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Highlights

e Increasing loading of Ni and Ru increases the surface basicity and forms new CO;

adsorption sites.

e High calcination temperature leads to an increase of RuO; particle size and formation
of inert Ni species.

e Ni/Al,O; catalysts present high metal-support interaction, so that only a relative
amount of metal is active for CO; methanation.

e Ru/Al,O; catalysts are more efficient than Ni/Al,Os in hydrogen dissociation; TOF of
the former is about ten times than TOF of Ni catalysts.

e Optimal behavior was found for 12% Ni and 4% Ru, which provide metal surfaces of

5.1and 0.6 m?g?, respectively.

Abstract

The hydrogenation of CO; into CH,4 from H, produced by renewable energy is considered an
interesting alternative in order to promote the development of such green energies. In the
present work, the effect of Ni and Ru loadings on the catalytic performance of alumina-
supported catalysts is studied for CO, methanation reaction. All catalysts were prepared by
wetness incipient impregnation, characterized by several techniques (N,-physisorption, CO»-
TPD, XRD, H,-chemisorption, XPS and H,-TPR) and evaluated for CO, methanation in a fixed bed
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reactor at GHSV = 10,000 h! and W/FC%Z = 4.7 (g cat.) h mol™. Characterization results showed

that addition of increasing loadings of Ni and Ru lead to the formation of both CO, adsorption
and H, dissociation active sites, which are necessary to carry out CO; hydrogenation into
methane. Easily reducible ruthenium was dispersed on y-Al,Os in form of large agglomerates,
whereas Ni was better dispersed presenting a great interaction with the support. 12% Ni and 4%
Ru resulted to be the optimal contents providing metal surfaces of 5.1 and 0.6 m? g%, Tso values
of 340 and 310 °C and activity being quite stable for 24h-on-stream. In terms of turnover
frequency (TOF), 4%Ru/Al,O3 catalyst was quite more efficient than 12%Ni/Al,0s, probably due
to a greater ability of ruthenium to dissociate hydrogen. The apparent activation energies for
alumina supported Ni and Ru were 129 and 84 kJ mol?, respectively.

Keywords: CO, methanation, metal loading, ruthenium, nickel, particle size

Nomenclature

dp Catalyst particle diameter, mm

dpore Mean pore diameter, nm

Eap Apparent activation energy, kJ mol*

Fi Molar flow of component i, mol h!
GSVH Gas hour space velocity, h*

—rc%z Initial reaction rate, mol CO, h* (g cat.)™
R Ideal gas constant, kJ mol™ K*

Seer Specific surface, m? g*

Sve Metal surface, m? g

T Temperature, K

Tso Temperature for 50% CO, conversion, °C
TOF Turnover frecuency, s

Vineso Mesopore volume, cm? g

w Catalyst weight, g

W/FC(:)2 Space-time, (g cat.) h mol?

co, Carbon dioxide conversion, %

Methane yield, %

CH,

Yeo Carbon monoxide yield, %



1. Introduction

Progressive reduction of carbon dioxide emissions, considered as a route to decrease the impact
of greenhouse gases (GHG) on climate, is one of the major environmental challenges of today’s
society. The replacement of fossil energy by renewable energy sources is the best option to
tackle that challenge. The main downside is that renewable energy such as wind and solar is
fluctuating, i.e., in many cases, the power from electric generators does not match the energy
demand. Besides, renewable energy power installed worldwide is far from enough to meet the
global energy demand. Thus, the development and incorporation of alternative transition

technologies into the current energy system is necessary [1].

In order to control CO, emissions and stabilize CO, atmospheric concentration, transition
changes are needed in the current energy system. Nowadays, there are two main strategies: (i)
CO; capture and storage (CCS) and (ii) CO, recycling. Although CCS technology is viable in
reducing CO, emissions, it has some disadvantages such as the necessity of a site for CO;
sequestration close to CO; source or the costly transportation of captured CO, to the storage
site, which reduces the efficiency of the process [2]. Nevertheless, CO; recycling is considered a
complementary and interesting alternative to CCS. Through this process, CO,, the major
atmospheric pollutant, can be converted into chemical compounds (mainly urea, salicyclic acid
and polycarbonates) or fuels [2—4]. Considering that the amount of carbon emitted from fossil
fuels combustion is 100 times higher than that used for synthesis of chemicals, it seems more
reasonable to convert CO; into different energy vectors such as methane, methanol and

dimethylether [4-7].

Among the different conversion alternatives, CO, methanation is thermodynamically the most
favorable reaction. Carbon dioxide, captured from combustion or other processes, can be
combined with H; generated from renewable energy and catalytically converted into methane

or synthetic natural gas (SNG) according to the Sabatier reaction:
CO,+ 4H,[] CH,+2H,0 AH =-165 k] mol™ (1)

In that way, not only anthropogenic CO; emissions are reduced, but also surplus renewable

energy is stored in form of SNG that could be easily transported by the current gas grid.

Generally, catalysts used in CO, methanation consists of group VIII transition metals (active
phase) supported over mesoporous solids. y-Alumina has proven to be an effective support to
carry out CO, methanation [8, 9]. This support provides high specific surface area (100-250 m?
g1), contains surface basicity (hydroxyl groups) for CO, activation and over which the active

phase can be dispersed. Among group VIII metals, Ni and Ru have been the most used [10].



These metals, in their reduced state, are able to effectively dissociate the hydrogen that reacts
with CO, adsorbed on the support. Ni-based catalysts have been extensively investigated
because of their high activity and low price [11-15], whereas Ru-based catalysts due to their
excellent activity and selectivity at low temperature [16—20]. Therefore, a catalytic component
is required to activate CO, for a further reduction, as the aluminum oxide (Al,O3), and also a
metal component (here Ni or Ru) that is able to dissociate H,. Providing that both functionalities
are present, activity, selectivity and deactivation of the catalyst seem to be significantly
dependent on the metal particle size [14, 16]. It seems that Ni-based catalysts require high metal
loadings and are easily deactivated by sintering or coke deposition, in a more extension than Ru
based catalysts, which in turn are much more expensive. In some cases, a third promoter
component is used to improve metal dispersion and CO; adsorption [18, 19, 21, 22] or to avoid

fast deactivation by sintering and fouling [12, 23].

In recent literature, there are many works that report separately the catalytic performance of
Ni-based and Ru-based formulations at different operation conditions, which makes a direct
comparison between the activity of both metals difficult. Previously, Garbarino et al. [8] studied
and compared the activation, catalytic performance and stability of commercial 3%Ru/Al,0; and
20%Ni/Al,0s catalysts, observing that the performance of the former was better than that of the
latter. For this study, we have prepared both series of Al,0s-supported Ni and Ru catalysts with
loadings that assure metal particle sizes to be effective to dissociate H, and activate CO;
reduction. The aim is to compare the activity of supported Ni and Ru and to study the effect of

metal loading.

2. Experimental
2.1 Catalysts preparation

In order to synthesize alumina-supported catalysts with different Ni and Ru contents, a simple,
fast and well-known preparation method such as wetness incipient impregnation was used. This
method consisted of adding the previously dissolved Ni or Ru precursor on a commercial y-A>03
(Saint-Gobain NorPro 6173) driving the solute into the pores by capillary forces. The employed
metal precursors were Ni(NOs),-6H,0 (Sigma Aldrich, 99.99%) and Ru(NO)(NOs)s in diluted nitric
acid (Sigma Aldrich, Ru = 1.5% w/v).

In total, 5 Ni-based catalysts were prepared varying the Ni nominal content from 4 to 20 wt.%.
Firstly, a volume of Ni(NOs),-6H,0 aqueous solution 1.2 times larger than catalysts pore volume

was impregnated dropwise over Al,03 (Ve = 0.6 cm? g?). Secondly, the impregnated samples



were dried during 6 h at 60 °C and further 6 h at 120 °C. Finally, the catalysts were calcined at
500 °C for 4 h with a heating rate of 5 °C min™.

Regarding Ru-based catalysts, 5 additional samples were synthesized by successive
impregnations, varying Ru loading from 1 to 5 wt.%. Due to Ru precursor solubility limitations, a
maximum 1% of Ru was incorporated in each impregnation. In line with Ni based catalysts,
Ru(NO)(NOs)s solution volume 1.2 times greater than Ve was impregnated, after adjusting the
pH of the solution to 1 by acid nitric addition. After each impregnation, samples were dried
during 6 h at 60 °C followed by extra 6 h at 120 °C and calcined at 400 °C during 4 h with a heating
rate of 1 °C min™. These calcination temperatures for Ni and Ru catalysts were previously
optimized by thermodiffractometric studies varying the temperature from room temperature

to 1000 °C, as the minimum temperature for decomposing each precursor.
2.2. Characterization techniques

N, adsorption-desorption. Textural properties of the samples were determined from N,
adsorption-desorption isotherms measured at -196 °C using a Micromeritics TRISTAR 1l 3020
instrument. Pore volumes were calculated by t-plot method while pore size distribution of
mesoporous solids was determined using BJH method. The samples were previously degassed

overnight under N; flow.

CO, Temperature Programmed Desorption (CO,-TPD). Surface basicity and basic sites
distribution were analyzed by TPD-MS studies. Micromeritics AutoChem 2920 instrument was
used coupled to a MKS Cirrus mass spectrometer. First of all, Ni/Al,0; and Ru/Al,0s catalysts
were reduced under 5%H,/Ar flow for 60 min at 500 °C and 30 min at 300 °C, respectively. Then,
CO, adsorption step was performed at 50 °C by feeding 50 cm? STP/min of 5%CO,/He flow until
saturation. Thereafter, the samples were flushed out with helium for 60 min to remove weakly
adsorbed CO, from the surface. Finally, desorption was carried out from 50 to 850 °C with a
heating rate of 10 °C min. The CO, desorption was continuously monitored with a mass

spectrometer.

X-Ray Diffraction (XRD). Crystalline phases of alumina supported Ni and Ru catalysts were
identified by XRD on a PANalytical Xpert PRO diffractometer with Cu ka radiation (A = 1.5418 A)
and Ni filter. The operating conditions were 40 kV and 40 mA and diffractograms were recorded
from 5 to 70° 26 with 0.02° per second sampling interval. PANalytical X'pert HighScore specific
software was used for data treatment and JCPDS database was used to interpret the
diffractograms. On the other hand, the thermodifractometric studies were carried out in a

Bruker D8 Advance diffractometer operating at 30 kV and 20 mA, equipped with a Cu tube (A =



1.5418 A), a Vantec-1 PSD detector, and an Anton Parr HTK2000 high-temperature furnace. The
powder patterns were recorded in 20 steps of 0.033° in the 15 <20 < 70 range, counting for 2 s
per step (total time for each temperature was 1 h). Data sets were recorded from 30 to 1010 °C

every 20 °C with 5 °C min™ heating rate.

Hydrogen chemisorption. The dispersion of active sites was measured by H, chemisorption
employing a Micromeritics ASAP 2020 apparatus. Prior to the experiments, Ni/Al,Osz and
Ru/A,0Os catalysts were reduced with pure H, for 2 h at 500 °C and 350 °C, respectively. After
that, the samples were degasified at the same temperature for 90 min. For both formulations,
the adsorption isotherms were recorded at 35 °C varying the pressure between 50 and 450

mmHg. Adsorption stoichiometries of Ni/H = 1 and Ru/H = 1 were assumed.

Hydrogen Temperature Programmed Reduction (H»-TPR). The reducibility of Ni/Al,O; and
Ru/AlLOs3 catalysts was studied by H,-TPR tests. The experiments were performed on a
Micromeritics AutoChem 2920 instrument. In the case of Ni/Al,Os, these were firstly pre-treated
at 350 °C for 30 min under Ar flow in order to remove adsorbed H,0 and CO,. The reducing gas
flow was 50 cm? STP/min of 5%H,/Ar and the temperature was increased from 30 to 900 °C with
a heating rate of 10 °C min’. The water formed during reduction was trapped using a cold trap

and the hydrogen consumption was continuously monitored with a TCD detector.

X-Ray Photoelectron Spectroscopy. The catalysts were characterised before and after the
catalytic tests. X-ray photoelectron spectroscopy (XPS) analysis was performed by using a K-
Alpha spectrophotometer (Thermo-Scientific) with a high-resolution monochromator. The
binding energy was adjusted using the C 1s transition, appearing at 284.6 eV. Binding energy
values measured are accurate to £0.2 eV. Oxidation states of Ni and Ru, as well as, surface atomic

composition were determined by means of this technique.
2.3. CO; methanation experiments

CO; methanation reactions were performed in a downflow fixed bed reactor (Di» = 9 mm) and
the product distribution was analyzed with a gas chromatograph (Agilent 490 micro GC). Ni and
Ru based catalysts were first reduced for 1 h under 20%H,/He flow (300 cm?® STP/min) at 500 °C
and 300 °C, respectively. After cooling down to 200 °C in inert gas, the reaction mixture was fed
to the reactor with a 5:1:1.5 H,:CO;:He molar ratio. The catalytic performance of the prepared
catalysts was studied between 200 and 500 °C, in steps of 25 °C, with a heating rate of 5 °C min!
between each step. The He, H;, CO,;, CHs and CO concentrations at the reactor exit were

monitored once steady state was reached.



Activity tests were carried out at atmospheric pressure with 0.5 g of catalyst (d, = 0.3-0.5 mm).
The catalyst particles were diluted to 50% with quartz particles in order to improve heat transfer.

In these conditions, GHSV and W/FC((’jz were 10,000 h? and 4.67 (g cat.) h mol? respectively.
Additionally, the effect of space time ( W/FC‘(’jz =0) on CO; conversion was studied varying space

velocity from 10,000 h'! to 40,000 h! at different reaction temperatures.

CO;, conversion ( Xco, ), CHa yield (YCH4 ) and COvyield (Y,,) were calculated as:

in out
Xgo, =2 x100 (2)
co,
out
Yoy, =—-x100 (3)
co,
out
Yo, =—2-x100 (4)

o,

Activity of catalysts is also compared by Tso, which represents the temperature at which the

catalyst achieves CO; conversion of 50% ( X, =50%).

3. Results
3.1. Characterization
3.1.1. Surface properties

Figure S1 shows the N, physisorption isotherms as well as the pore size distribution of alumina
support used for the prepared catalysts. As it can be noticed, the shape of the isotherms is
characteristic of mesoporous solid: a great quantity of N, is adsorbed at intermediate relative
pressures by multilayer filling with a hysteresis loop at relative pressures higher than 0.65 (type
IV isotherm and H2 hysteresis loop according to IUPAC). Specific surface area, mesopore volume
and average pore size values for fresh y-Al,03, compiled in Table 1, present values of 214 m? g%,
0.563 cm® gt and 10.1 nm, respectively, which are high enough to perform the impregnation of

large metal loading, allowing the present study concerning the effect of active phase loading.
FIGURE S1

Textural properties of alumina-supported Ni and Ru catalysts are also summarized in Table 1. As
it can be noticed, the raise of Ni content from 4 to 20% leads to a gradual decrease of specific

surface area and mesopore volume from 214 m?g*to 131 m? gtand from 0.563 cm® g t0 0.326



cm® g, respectively. These changes in textural properties are attributed to partial
blockage/filling of alumina mesopores with NiO aggregates and/or to partial collapse of the
mesoporous structure [11, 14, 24]. On the other hand, similar trends are observed when varying

Ru loading.
TABLE 1

Additionally, the effect of Ni and Ru incorporation on the surface basicity was studied by means
of CO,-TPD. Figure 1 shows the CO,-TPD profiles for y-Al,O3 and for the catalysts with the highest
contents of Ru and Ni, i.e., 5%Ru/Al,0; and 20%Ni/Al,Os. As it can be observed, the prepared
samples contain different CO, adsorption sites with different strength. According to desorption
temperature or chemical bond strength, basic sites can be classified into weak (T < 150 °C),
medium (T = 150-350 °C) and strong (T > 350 °C) [14, 25]. On the one hand, it can be observed
that bare alumina presents a single desorption peak at 105 °C, attributed to CO, desorption from
weak Bronsted OH™ groups [26]. On the other hand, the new CO; desorption peaks observed for
20%Ni/Al,03 and 5%Ru/Al,O; catalysts indicate that Ni and Ru addition leads to the formation
of new basic sites with different strength. 20%Ni/Al,O; presents a new CO, desorption peak at
275 °C, associated with decomposition of bidentate carbonate from medium-strength basic sites
[15], whereas 5%Ru/Al,03 catalyst shows a CO, desorption peak at 425 °C, attributed to
decomposition of monodentate carbonate from strong basic sites [27]. The CO, surface density
guantification obtained from integration of MS 44 signal is also shown in Table 1. While the CO;
surface density of bare alumina is 0.32 umol m?, the addition of increasing contents of Ni and
Ru rises this value up to 0.5 and 0.42 umol m, respectively. Therefore, it can be concluded that
Ni and Ru impregnation not only results in the formation of new type of basic sites, but also in

an increase of surface basicity.

This increase of surface basicity with addition of both Ni and Ru could also theoretically be
explained in terms of electronegativity. The electronegativity values of the elements that
participate in CO; adsorption are 1.6, 1.9, 2.3 and 3.5 for Al, Ni, Ru and O, respectively. These
values indicate that surface 0% and OH groups linked to Al must contain higher negative charge
density (lower basicity) than those attached to Ni and Ru. Thus, differences in electronegativity
show that the involved 3 metals transfer negative charge density to surface 0% following the
sequence: Al > Ni > Ru. Therefore, considering that CO, is an acid gas with a high negative charge
density, the sites with the highest CO, adsorption capacity (and the lowest negative charge
density) correspond to O* (and OH" if applicable) linked to Ru, followed by those linked to Niand

finally those bound to Al.



FIGURE 1
3.1.2. Crystallinity and metallic dispersion

Crystalline phases of reduced catalysts were identified by X-ray diffraction. XRD patterns of
alumina supported catalysts with increasing Ni and Ru contents are shown in Figures 2a and 2b,

respectively.
FIGURE 2

In all cases, XRD peaks can be observed at 37.7, 45.8 and 66.8° 20, corresponding to gamma-
alumina (311), (400) and (440) diffraction planes, respectively (PDF 01-079-1558). These broad
peaks together with an elevated XRD signal background point out that this y-Al,Os is rather an
amorphous than a crystalline solid, which makes the identification of crystalline nano-particles
more difficult due to peaks overlapping. In fact, for Ni/Al,05 catalysts, the presence of crystalline
Ni phases was only detected for catalysts with Ni contents higher than 8%. NiO was identified
for calcined catalysts [9] (Figure S2) and the appearance of XRD peaks at 44.3,51.7 and 76.1° 26
revealed the formation of elemental Ni in reduced catalysts [12]. However, the presence of
NiAl,O,4 (peaks located at 37.0, 45.0 and 65.5° 26) could not be identified, since it contains the

same spatial group with a similar cell parameter of Al,O; (PDF 00-010-0339).

Both crystallite sizes and Ni dispersion are summarized in Table 2. The XRD patterns of catalysts
with Ni content lower than 12% showed similar diffraction pattern to original Al,Os (not shown),
probably due to a high dispersion of Ni species (crystallite sizes lower than 5 nm). Therefore, Ni
crystallite sizes could be only estimated by Scherrer equation for 12, 16 and 20% Ni loaded
catalysts. In all cases, Ni crystallite sizes lower than the average pore size of Al;0; (10.1 nm, see
Table 1) were observed, which suggests that Ni could be located inside the pores of the catalytic
support. It can be observed that dispersion values obtained by H,-chemisorption match with the
trend observed by XRD: the Ni crystallite size estimated by XRD grows from <5 to 7.3 nm,
whereas dispersion is reduced from 38 to 11% with the increase of Ni loading. As will be seen
later not all nickel can be reduced or is activated after reduction pretreatment for 1 h at 500 °C

and therefore, we refer to the dispersion of nickel reducible at those conditions.

In the case of Ru/Al,O; catalysts, diffraction peaks at 28.0, 35.1 and 54.2° 26 were observed in
calcined catalysts, characteristic of tetragonal RuO, [18, 19] (Figure S2). After reduction
pretreatment at 300 °C, new XRD peaks were detected at 38.4, 42.2 and 44.0° 26 confirming the
presence of ruthenium in reduced state (PDF 00-006-0663). As it can be clearly observed, the
intensity of the peaks grows with the increase of ruthenium content from 1 to 5%. The markedly

more intense XRD peaks of hexagonal Ru compared to those of cubic Ni are due to higher



crystallinity and crystallite sizes, which have also been estimated by Scherrer equation and
values are also summarized in Table 2. Note that Ru crystallite size increases from 7.4 to 12.1
nm, suggesting a small decrease in active phase dispersion. This trend is in line with H;
chemisorption results: Ru dispersion slightly decreases from 5.5 to 3.9% as metallic content
increases from 1 to 5%. Then, the lowest dispersion of 5%Ru/Al,03 catalyst may be associated

with the presence of larger Ru particles formed by agglomeration of several Ru nano-crystals.
TABLE 2

In order to determine the effect of temperature on the crystallinity of Ni/Al,O3 and Ru/Al,O3
samples, additional thermodiffractometric studies were done. Figure 3a shows a waterfall of
XRD patterns of 12%Ni/Al,0; catalyst measured between 30 and 1010 °C. The variations in
intensity and position of the diffraction peaks with temperature are related to changes in the
sample crystallinity or to the formation/disappearance of crystalline nickel phases. In fact, the
unique peaks that remain unchanged in the whole temperature range are those assigned to
inevitable diffraction of the platinum sample holder, at 39.7, 46.2 and 67.4° 26. Note that the
color of the sample changed with temperature following this sequence: from gray to greenish-
gray, from greenish-gray to greenish-blue and from greenish-blue to blue. In the 30 - 310 °C
temperature range, only the characteristic XRD peaks of Al,O; were detected, suggesting that
higher temperature is needed for the formation of Ni crystalline phases. However, from 310 to
610 °C the development of a broad band can be observed at 62.9° 26, which is tentatively
attributed to highly dispersed greenish-gray NiO. Finally, above 610 °C NiO characteristic peaks
disappearance is detected, followed by the formation of more intense peak at 59.7° 26, assigned
to blue NiAl,04[27, 28], being more crystalline than highly dispersed NiO. Note that above 710
°C, the peak at 37° 26 gains in intensity, as a result of NiAl,O4 spinel formation contribution.
Therefore, it seems that the formation of spinel takes place at temperatures above 600 °C and
considering that Ni/Al,O3; samples were calcined at 500 °C, the presence of considerable amount

of NiAl,O,4 in the prepared catalysts seems unlikely.
FIGURE 3

On the other hand, the XRD patterns waterfall of 3%Ru/Al,0s catalyst is shown in Figure 3b. In
this case, the presence of Ru crystalline phase (RuQ,) is detected at temperatures above 230 °C
and the XRD intensity at 28, 35 and 54.2° 26 clearly rises with temperature up to 800 °C
indicating the increasing formation of RuO; tetragonal nano-crystals. At temperatures between
810-1010 °C, however, the XRD intensity significantly drops, which indicates the disappearance

of RuO; probably due to the formation of volatile oxides (RuOx) [17]. Noteworthy, the size of the



nano-crystals remains stable (= 20 nm) up to 500 °C and afterwards exponentially grows until 60
nm, suggesting a notable decrease of Ru dispersion for temperatures above 500 °C. Therefore,
this confirms that the calcination temperature of 400 °C seems to be enough to form crystalline

RuO; as Ru precursor and avoid an excessive growing of the crystallites.
3.1.3. Analysis of Ni and Ru species nature by XPS and H,-TPR

In order to study the atomic surface composition of prepared catalysts and the nature of surface
Ni and Ru species, XPS characterization was carried out. A certain amount of carbon, attributed
to atmospheric CO; adsorption, was detected by XPS on the surface of all catalysts (between 12
and 15%). Therefore, a direct analysis of the quantitative results of the surface composition is
complex and more relevant information is obtained by analyzing the ratio of concentrations
between elements. Figures 4a and 4b show the effect of metal loading on surface Ni/Al and
Ru/Al atomic ratios of fresh and used (catalytically tested) samples. It should be noted that
auxiliary lines in both Figures display a proportional evolution of Ni/Al and Ru/Al with metallic

contents, i.e., considering that metallic content does not affect the dispersion.
FIGURE 4

In Figure 4a, it can be observed that in both cases the amount of surface Ni increases with the
total amount of Ni. However, the surface Ni/Al ratios are below the auxiliary line, which suggests
a certain decrease in Ni dispersion (see Figure 4a). These results are consistent with XRD results,
where an increase of Ni particle size with the metal loading was observed. Note that the Ni/Al
ratios are lower in the used catalysts compared to the fresh ones, indicating sintering during the
catalytic tests. The impregnation of different amounts of Ru, however, has a different effect on
Ru/Al surface atomic ratio (see Figure 4b). In this case, the amount of surface Ru also increases
with Ru content; but unlike the Ni/Al ratios, the Ru/Al ratios follow the auxiliary line. This
indicates that Ru dispersion does not vary considerably with the increase of metal loading from
1 to 5%. In fact, similar particle sizes of Ru were observed by H,.chemisorption indicating the
same trend. Finally, observe that the Ru/Al ratios are similar in fresh and in used catalysts, i.e.,

Ru dispersion remains stable during reaction, except for the 5% Ru sample.

Figures 5a and 5b show X-ray photoelectronic spectra corresponding to the nickel 2ps/
transition for fresh and used Ni/Al,O3 catalysts, respectively. Deconvolutions of spectra were
carried out, since in all cases broad and asymmetric bands were observed, suggesting the
presence of different Ni species on the surface. Additionally, dashed black auxiliary lines were
included in the graphs, which indicate the energies described in the literature for different nickel

species. [29, 30]



FIGURE 5

All these catalysts exhibit peaks close to 856.0 and 858.0 eV with its corresponding shake-up
satellites at ~862.0 and ~864.5 eV. Note that the first peak is located among 853.9 and 857.0
eV, binding energies assigned to bulk NiO and NiAl,O4, respectively [31]. From this observation,
we can discard the presence of great amount of bulk NiO on all catalysts. The main peak at 856
eV corresponds to Ni?* interacting with alumina [32], while the smaller peak at 858 eV is
consistent with the formation of nickel spinel NiAl,O4 [28]. On the one hand, the slight shift of
the main peak towards higher BE with the increase of Ni content could be due to the weakening
of metal-support interaction [33]. On the other hand, the main peak remains in the same
position after reaction, indicating that Ni species are stable during catalytic tests. It should also
be mentioned that no Ni° specie was found in used catalysts (Figure 5b), since its passivation

occurs when the samples are in contact with air.

Ru 3ds/, core level XPS spectra of fresh and used Ru/Al,Os catalysts are displayed in Figures 6a
and 6b, respectively. As in the case of Ni catalysts, auxiliary dashed black lines indicating
reported energies of different Ru species were included in the figures. XPS spectra of fresh
catalysts with different content of Ru can be deconvoluted into two contributions assignable to
two species of Ru, both cationic, at ~282.3 and ~280.8 eV. These peaks are consistent with the
presence of Ru(VI) and Ru(IV) oxides on the surface of the catalysts [34, 35]. The XPS spectra of
used catalysts exhibit the partial reduction of ruthenium oxides during the catalytic tests,
showing two peaks at ~281.4 and ~280.0 eV. In this case, these peaks correspond to hydrated
RuO; and metallic Ru, respectively [36, 37]. Finally, the long tail observed at binding energies

higher than 282 eV is due to overlap with C 1s transition.
FIGURE 6

H,-TPR experiments were carried out in order to analyze the reduction state of Ni and Ru species
dispersed on alumina but also to determine the effect of metal loading over the reducibility of
the prepared catalysts. Figures 7a and 7b show H,-TPR profiles of fresh Ni/Al,03 and Ru/Al,Os
catalysts, respectively. First of all, differences in redox properties are evident: the complete
reduction of nickel-based catalyst is only achieved by increasing the temperature up to 900 °C,
whereas only 250 °C are required for ruthenium loaded catalysts. These distinct redox properties
could be translated in different catalytic performances, since it is well known that both active

sites (Ni or Ru) must be reduced to carry out the hydrogenation of CO; efficiently.

FIGURE 7



With the aim of characterizing the type of nickel and ruthenium species presented in alumina
supported catalysts, H,-TPR profiles were deconvoluted applying Gaussian-type deconvolution.
H,-TPR profiles displayed in Figure 7a present 3 deconvoluted H, consumption peaks assignable
to three different Ni species, named a, B and y [14, 33, 38]. The peak located at the lowest
temperature, close to 550 °C, is attributed to reduction of a-type NiO, weakly interacting with
alumina. The second peak centered at 670 °C, however, is assigned to reduction of B-type NiO
with stronger interaction with the support [28, 39]. Finally, the peak at the highest temperature,
with maximum located close to 780 °C, is assigned to reduction of y-type Nispecie forming well
dispersed NiAl,O4 structure, in line with the results observed by thermo XRD study and XPS. Note
that, in accordance with previous XPS results, H,-TPR profiles shift to lower temperatures with
increasing of Ni content, which is related to weakening of metal-support interaction already

reported by other authors [24].

Relative amounts of Ni species together with reducibility percentages and Hy/Ni ratios are
summarized in Table 3. Note that the relative amount of a-type NiO grows progressively with Ni
loading, increasing from 8% (4%Ni/Al>Os) up to 44% (20%Ni/Al,Os), whereas the amount of -
type NiO decreases from 62 to 14%. Additionally, in order to determine the amount of nickel
reducible at 500 °C, additional H,-TPR tests were run up to 500 °C, for 1 h and under 20% H/Ar
(TPR profiles included in Figure S3). As expected, the percentage of nickel reducible at 500 °C
increased from 10 to 56% with Ni loading, confirming the mentioned slight weakening of metal-
support interaction and indicating that in no case will all nickel be reduced during reaction.
Finally, note that the H,/Ni ratio is close to 1 in all cases, which indicates, as previously observed
in XPS characterization, that Ni?* is the only specie reducible, according to the following

reduction step: NiO +H, — Ni+ H,0.
TABLE 3

Figure 7b shows deconvoluted H,-TPR profiles of Ru/Al,O; catalysts. All catalysts exhibit a main
H, consumption peak with a maximum located at 210 °C, a shoulder at 190 °C and one additional
smaller peak, whose reduction starts above 140 °C. On the one hand, the main peak is attributed
to reduction of supported RuO; into metallic Ru [40—-42], whereas the mentioned shoulder at
lower temperature is due to reduction of well dispersed RuOy species [43, 44]. Then, the peak
at lowest temperature peak could be related to reduction of RuOs, as already observed in XPS

results.

From integration of H,-TPR signal, total H, consumptions, RuOs/RuO, ratios and H,/Ru ratios

were calculated and included in Table 3. RuOs/RuO; ratios are between 0.17 and 0.24, i.e., all



catalysts present similar and considerably higher relative amounts of RuO; than of RuOs. Finally,
it should be noted that H,/Ru molar ratios are between 2.2 and 2.3 (value slightly higher than
required for RuO; reduction), which confirms the presence of RuO; and trace amounts of RuQs,

according to the following reduction step: RuO, + xH, —Ru + xH,0 (x=2,3).

3.2. CO; methanation

The performance of catalysts was evaluated by analyzing CO, conversions and CH, yields. In all
cases, CO was the only secondary product and carbon balance closed within *+ 5%. The catalytic
activity at different temperatures as a function of the Ni and Ru loading is shown in Figures 8a
and 8b, respectively. First of all, as it can be clearly observed, the increase of metal content
results in an enhancement of catalytic activity and, generally, a higher temperature provides a
higher CO, conversion. However, slight decrease of CO conversion is observed at temperatures
above 400 °C in cases where conversions close to that of equilibrium are obtained, as expected
for exothermic reactions. Regarding Ni/Al,O; catalysts (Figure 8a), the onset temperature for
CO; methanation is around 250 °C, the highest CO, conversions are achieved close to 450 °C for

catalysts with Ni contents higher than 8% (X, = 85%) and equilibrium CO; conversion is only

reached above 475 °C for 20%Ni/Al,0s;. Noteworthy, the temperature at which 50% CO,
conversion is obtained (Tso ) is reduced in 127 °C when increasing the Ni loading from 4 to 20%
(Tso =443 °C and Tso = 316 °C, respectively). In the same way, catalysts with Ni nominal loadings

above 12% provide similar CO; conversion values ( X, =80%) when reaction temperatures rises

over 400 °C. Therefore, it can be concluded that 12% Ni loading and a metallic surface of 5.1 m?
g is sufficient to provide enough active sites (Ni°) in order to achieve high CO, conversions at

intermediate-high temperatures.
FIGURE 8

Analogously, Figure 8b shows the influence of temperature on catalytic performance of Ru/Al,Os
catalysts. In this case, higher CO, conversions are observed at low temperatures (T < 300 °C) in
comparison with Ni based catalysts. Maximum CO; conversion is reached, regardless the Ru
content, at 400 °C, being also around 85% for catalysts with high metal content. Taking into
account that the variation of Ru loading is much lower, similar Tso reduction, as compared to Ni
catalysts, is obtained: from 396 °C (1% Ru) to 310 °C (5% Ru). Note that, in line with Ni based
catalysts, a higher metal loading provides greater activity and that the same saturation effect is
observed, obtaining almost similar (or even lower) CO, conversions for catalysts with nominal
Ru contents above 4% (metal surface of 0.61 m? g?). This is the minimum nominal content

needed to achieve at least 80% CO; conversion above 350 °C. Hence, the impregnation of Ru



loading higher than 4% can be considered unnecessary, since no further enhancement in activity

is observed.

In Figure 9, CH, yields of 12%Ni/Al,0; and 4%Ru/Al,Os catalysts are compared at 300, 350 and

400 °C. It can be noticed that increasing temperature leads to higher YCH4 (highest CH4

productions are observed at 400 °C) and that 4%Ru/Al,Os is notably more productive than
12%Ni/Al,03 catalyst, in line with the upgrade in CO, conversions observed in Figure 8. In fact,
regardless the studied temperature, Ru containing catalyst produces more methane than Ni
based catalyst (35% vs. 15% at 300 °C, 80% vs. 55% at 350 °C and 85% vs. 77% at 400 °C).
Noteworthy, CO yields lower than 1% were observed for 12%Ni/Al,Os catalyst and negligible

trace amounts of CO were produced by 4%Ru/Al,0; catalyst.
FIGURE 9

The activity of alumina supported 12% Ni and 4%Ru catalysts was compared with other state-
of-art materials recently reported in literature, including commercial samples [8, 18, 22, 24, 45,
46]. Table 4 includes the catalysts composition together with the main operational parameters,
i.e. H,/CO, molar ratio and W/F4o. As can be observed, the main operational parameters differ
from each other, and thus, the comparison is not straightforward. Although 12Ni/Al catalyst
developed in this work presents a somewhat higher Tso, nickel loading is significantly lower with
respect to other reported samples. Furthermore, the W/F4o used in this study is the lowest, i.e.
a lower amount of catalyst is used to treat the inlet feedstream. On the other hand, the 4Ru/Al
sample developed in this work presents a similar Tso to that reported for other samples. Again,
the Tso was evaluated in more demanding experimental conditions, with the lowest W/Fao.
Taking all this considerations into account, it can be concluded that the catalytic performance
of Ni and Ru based catalysts prepared in this work is comparable to other state-of-art materials,

including commercial samples.
TABLE 4
3.3. Activation energies and catalysts stability

To determine apparent activation energies in the absence of catalyst deactivation (no C
deposition) the intermediate temperature region, from 275 to 335 °C, was chosen. Because
differential reactor conditions were difficult to achieve at higher temperatures, the initial
reaction rates approach was employed instead. Measurements of the catalytic performance at

varying space-time (Figure 10a and 10b) allowed fitting conversion vs. space-time curves, which



its extrapolation at W/FC%Z =0 , and corresponding derivatives results in values of initial

reaction rates at every temperature,

dX,
—rO =r, = T =k CO 'CO 5
bt e s T ) ®

that together with the Arrhenius expression

Eap
k,, =A,exp| — pe= (6)

E
In(-r2,) = |n[AO (€&, o )] —?"Gj (7)

allows determination of the apparent activation energy from the slope of linear plot of In(—rc‘gz)

vs. 1/T (Equation 7), as represented in Figure 10c and 10d for 12%Ni/Al,03 and 4%Ru/Al;Os,

respectively.
FIGURE 10

With the aim of comparing activity of catalysts with different nature of the metal active phase,
also turnover frequencies (TOF), defined as an intrinsic reaction rate referred to molar surface
metal active site (from H, chemisorption results, Table 2), have been calculated (Equation 8),

resulting in values reported in Table 5.

—~f¢, » Mol CO, (gcat.) '™
S

TOF, ()= (Me=Ni,Ru) (8)

mol Me (g cat.)™

Me /

Note that, disregarded of Ni or Ru catalysts, TOF increases exponentially with temperature, with
one order of magnitude higher for Ru/Al,Os than Ni/Al,Os in the range of temperature from 275
to 300 °C. This clearly indicates that ruthenium is much more effective metal for CO;

methanation than nickel.
TABLE S5

From these initial reaction rates values and applying Arrhenius equation, apparent activation
energies were calculated for both formulations (Figure 10c and 10d). The apparent activation
energy for CO, methanation resulted to be 129 kJ mol? over Ni/Al,0s catalyst and 84 kJ mol*
over Ru/Al,0; catalyst. The determination of activation energy values has already been
conducted by other authors, observing similar values that ranges 60-80 kJ mol™® on Ru/Al,0s3

catalysts [16, 20, 46] and 95-120 kJ mol™ on Ni/Al,Os catalysts [45, 48]. The observed notable



difference in activation energy (45 kJ mol™?) is related to differences in reaction mechanism: it is
known that noble metals are more effective in H; dissociation than non-noble and that may
explain the lower activation energy observed for Ru/Al,Os. In fact, Dreyer et al. [47] have

reported that the presence of H, adsorption sites is essential for efficient CH4 formation.

Despite the high reaction heat of CO, methanation (AH = -165 kJ mol™?), it should be noted that
both Anderson criterion [49] and Mears criterion [50] were satisfied, indicating an absence of
internal and external temperature gradients during catalytic runs for determination of activation

energies (Table S1).

Finally, the stability of catalysts with the optimum metal contents (12%Ni/Al,05; and 4%Ru/Al,0s)
was studied for 24h-on-stream at 350 °C. Interestingly, a slight increase in the CO, conversion
was observed for 12%Ni/Al,0; catalyst in Figure 11a. The CO, conversion of 4%Ru/Al,0s, in
contrast, slightly decreased from 81.5 to 78.0% (Figure 11b). Ni and Ru based catalysts were
characterized by TG and TEM after 24h-on-stream. Thermogravimetric studies carried out under
5%0,/He flow showed no relevant mass losses when increasing temperature up to 850 °C
(Figure S4), indicating that no carbon deposits were formed during stability tests at 350 °C and
under a gas stream with high H, concentration. By means of TEM (Figure S5), average particle
sizes of 6 and 7 nm were estimated for fresh and used Ni catalysts, respectively, which reveals a
slight particle sintering during the stability test. The same conclusion was extracted for Ru based

catalysts. The average particle size was 24 and 28 nm for fresh and used catalysts, respectively.

In the case of Ni based catalysts, the slight particle sintering seems to be compensated by the
activation of additional nickel species and reduction of nickel oxide with high interaction with
the alumina. On the other hand, as Ru is completely reduced before the catalytic test, the slight
sintering of Ru particles results in a decrease of the CO; conversion during the stability test. It is
worth to mention that in both cases the selectivity to methane kept stable, obtaining values

higher than 98% (Figures 11cy 11d).

FIGURE 11

4. Conclusions

In this work, a series of alumina-supported Ni and Ru catalysts were prepared by wetness
incipient impregnation varying the metal content, characterized by multiple techniques (N»-
physisorption, CO,-TPD, XRD, XPS and H,-TPR) and evaluated for CO, methanation. The main

conclusions are listed as follows:



According to basicity results (CO,-TPD), the impregnation of increasing loading of Ni and Ru
results in the formation of new basic sites suggesting that both active phases are able to adsorb
CO,, which is an essential step in CO; methanation mechanism. Nevertheless, the different

strength of those new basic sites indicates the presence of various species of adsorbed CO,.

XRD results revealed that alumina supported Ru crystals tend to grow and agglomerate into
larger particles with increasing of calcination temperature, resulting in lower metal dispersion.
On the contrary, the increase of temperature does not affect Ni dispersion, but leads to the
formation of nickel phases with higher interaction with alumina, especially for catalysts with low
Ni content. According to H;-chemisorption results, Ni dispersion decreases around 25% by
increasing Ni content from 4 to 20% due to the formation of larger NiO particles. However, unlike
for Ni/Al,Os; catalysts, the dispersion of Ru/Al,Os catalysts is not significantly influenced by metal

loading.

The reducibility of the active phase, linked to metal-support interaction, seemed to be a key
factor. The reduction of alumina supported Ru is complete at low temperature (T < 300 °C), while
alumina supported Ni is not completely reduced at 500 °C. This indicates that all Ru but not all
Ni will be available to dissociate hydrogen during reaction. The reducibility is even lesser for
catalysts with low Ni content due to a higher metal-support interaction, in accordance with XPS

and H,-TPR results.

Considering the saturation effect of CO, conversion with metal loading, 12%Ni/Al>O3 (Tso = 340
°C) and 4%Ru/Al,0; (Tso = 310 °C) were the best formulations, providing maximum CO,
conversions of 80 and 85% around 425 and 375 °C, respectively and being quite stable for 24h-
on-stream. The TOF values for Ru/Al,Os catalyst were considerably higher than those observed
for Ni/Al,0; at low temperature (T < 300 °C), since ruthenium is more effective in H,

dissociation/adsorption than nickel, which is another fundamental step of reaction mechanism.
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Figure 1. CO,-TPD profiles of y-Al,0s; support, 20%Ni/Al,0; and 5%Ru/Al,O3 catalysts.
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Figure 2. XRD patterns of reduced (a) alumina-supported Ni catalysts and (b) alumina-supported

Ru catalysts.
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Figure 3. Thermodiffractometric analysis of (a) 12%NiAl,0; and (b) 4%Ru/Al,0; catalysts from

30to 1010 °C.
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Figure 4. Effect of (a) Ni and (b) Ru content on Ru/Al and Ni/Al surface atomic ratios.

Ru content, %

Figure 5. Ni 2ps/; XPS spectra of (a) fresh and (b) used catalysts.
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Figure 6. Ru 2ds/; XPS spectra of (a) fresh and (b) used catalysts.
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Figure 7. H,-TPR profiles of (a) Ni/Al,O3 catalysts and (b) Ru/Al,O; catalysts.
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Figure 8. CO, conversion as a function of reaction temperature for (a) Ni/Al,05; and (b) Ru/Al,03

catalysts.
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Figure 9. C-species distribution of 12%Ni/Al,O3 and 4%Ru/Al,Os catalysts at 300, 350 and 400 °C.
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Figure 11. Evolution of CO, conversion and selectivity to CH4/CO at 350 °C with time-on-stream

over 24h for (a) 12%Ni/Al,03 and (b) 4%Ru/Al,O; catalysts.
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Table 1. Physicochemical properties of alumina-supported Ni and Ru catalysts.

Table 2. Crystallite sizes and metal dispersions of the catalysts.

Table 3. Data from H,-TPR studies of the impregnated Ni and Ru catalysts.

Table 4. Catalytic performance comparison among Ni and Ru based catalysts reported in

literature.

Table 5. Initial reaction rates and TOF values of 12%Ni/Al,O3 and 4%Ru/Al,O3 catalysts.

TABLE 1

Sample Ni/Al and Ru/AIP  Sger(m?g?) Vimeso (cm* g?1)  doore (hm)  Desorbed CO,°, umol g  Basicity (umol CO; m?)
Al,0; 214 0.563 10.1 69 0.32
4%Ni/Al,03 0.038 191 0.435 8.8 80 0.42
8%Ni/Al,0; 0.079 175 0.383 8.4 72 0.41
12%Ni/Al,03 0.122 160 0.373 9.0 71 0.44
16%Ni/Al,03 0.175 147 0.369 9.7 68 0.46



20%Ni/Al,03 0.224 131 0.326 9.6 65 0.50
1%Ru/Al,0; 0.007 198 0.411 8.0 71 0.36
2%Ru/Al,0; 0.015 193 0.429 8.4 74 0.38
3%Ru/AlL,0; 0.021 185 0.417 8.5 69 0.37
4%Ru/Al,03 0.029 172 0.382 8.5 67 0.39
5%Ru/Al,0; 0.032 179 0.425 9.1 75 0.42

? Determined by XRF.

b Calculated from CO,-TPD profiles.



TABLE 2

Catalyst Crystallite size (nm)? Dispersion (%)° Metal surface (m?g?)
NiO or RuO; Ni or Ru
4%Ni/Al,O3 <5 <5 38.3 0.985
8%Ni/Al,O3 <5 <5 26.1 2.907
12%Ni/Al,03 <5 4.8 17.9 5.083
16%Ni/AlLOs 9 6.1 133 6.186
20%Ni/Al,0; 8.5 7.3 11.0 7.527
1%Ru/Al,05 29.0 7.4 5.5 0.201
2%Ru/Al,0; 34.0 8.1 4.7 0.344
3%Ru/AlL0; 37.9 11.0 4.5 0.489
4%Ru/Al,03 41.4 11.3 4.2 0.609
5%Ru/Al,03 43.8 12.1 3.9 0.711

aestimated by Scherrer equation.
®Calculated by H,-chemisorption.



TABLE 3

Catalyst Total Huptake (mmol g!) Ni Cont.? (wt.%) Species (%) H/Ni  Reducibility® (%)
a p Y

4%Ni/Al,03 0.65 3.8 8 30 62 1.01 10

8%Ni/Al,O3 1.26 7.4 18 52 30 0.97 22

12%Ni/Al,0;  1.86 10.9 23 60 17 0.97 38
16%Ni/Al,03  2.52 14.8 38 44 18 0.99 47

20%Ni/Al,0s  3.16 18.5 45 41 14 1.01 56

Catalyst Total H, uptake (mmol g*) Ru Cont. (%) RuOs/RuO; ratio H2/Ru  Reducibility (%)
1%Ru/Al,03 0.23 1.1 0.17 2.32 100
2%Ru/Al,03 0.45 2.1 0.23 2.27 100
3%Ru/Al,0; 0.66 3.1 0.18 2.22 100
4%Ru/Al;03 0.93 4.3 0.24 2.35 100
5%Ru/Al,03 1.08 5.1 0.18 2.18 100

?Determined from integration of H,-TPR profiles.
PReduction conditions: 500 °C for 1h under 20%H,/Ar. For these calculations Ni(ll)
has been assumed.



TABLE 4

“omposition Description H./CO; ratio W /Fg, (ghmol?) Ty, °C Reference
12Ni/Al Incipient wetness impregnation 5 5 340 This work
)5NiO/Ca-Al Comercial (METH134) 4 6 325 [45]
25Ni-Al Co-precipitation 35 11 300 [24]
17NiO/14La/Al Incipient wetness impregnation 5 8 280 [22]
IRu/Al Incipient wetness impregnation 5 5 310 This work
).5Ru/Al Commercial 4 25 300 [46]
3Ru/Al Commercial 5 7 365 [8]
)Ru/30Ce/Al Wet impregnation 4 11 285 [18]




TABLE 5

Catalyst Temperature (°C) —fy, (mmolh™g?) TOF(s?)
275 27 0.06
290 46 0.1

12%Ni/Al,0; 305 87 0.19
320 181 0.39
335 446 0.95
250 48 0.81
265 69 1.16

4%Ru/Al,0s 280 116 1.95
295 217 3.65

300 246 4.14




