CHy and CO were
calculated as follows: Conv. CO, (%) = ([CH4], + [COJo)/([CO], + [CHy4lo + [CO»];) x 100;
Sel. CHy (%) = [CH4lo /([COlo + [CHylo) % 100; Sel.CO (%) = [COl,/([CO], + [CH4lo) <100,
where [COs]; is the inlet flow rate of CO, and [CO,],, and [CHy4], and [CO], are the outlet
flow rates of CO,, CHy and CO. The calibration of the detectors was performed using
external reference mixtures containing all reagents (H, and CO,) and all expected products
(CHy4, CO, C,H,, CoHy, CoHg, and C3Hg). The confidence level was better than 95%.

The experimental procedure comprises the following steps: (i) pressure raise until
30 bar at indoor temperature (20 °C) using the reactional gaseous mixture; (ii) temperature
increase until 300 °C; (iii) at that temperature, measure the catalytic activity at steady
state (1 h reaction) at 30 bar and for each of the other pressures studied (20, 10, and 1 bar,
atmospheric pressure) after controlled reactor depressurization and 1 h at steady state. All
catalysts were tested after a pre-reduction treatment under hydrogen (10% H, in He) at
450 °C (30 min) using a 10 °C heating rate.
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For comparison purposes, a commercial rhodium catalyst supported on alumina
(Aldrich, 5wt.o,) was tested in the same experimental conditions. In all cases, the only prod-
ucts observed were methane, carbon monoxide, and minor quantities of C, hydrocarbons
(selectivity < 1%).

4. Conclusions

Nickel- and cobalt—cerium bimetallic oxides were very active and selective for the
methanation of CO, and their activity and selectivity towards methane increases sig-
nificantly under pressure. This effect is relevant for the nickel-based catalysts but very
important in the case of the cobalt-based catalysts where the yield to methane increases from
almost zero at atmospheric pressure to 50—60% at 30 bar, whereas the selectivity increases
from 40—60 to 60—80%. Their performance also depends on the preparation method and
the best results were those obtained over the catalysts prepared by the Electrospinning tech-
nique (fibers). Nickel- and cobalt—cerium bimetallic oxides are also remarkably competitive
when compared to a rhodium catalyst used as a reference (5wt.9, Rh/Al,O3) and tested
in the same conditions. The behavior of these catalysts can be mainly attributed to the
formation of metallic Ni and Co phases. However, in the case of cobalt, the best results were
those obtained over reused catalysts were Co and CoO synergistically coexist and to whom
such good behavior was credited. We have also shown that the effect of pressure cannot be
regarded as a pure kinetic effect that follows the Langmuir—Hinshelwood—Hougen—Watson
model; the contribution of Le Chatelier’s principle is also important in order to explain
the catalysts” behavior. Moreover, in the case of the cobalt—cerium bimetallic oxides, the
formation of cobalt carbides may also play an important role on its catalytic behavior. Nev-
ertheless, further work is needed in order to fully understand the cobalt-based catalysts’
catalytic behavior, namely the synergetic effect between cobalt oxide and cobalt metallic
phases and the importance of the formation of cobalt carbides.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/catal12010044/s1, Table S1: Kinetic data: activation energy
(Eacpa) and methane rate of formation (kcpa) at 300 °C under atmospheric pressure and 30 bar,
Figure S1: Methanation of CO, over reused nickel-cerium bimetallic oxides at 300 °C with pre-
treatment under hydrogen: effect of preparation method and pressure on CHy yield, Figure S2:
Methanation of CO; over reused cobalt—cerium bimetallic oxides at 300 °C with pre-treatment under
hydrogen: effect of preparation method and pressure on CHy yield, Figure S3: Methanation of CO,
over reused nickel-cerium bimetallic oxides at 300 °C with pre-treatment under hydrogen: effect of
preparation method and pressure on CHy selectivity, Figure S4: Methanation of CO, over reused
cobalt-cerium bimetallic oxides at 300 °C with pre-treatment under hydrogen: effect of preparation
method and pressure on CHy selectivity, Figure S5: Nickel-cerium bimetallic oxides prepared by the
different methods: XRD analysis (powder) after tests under pressure over reused samples, Figure S6:
O,-TPO obtained after reaction for nickel- and cobalt—cerium bimetallic oxide catalysts pre-treated
under hydrogen and obtained by the Epoxide method (a,b) and Electrospinning technique (c,d).
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