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Abstract 11 

The reactivity of Ru/Al2O3 catalysts in the hydrogenation of CO/CO2 gas stream is investigated in this work 12 

to assess the possibility of carrying out CO2 methanation even in the presence of CO in the feed stream. 13 

Such a goal is pursued by conducting reactivity studies at process conditions of industrial interest (i.e., at 14 

high COx per-pass conversion and with concentrated COx/H2 streams) and by monitoring the surface species 15 

on the catalyst through transient DRIFTS-MS analysis. The catalyst shows gradual deactivation when the 16 

methanation is carried out in the presence of CO in the gas feed at low temperatures (200-300 °C). However, 17 

stable performance is observed at higher temperatures, showing CH4 yields even higher than those observed 18 

during methanation of a pure CO2 feed. DRIFTS-MS experiments revealed that CO2 methanation involves 19 

a reaction pathway where CO2 is adsorbed as bicarbonate on Al2O3 and successively hydrogenated to 20 

methane on Ru, passing through formate and carbonyl intermediates. In the presence of CO at low 21 

temperature, the catalyst shows a higher CO coverage of the Ru sites, a larger formate coverage of the 22 

alumina sites and the presence of adsorbed carbonaceous species, identified as carboxylate and hydrocarbon 23 

species. By carrying out the CO2 hydrogenation on the deactivated catalyst, carboxylates remain on the 24 

surface, effectively blocking CO2 adsorption sites. However, the catalyst deactivation at low temperature is 25 

reversible as thermal treatment (>350 °C) is able to restore the catalytic activity. Notably, working above 26 

the carboxylate decomposition temperature ensures a clean catalyst surface, resulting in stable and high 27 

performance in CO/CO2 methanation.  28 
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1. Introduction 1 

The growing atmospheric concentration of carbon dioxide is considered one of the main causes of global 2 

warming. Accordingly, during the last 20 years, several studies were carried out for intensifying the 3 

technologies aiming at its reduction [1–5]. Indeed, a drastic reduction of the CO2 emissions to a near zero 4 

or even net-negative value is required by the end of the century to keep the temperature increase lower than 5 

2 °C with respect to the pre-industrial levels (two-degree scenario or 2DS), which is considered a good 6 

compromise to avoid dangerous climate change [6,7]. According to this scenario, carbon capture and 7 

utilization (CCU) processes offer interesting perspectives. Among the suggested carbon dioxide re-8 

utilization processes, the catalytic CO2 hydrogenation to SNG (Synthetic or Substitute Natural Gas) is very 9 

attractive because it produces a fuel with a wide market and easily transportable with the existing 10 

infrastructures [8–11]. In addition, when using renewable H2 produced by water electrolysis, SNG 11 

production from CO2 hydrogenation represents a feasible route for the chemical storage of electric energy 12 

produced by renewable sources/nuclear plants. In fact, considering the fluctuating and intermittent nature 13 

of renewable energy sources (often collected in remote areas), an efficient way to store and to easily 14 

transport this energy is desirable, instead of being wasted [12–14]. This process of long-term storage, 15 

related to the use of CO2 as carbon feedstock, is known as Power-to-Gas (PtG) technology [15]. 16 

The possibility of hydrogenating both carbon monoxide (eq.(1)) and dioxide (eq.(2)) to methane was 17 

discovered at the beginning of the 20th century by Paul Sabatier [16]. 18 

𝐶𝐶𝐶𝐶 + 3 𝐻𝐻2  ⇌ 𝐶𝐶𝐻𝐻4 + 𝐻𝐻2𝐶𝐶                           ΔHR
0 =  −206 kJ

mol�    @298K    (1) 19 

𝐶𝐶𝐶𝐶2 + 4 𝐻𝐻2  ⇌ 𝐶𝐶𝐻𝐻4 + 2 𝐻𝐻2𝐶𝐶                      ΔHR
0 =  −164 kJ

mol�    @298K    (2) 20 

Both reactions are strongly exothermic and bring to a molar contraction of the reacting mixture. 21 

Accordingly, low temperature and high pressure boost the carbon (both CO and CO2) conversion, as 22 

reported in Figure S1 for different CO/CO2 ratios in the gas feed. At suitable H2/C inlet ratio, 23 

thermodynamics allows the quantitative carbon conversion even at atmospheric pressure. 24 

The methanation reaction is the process of choice for the purification of H2 derived from syngas streams, 25 

but in this case the process operates with excess H2 and diluted gas stream conditions. During the oil crisis 26 

in the late ‘70s, methanation gained importance for the production of SNG by using syngas obtained from 27 

coal gasification as feedstock [8,17]. More recently, the increase in biomass utilization led to a renewed 28 

interest in the methanation reactions [12]. Regarding CO2 methanation, the first pilot plant was built in the 29 

‘90s and nowadays the process is operated at commercial scale [11]. The typical feedstock is CO2 obtained 30 

by separation from biogas or from the flue gases of power plants [14,18]. 31 

Both CO- and CO2-methanation reactions (eqs. (1) and (2)) are kinetically favored over VIII B group metal-32 

based supported catalysts [19]. Due to their low price [12], nickel-based catalysts are the only ones used on 33 

industrial scale so far, although they are active in a temperature region where the conversion is limited by 34 
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thermodynamics [19]. Furthermore, Ni-based catalysts are highly subjected to carbide [20] and 1 

policarbonyl [21] formation, resulting in deactivation by sintering [22] and volatilization [12,23], as well 2 

as to fouling phenomena [24] due to carbon whisker formation [20,25]. 3 

The most active metal for the methanation reactions is ruthenium [19,26], supported on different oxides 4 

such as Al2O3 [27,28], TiO2 [29,30] and CeO2 [31,32]. Ru-based catalysts are highly stable and selective in 5 

CO2 hydrogenation, producing mostly CH4 and only a small amount of CO as byproduct [33,34]. At the 6 

same time, they are also very active in CO hydrogenation [26], producing methane and some light 7 

hydrocarbons when working at low pressure and high H2/CO molar ratio [35]. Furthermore, Ru-based 8 

catalysts are less prone to deactivation than the other methanation catalysts [10], even though some 9 

deactivation has been reported in the literature when working with gas feeds containing CO [36]. Sintering 10 

of small Ru-particles [37,38] and formation of volatile species as Ru-carbonyls [39] are reported among the 11 

possible causes of deactivation, although the most critical deactivation mechanism seems to be the 12 

formation and deposition of carbonaceous species, leading to active site blocking [40]. Carbon deposition 13 

is strongly affected by the process conditions [41,42] but does not lead to permanent deactivation, since 14 

high temperature treatments in hydrogen can restore the initial activity [43,44]. In any case, due to their 15 

high catalytic performance and long-term stability, Ru-based catalysts are attractive for process 16 

intensification in SNG production from both CO and CO2. 17 

The reaction pathways operating during both CO and CO2 hydrogenation are still debated and depend on 18 

the nature of both the metal and the support, as well as on the process conditions [23,45]. On Ru-based 19 

catalysts, some authors propose that CO hydrogenation involves direct dissociation of chemisorbed CO 20 

(unassisted CO dissociation) [46–48], followed by a stepwise hydrogenation of adsorbed carbon to 21 

methane. At variance, other authors report that CO dissociation is assisted by H2 chemisorbed on a near-by 22 

site (H-assisted CO dissociation) [45,48–50], leading to the formation of an oxygenated intermediate. 23 

Concerning CO2 methanation, most studies agree that CO is a reaction intermediate [30,51–55]. The CO 24 

formation mechanism, however, is debated as well. It has been suggested that CO is produced through the 25 

reverse water gas shift reaction, where the CO2 is first adsorbed on the support surface as bicarbonate and 26 

then transformed into formate species, which is the precursor of adsorbed CO on the Ru sites [54,55]. As 27 

alternative route, other authors suggest that CO2 is adsorbed dissociatively on the Ru sites, producing CO 28 

and O, with the formation of some spectator species (i.e., formates) [50]. Eventually, CO is hydrogenated 29 

to CH4, according to H-assisted [48,55] or unassisted [56] pathways. 30 

On these bases, the purpose of this work is to deepen the mechanistic understanding related to the CO2 31 

methanation reaction over Ru-based catalysts, with particular emphasis on the role of CO. Accordingly, the 32 

hydrogenation of CO2, CO and CO/CO2 mixtures has been investigated. A 0.5 wt.% Ru/Al2O3 catalyst has 33 

been considered in this study and tested in a fixed bed reactor at process conditions relevant to the industrial 34 
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scale SNG production. The reactivity study has been accompanied by a detailed characterization of the 1 

surface species involved in both CO2 and CO hydrogenation by using in situ diffuse reflectance infrared 2 

Fourier-transform spectroscopy (DRIFTS). 3 

2. Experimental 4 

2.1. Catalysts 5 

The catalyst used for the activity tests in the fixed bed reactor was a commercial 0.5 wt.% Ru/Al2O3 sample 6 

(Aldrich, 206199). This sample, which is referred to as Ru-SA, came in the form of cylindrical pellets 7 

(dp=3.2 mm, hp=3.6 mm), with eggshell geometry. The SEM-EDX analysis of an axially cut catalyst pellet 8 

showed an amount of ruthenium in the external shell (thickness of 210 ± 20 µm) equal to 4.5 wt.% [33]. 9 

In situ experiments in the DRIFTS cell were carried out with a reference in-house prepared catalyst, 10 

obtained by homogenous impregnation of an alumina support. Specifically, a γ-Al2O3 powder (Sasol 11 

Puralox SCCa 150/200) was impregnated with an aqueous ruthenium nitrosyl nitrate solution (Aldrich, 12 

373567) in order to obtain a nominal metal loading of 5 wt.%, a value close to the Ru amount in the 13 

commercial catalyst’s shell. A 30% excess of the impregnating aqueous solution with respect to the alumina 14 

pore volume was used. After impregnation, the sample was dried in static air at 100 °C overnight. This 15 

sample, referred to as Ru-N, showed comparable reactivity with respect to the commercial Ru-SA sample.  16 

2.2. Catalyst characterization 17 

Textural properties of the samples were determined by N2 adsorption-desorption isotherms, measured at 77 18 

K by using a Micromeritics Tristar 3000 instrument. Prior to the analysis, each sample was powdered and 19 

evacuated at 100 °C for 3 h. 20 

Transmission electron microscopy (TEM) imaging was performed on the in-house prepared catalyst (Ru-21 

N) with a high-resolution microscope (FEI Titan 80-300) operated at 300 kV, equipped with a CEOS GmbH 22 

double-hexapole aberration corrector for the probe-forming lens, allowing imaging with 0.1 nm resolution. 23 

The ruthenium loading of the in-house prepared supported catalyst (Ru-N) was determined by inductively 24 

coupled plasma (ICP) mass spectrometry (Thermo Electron, X series 2 ICP-MS) on the mineralized sample, 25 

successively diluted with nitric acid. The same treatment was not applicable to the commercial catalyst (Ru-26 

SA), which was not fully dissolved in the acid treatment. 27 

Metal dispersion on the support was calculated by H2 chemisorption analyses performed by a Micromeritics 28 

AutoChem II instrument. The powdered catalyst (0.1 g) was loaded into a quartz reactor and activated at 29 

400 °C for 3 h (2 °C/min) in a 10 vol.% H2/Ar gas mixture at 18 L(STP)/h/gcat. After activation, the sample 30 

was purged in He at 400 °C for 2 h, cooled to room temperature and successively heated at 100 °C. Pulses 31 
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of diluted H2 (10 vol.% H2/Ar) were added at 100 °C and the metal dispersion was estimated based on the 1 

molar ratio of adsorbed H2 and the overall Ru loading, considering a Ru:H2=2:1 ratio. 2 

2.3. Activity tests in the macro reactor 3 

Activity tests were carried out in a lab-scale rig operating 24/7 and described elsewhere in detail [33]. 4 

Briefly, the unit was equipped with a fixed-bed reactor (internal diameter 1.1 cm, length 23 cm), placed 5 

into an electric tubular furnace. The feed gases, whose flow rate was controlled by electronic mass-flow 6 

meters (Brooks Instruments), were sent to the reactor. The unconverted gases and the reaction products 7 

leaving the reactor were sent to a cold trap (T=0 °C) in order to condense produced water. Reactants and 8 

products were analyzed by using an on-line gas chromatograph (Agilent, 6890) equipped with two wide-9 

bore columns each connected to a thermal conductivity detector (TCD) used to quantify the concentrations 10 

of H2, Ar, N2, CH4, CO, CO2 and C2-C5 hydrocarbons. C3+ hydrocarbons and oxygenated species were never 11 

detected during either CO or CO2 hydrogenation. Traces of ethane were detected only in the presence of 12 

CO in the gas feed, however, its selectivity never exceeded 1% of the total carbon converted. Carbon 13 

balances, defined as ratio of the total amount of carbon in the products and the converted carbon, always 14 

closed within ±5%. 15 

In a typical run, 0.375 g of Ru-SA catalyst, crushed and sieved below 106 μm, were loaded into the reactor 16 

diluted with inert α-Al2O3 (volumetric dilution ratio equal to 1). The absence of intra- and inter-porous mass 17 

transfer limitations was checked both theoretically and experimentally [33]. Prior to each run, the catalyst 18 

was activated by in situ reduction at 400 °C (heating rate: 2 °C/min) for 3 h in pure hydrogen with a space 19 

velocity of 1.8 L(STP)/h/gcat and atmospheric pressure. Thereafter the reactor was cooled down to 250 °C 20 

in N2 flow (5 L(STP)/h/gcat) and eventually slowly heated at 350 °C (heating rate: 1 °C/min) while the N2 21 

flow was progressively replaced by the reactant stream. The achieved process conditions (T=350 °C, 22 

GHSV=5 L(STP)/h/gcat, P=1 ata, H2/CO2=4 molH2/molCO2) were then kept until steady CO2 conversion was 23 

attained. 24 

The role of CO on the catalyst activity was investigated at T=310 °C, GHSV=5 L(STP)/h/gcat, P=1 ata, 25 

H2/C=4 molH2/molC and P0
Ar=0.01 ata, while changing the CO/CO2 inlet ratio in the range 0-4 mol/mol 26 

(Table 1). Reference process conditions were set at CO/CO2=0 in Table 1 (“CO free” conditions). The 27 

effect of temperature (in the range 290-400 °C) was also investigated, while keeping constant all other 28 

process conditions (GHSV=5 L(STP)/h/gcat, P=1 ata, H2/C=4 molH2/molC and P0
Ar=0.01 ata). The reactivity 29 

of the catalyst in each run was monitored for 2 h. Long-term stability of the catalyst was also studied, 30 

starting with the fresh catalyst. 31 
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The stability of the catalyst was evaluated by monitoring the conversion and selectivity trends with time-1 

on-stream (T.o.S), before and after the CO co-feeding. Carbon conversion (𝜒𝜒𝐶𝐶) was calculated by using the 2 

following eq.(3): 3 

 4 

𝜒𝜒𝐶𝐶 =
𝐹𝐹𝐶𝐶𝑂𝑂2
𝐼𝐼𝐼𝐼 +𝐹𝐹𝐶𝐶𝑂𝑂

𝐼𝐼𝐼𝐼−𝐹𝐹𝐶𝐶𝑂𝑂2
𝑂𝑂𝑂𝑂𝑂𝑂−𝐹𝐹𝐶𝐶𝑂𝑂

𝑂𝑂𝑂𝑂𝑂𝑂

𝐹𝐹𝐶𝐶𝑂𝑂2
𝐼𝐼𝐼𝐼 +𝐹𝐹𝐶𝐶𝑂𝑂

𝐼𝐼𝐼𝐼                 (3) 5 

In eq.(3) 𝐹𝐹𝐶𝐶𝑂𝑂2
𝐼𝐼𝐼𝐼  and 𝐹𝐹𝐶𝐶𝑂𝑂𝐼𝐼𝐼𝐼 are the inlet molar flowrates, while 𝐹𝐹𝐶𝐶𝑂𝑂2

𝑂𝑂𝑂𝑂𝑂𝑂 and 𝐹𝐹𝐶𝐶𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂are the molar flowrates leaving 6 

the reactor, for the species CO2 and CO, respectively. 7 

Table 1 - Gas feed compositions during the COx hydrogenation in the fixed bed reactor  8 
(T=310 °C, P=1 ata, GHSV=5 L(STP)/h/gcat, catalyst Ru-SA) 9 
𝐂𝐂𝐂𝐂
𝐂𝐂𝐂𝐂𝟐𝟐

 �
𝐦𝐦𝐦𝐦𝐦𝐦
𝐦𝐦𝐦𝐦𝐦𝐦

� 0 0.25 0.5 0.75 1 2 4 

𝐂𝐂𝐂𝐂
𝐂𝐂𝐂𝐂 + 𝐂𝐂𝐂𝐂𝟐𝟐

 �
𝐦𝐦𝐦𝐦𝐦𝐦
𝐦𝐦𝐦𝐦𝐦𝐦

� 0 0.20 0.33 0.43 0.50 0.67 0.80 

𝐏𝐏𝐂𝐂𝐂𝐂𝟎𝟎  [𝐚𝐚𝐚𝐚𝐚𝐚] 0 0.04 0.07 0.09 0.10 0.13 0.16 

𝐏𝐏𝐂𝐂𝐂𝐂𝟐𝟐
𝟎𝟎  [𝐚𝐚𝐚𝐚𝐚𝐚] 0.20 0.16 0.13 0.11 0.10 0.07 0.04 

𝐏𝐏𝐇𝐇𝟐𝟐
𝟎𝟎  [𝐚𝐚𝐚𝐚𝐚𝐚] 0.79 0.79 0.79 0.79 0.79 0.79 0.79 

𝐏𝐏𝐀𝐀𝐀𝐀𝟎𝟎  [𝐚𝐚𝐚𝐚𝐚𝐚] 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
 10 
2.4. In situ transient DRIFTS-MS measurements 11 

The in situ infrared spectra were collected by using a FT-IR spectrometer (ThermoFisher Nicolet iS 50R 12 

FT-IR), fitted with a liquid-N2 cooled MCT detector and equipped with DRIFTS accessories and a high-13 

temperature cell (Harrick, HVC-DRP). Each IR spectrum was recorded at 4 cm-1 resolution and was the 14 

average of 32 scans. Collected DRIFT spectra are reported in this work as absorbance, which can be 15 

considered almost proportional to the concentration of adsorbed species on the catalyst surface [57]. The 16 

evolution of adsorbed surface species amount during the time on stream was calculated by integrating the 17 

intensity of peaks univocally related to a single adsorbed species. 18 

The DRIFTS reactor cell was calibrated for a correct temperature measurement in the catalytic bed region 19 

radiated by the IR beam [58]. Two gas feeding manifolds, equipped with mass flow controllers and 20 

connected to a 4-way valve, were used to introduce gases into the reactor cell with desired flowrate and 21 

composition. The gas leaving the cell was analyzed by a mass spectrometer (UTI 100C). The following 22 

mass-to-charge ratios (m/z) were used to follow the concentration of the various species: 2 (H2), 15 (CH4), 23 

18 (H2O), 28 (CO + contribution due to CO2 fragmentation) and 44 (CO2). 24 

During the DRIFTS experiments, the undiluted Ru-N catalyst sample was placed into the reactor cell 25 

(catalyst weight around 80 mg). After activation at 350 °C for 3 h in flowing H2 (2.4 mL/min), the catalyst 26 

was cooled down to 200 °C and purged in He for 2 h. Then H2/He=8/92, H2/CO2/He=8/2/90, 27 

H2/CO2/He=5/5/90, H2/CO/He=8/2/90 or H2/CO/CO2/He=8/1.6/0.4/90 (molar ratios) mixtures were fed 28 
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with a flowrate of 15 mL/min, and both the gas and the surface phase were monitored. Before each 1 

experiment, the activation procedure was repeated and then a background IR spectrum in He was taken at 2 

the investigated temperature. 3 

3. Results and discussion 4 

3.1. Catalyst characterizations 5 

The commercial Ru-SA catalyst has an egg-shell geometry and a Ru loading in the egg-shell layer equal to 6 

4.5 wt.%, measured by SEM-EDX (Table 2). The BET surface area of the powdered sample is 103 m2/g, 7 

and the overall Ru dispersion is 35%. 8 

The in-house prepared Ru-N catalyst has a surface area of 175 m2/g, close to that of the alumina support 9 

(200 m2/g), and higher than that of the commercial material. The ruthenium loading (measured by ICP) is 10 

4.4 wt.%, while the Ru-dispersion is 31%. These values are comparable to those of the eggshell Ru-SA 11 

catalyst. The micrographs of the fresh Ru-N catalyst (Figure S2) show Ru particle sizes lower than 1 nm, 12 

with a particle size distribution centered in the 6-8 Å range. 13 

Table 2 - Textural and morphological properties  14 
(Metal loading: * SEM/EDX, X declared by producer, + ICP) 15 

 
BET surface 

area [m2/g] 

Metal 

loading [wt.%] 

Metal dispersion 

[%] 

Ru-SA 103 
4.5 (shell) * 

0.5 (overall) x  
35 

Ru-N 175 4.4 + 31 

 16 
3.2. Macro reactor experiments 17 

As we have reported it previously [33], the Ru-SA catalyst exhibits stable performance during CO2 18 

methanation, with high CO2 conversion and high carbon selectivity to methane (higher than 99% at process 19 

conditions relevant for industrial scale operations, with CO being the only byproduct). The same catalyst 20 

was tested in CO/CO2 hydrogenation, keeping constant the H2/C inlet molar ratio. The first set of CO/CO2 21 

co-feeding experiments was carried out at 310 °C by varying the CO/CO2 ratio in the gas feed (Table 1). 22 

Figure 1 shows the CO2, CO and overall C conversions as a function of time on stream (T.o.S.) for different 23 

values of the CO/CO2 ratio. 24 
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Figure 1 - Evolution with T.o.S. of CO2, CO and CO+CO2 (C) conversions during COx hydrogenation at different CO/CO2 inlet molar ratios 2 

[Process conditions: T=310 °C, P=1 ata, GHSV=5 L(STP)/h/gcat, H2/C=4 molH2/molC, P0
Ar=0.01 ata, catalyst: Ru-SA] 3 

 4 

Under “CO free” conditions (CO/CO2=0, T.o.S.=143-145 h in Figure 1) the catalyst shows a stable CO2 5 

conversion value of 58% with a 99.5% selectivity to methane. When CO is added to the gas phase (CO/CO2 6 

molar ratio of 0.25, T.o.S.=145-147 h) the CO2 conversion drops to a value of 52%, while the co-fed CO is 7 

quantitatively converted. This brings to an overall C conversion higher than that measured under “CO free” 8 

conditions. Notably, the observed decrease in the CO2 conversion is not due to a kinetic effect resulting 9 

from the decrease of PCO2, as shown in a previous kinetic study [33]. During the CO co-feeding, the process 10 

produces mainly CH4 and only traces of ethane are detected. 11 

Experimental data indicate an inhibiting effect of CO on the CO2 conversion, although the overall CH4 12 

production is increased. This is in line with a scheme of consecutive reactions for the CO2 methanation 13 

reaction, being adsorbed CO the intermediate in CH4 formation [52]. CO admission inhibits CO2 adsorption 14 

(thus decreasing CO2 conversion), but pushes CH4 formation due to CO hydrogenation. Notably, during the 15 

CO/CO2=0.25 co-feeding period, the CO2 conversion slightly decreases with T.o.S., showing a loss of 0.2% 16 

in 2 h on stream, while the CO conversion remains almost complete during the whole period. Returning to 17 

the “CO free” process conditions, the catalyst activity in the CO2 hydrogenation is almost completely 18 

recovered. The process conditions with a CO/CO2 inlet ratio of 0.25 were tested twice in order to evaluate 19 

reproducibility, which was fully confirmed (T.o.S.=169-171 h in Figure 1).  20 

By further increasing the CO/CO2 inlet ratio to values of 0.5 and 0.75, the observed effects (both in terms 21 

of decrease in the CO2 conversion and deactivation) become more pronounced; at CO/CO2 inlet ratio equal 22 

to 1 (T.o.S.=173-175 h), besides the activity loss during the cofeeding period, the catalyst shows also an 23 

appreciable permanent deactivation when the “CO free” process conditions are restored, at T.o.S.=175 h. 24 

By further increasing the CO/CO2 ratio to a value of 2 (T.o.S.=266 h), the CO2 methanation inhibition due 25 

to the presence of CO in the gas feed is very strong so that CO2 conversion suddenly drops below 10%, 26 
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while the CO conversion remains complete. Under these conditions, however, the catalyst is rapidly 1 

deactivated so that the CO2 conversion at first goes to zero and then becomes even negative (i.e. CO2 2 

becomes a reaction product). Methanation with a CO/CO2=2 gas mixture results in a more severe catalyst 3 

deactivation and, consequently, the measured CO2 conversion value after the CO co-feeding (T.o.S.=268 4 

h) is lower than the value measured before (T.o.S.=265 h). 5 

Deactivation effects are further amplified by working with a CO/CO2 inlet ratio equal to 4 (T.o.S.=279-281 6 

h). As a matter of facts, the deactivation rate, calculated as loss of carbon conversion per time unit (Figure 7 

2(a)) rises more than linearly with the concentration of CO in the gas feed stream.  8 
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 9 
Figure 2 - Activity loss as function of (a) the CO/CO2 inlet ratio at T=310 °C and  10 

(b) the temperature at CO/CO2 inlet ratio equal to 0.5 and 1 molCO/molCO2 [Other process conditions as Figure 1] 11 

These results are in agreement with those described by Ekerdt and Bell [44], who reported the deactivation 12 

of Ru-based catalysts when working with H2/CO mixtures. They showed that the deactivation rate increases 13 

with the CO partial pressure, due to an inhibition of CO on H2 adsorption. Similar effects were also observed 14 

by other authors [40,59], although the reason for deactivation was not clearly explained. Bell et al. [60] 15 

proposed that carbon deposition was the main reason for the catalyst deactivation, while Gupta et al. [61] 16 

proposed that the formation of di- and tri-carbonyls, more difficult to hydrogenate, is responsible for the 17 

deactivation during CO hydrogenation.  18 

To better investigate the deactivation phenomena, a second set of CO/CO2 co-feeding experiment was 19 

carried out by varying the temperature in the range of 290-400 °C at different CO/CO2 inlet ratios. The 20 

results, displayed in Figure S3 in the supplemental material, showed that the effect of CO addition is more 21 

evident at low temperature: the 2h-average deactivation rate observed during the CO/CO2 co-feeding, 22 

showed in Figure 2(b), increases with decreasing temperature. 23 
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3.3 In situ DRIFTS-MS measurements 1 

In order to identify the key surface species during the methanation of CO2, CO and CO/CO2 mixtures, in 2 

situ DRIFTS-MS measurements were carried out at 200 °C using the homogenously impregnated in-house 3 

prepared catalyst (Ru-N). The temperature was reduced with respect to the experiments reported in Section 4 

3.2, with the purpose of favoring the deactivation phenomena during the CO feed. 5 

3.3.1. CO2 hydrogenation 6 

Figure 3(a) shows MS signals for the species leaving the DRIFT cell in the gas phase during CO2 7 

hydrogenation. At T.o.S.=0 h CO2 and H2 were admitted to the reactor; the methane concentration shows a 8 

maximum at 5 min on stream, and then reaches a steady state value after 20 min. Evolution of the m/z=28 9 

signal is also observed, but this mostly results from the contribution of CO2 fragmentation in the mass 10 

spectrometer. 11 
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Figure 3 - CO2 methanation at 200 °C: (a) MS signals for the gas phase as function of the T.o.S, (b) DRIFT spectra (inset 3100-2700 cm-1 13 

wavenumber region), (c) corresponding intensity trends for the adsorbed species and (d) schematic representation of reaction pathway (solid 14 
arrows show the main paths). [Process conditions: T=200 °C, P=1 ata, F=15 mL/min, H2/CO22/He=8/2/90 molar ratios, catalyst: Ru-N] 15 

The corresponding recorded DRIFT spectra are shown in Figure 3(b). The observed IR bands are related 16 

to species in gas phase, as well as adsorbed on both the Al2O3 support and the Ru particles. Specifically, IR 17 

features of gas phase CO2 are centered at 2349 cm-1, while the produced gas phase CH4 shows the typical 18 

δCH bending vibrational feature at 1305 cm-1 and the asymmetric νC-H stretching vibration at 3016 cm-1 (see 19 
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inset). The rotational vibrational spectrum of gaseous water, the main byproduct of the Sabatier reaction, is 1 

observed in the 1800÷1300 cm-1 range.  2 

Focusing on the species adsorbed on the catalyst surface, the IR bands at 1657 and 1438 cm-1 represent the 3 

asymmetric and symmetric OCO-stretching vibrations of the adsorbed bicarbonate species (in addition to 4 

the OH deformation at 1228 cm-1, not shown), formed upon reaction between CO2 and the hydroxyl groups 5 

of the Al2O3 support [34,62–65]. Furthermore, formate species are also detected, with bands at 1593, 1392 6 

and 1375 cm-1 associated with the asymmetric OCO-stretching, CH-deformation and symmetric OCO-7 

stretching, respectively [43,55,66]. Additionally, the formates show a high wavenumber vibration at 2907 8 

cm-1, associated with the CH-stretching, and two peaks at 2998 and 2768 cm-1, related to the combination 9 

of vibrations previously described [66]. The complex peak in the range 2080÷1800 cm-1, with the maximum 10 

at ~2000 cm-1, is assigned to carbonyls on the Ru-surface in multiple bonding configurations [30,44,55,67–11 

69]. Indeed, the shape and the lower wavenumber tail of this peak indicate that CO is not present only in 12 

the linear configuration on the metallic Ru, but also in the bridging and three-folded configuration on 13 

different coordination Ru sites. 14 

The evolution of the detected species on the catalyst surface as function of T.o.S. is reported in terms of 15 

integrated band intensities in Figure 3(c) (bicarbonate=1438 cm-1, formate=1392+1375 cm-1, 16 

carbonyl=2080÷1800 cm-1). The bicarbonate concentration shows a maximum and then decreases to a very 17 

small steady state value. At variance, the concentration of formate species monotonically increases with 18 

time on stream and reaches a steady state value. The broad band representing adsorbed CO reaches its 19 

maximum almost instantaneously and retains its value during the entire analysis time. These trends are in 20 

line with prior literature [54,55], sketched in Figure 3(d): CO2 is adsorbed on the catalyst support forming 21 

bicarbonate species, which are hydrogenated to formates at the metal-support interface by hydrogen 22 

dissociatively adsorbed on the metal sites. The formates can be further hydrogenated producing CO 23 

adsorbed on the Ru sites or migrate and accumulates on the alumina support. The adsorbed CO is then 24 

stepwise hydrogenated to methane rather than released in the gas phase, as suggested by the low CO 25 

selectivity. 26 

3.3.2. CO hydrogenation 27 

The results obtained during the CO hydrogenation over the Ru-N catalyst sample are shown in Figure 4. In 28 

this case the dynamics is slower than that of CO2 and therefore, to better understand the phenomena 29 

occurring on the catalyst surface, the length of the experiments was increased to 24 h. 30 

Figure 4(a) shows the MS signals of the species outgoing the DRIFTS cell during the first hour on stream, 31 

which describes the observed initial transient. The gas phase CH4 signal shows a maximum after a few 32 

minutes and then progressively decreases with decreasing slope with time on stream. 33 
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Figure 4 - CO methanation at 200 °C: (a) MS signals for the gas phase as function of the T.o.S, (b) DRIFT spectra (inset 3100-2700 cm-1 2 

wavenumber region), (c) corresponding intensity trends for the adsorbed species and (d) schematic representation of reaction pathway (solid 3 
arrows show the main paths). [Process conditions: T=200 °C, P=1 ata, F=15 mL/min, H2/CO/He=8/2/90 molar ratios, catalyst: Ru-N] 4 

The DRIFT spectra recorded during CO hydrogenation (Figure 4(b)) show significant differences with 5 

respect to those recorded during CO2 hydrogenation (Figure 3(b)). The gas phase CO bands, centered at 6 

2143 cm-1, are visible along with only very little amounts of gas phase CO2 produced by the reaction, as 7 

further confirmed by MS signals. Looking at the adsorbed surface species, bicarbonates are not observed 8 

during the CO hydrogenation, while formates are much more abundant on the catalyst surface than on the 9 

CO2/H2 gas stream (Figure 3(b)). Also, a new peak located at 1460 cm-1 appears, which has been attributed 10 

to the symmetric OCO-stretching of carboxylate groups (e.g. acetates) [36,70,71]. The asymmetric OCO-11 

stretching vibration of this species is located at ~1576 cm-1, but it is masked by the feature of the formate 12 

species at 1593 cm-1. Literature reports the formation of carboxylates on alumina support by interaction of 13 

hydrocarbons with the alumina hydroxyl groups [71,72]. Furthermore, in analogy to what reported in the 14 

Fischer-Tropsch literature, although working at different process conditions, carboxylate species could also 15 

be formed on the metal by insertion of CO during the hydrocarbon chain growth [73]. Nevertheless, on the 16 

basis the adsorption of acetic acid on Ru(0001) [74], it is likely that the carboxylates are adsorbed, at least 17 

partially, on the alumina. 18 

The intensity of the carbonyl related bands in the range 2080÷1800 cm-1 is strongly enhanced with respect 19 

the case of CO2 hydrogenation, suggesting that the CO coverage on ruthenium is enhanced by the presence 20 

of CO in the feed stream. The appearance of the broad and weak band around 1765 cm-1 suggests the 21 
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formation of bridged carbonyls, even though we cannot exclude that this band is due to another type of 1 

surface species [75]. 2 

Two bands, not visible during CO2 hydrogenation, are also detected in the CH-stretching region during CO 3 

hydrogenation, in addition to those associated with formates and gas phase CH4. They are centered at 2928 4 

and 2856 cm-1 and are both related to the stretching vibrations of methylene groups, indicating the presence 5 

of methylene fragments (Ru=CH2) and/or aliphatic hydrocarbons on the catalyst surface [36,70], most 6 

probably on the Ru particles [44,76], even if some authors proposed the same features for hydrocarbons 7 

adsorbed on the alumina surface [43]. Furthermore, because of the interference with the vibrational peaks 8 

of the gas phase methane, for short time on stream it is not possible to observe another band at 2966 cm-1 9 

related to the methyl group [44,76], but it is clearly observable at T.o.S.=24 h. 10 

The integrated intensities of the IR bands observed during CO hydrogenation are shown in Figure 4(c) as 11 

a function of time on stream. The intensity of the multi-bonded carbonyl peak rapidly increases with T.o.S., 12 

especially during the first 2 h on stream. This seems to be related with the deactivation rate in CH4 formation 13 

as observed in the MS signal (Figure 4(a)). This behavior indicates that the coverage of the active sites by 14 

CO increases during CO hydrogenation, progressively decreasing the number of active sites available for 15 

the dissociative H2 adsorption. It is speculated that this is one of the causes of the deactivation phenomena 16 

observed during the CO hydrogenation, and is also in line with the observed kinetics of the CO methanation 17 

showing positive order with respect the H2 and negative order with respect the CO [35,41]. This also well 18 

explains the reactivity behavior of the Ru-SA catalyst (Figure 2) which undergoes deactivation at low 19 

temperature and high CO/CO2 ratio in the gas feed, conditions that decrease the H/CO ratio on the catalyst 20 

surface. 21 

Besides carbonyls, the formate surface concentration increases during the first 2 h on stream, reaching a 22 

maximum around 6-8 h, with an amount about three times higher than that observed during CO2 23 

hydrogenation. Then the concentration of formates slightly decreases with time on stream. Dalla Betta and 24 

Shelef [43], based on their isotopic exchange experiments, reported that the formate species are not reaction 25 

intermediates, but byproducts adsorbed on the alumina support (spectator species). It is worth to note that 26 

the function of the formate species during CO hydrogenation is completely different from that in CO2 27 

methanation, where they are precursors of CO formation. Furthermore, Dalla Betta and Shelef [43] reported 28 

that formates can be formed directly on the alumina surface from the reaction of H2 and CO even in the 29 

absence of metallic Ru. Besides, as suggested by Lorito et al. [70] for a similar catalyst, an additional route 30 

for formate production is the spillover of CO from the metallic Ru sites to the alumina support. Based on 31 

the observed evolution of the formate concentration, it is speculated that the concentration of these species 32 

reaches a maximum due to saturation coverage of the alumina support, and then slightly decreases being 33 
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involved in the formation of other species bonded to the alumina surface (e.g., CHx-containing surface 1 

species). 2 

Figure 4(c) also shows that the surface coverage of methylene species (calculated by integrating the 2856 3 

cm-1 band) linearly increases with the time on stream. Since no decrease in the CO coverage was observed 4 

during the accumulation of these species, they are likely located only on a small portion of the metal surface. 5 

During the experiments no hydrocarbons other than CH4 were detected by MS in the gas phase. This 6 

indicates that their concentration is too low to be detected and/or that, if produced, they remain adsorbed 7 

on the catalyst surface. Eventually, the carboxylate species (whose trend was calculated by integrating the 8 

1460 cm-1 band) show a continuous concentration increase, reaching a near saturation value after 24 h on 9 

stream. 10 

Based on these evidences, it is suggested that CO is initially strongly adsorbed on Ru sites, progressively 11 

reducing the active sites for the hydrogen dissociative adsorption (Figure 4(d)). The adsorbed CO can be 12 

hydrogenated on metallic Ru to CHx species (leading to methane) and other hydrocarbons, which remain 13 

adsorbed on Ru. The reaction of CO with surface hydroxyls may also lead to formate species at the 14 

Ru/Al2O3 interface that can spill over the alumina support. Carboxylate species can also be formed, upon 15 

reaction of hydrocarbons with alumina hydroxyls groups. These species likely remain adsorbed at the 16 

Ru/Al2O3 interface. Finally, small amounts of gas phase CO2 are also produced, due to the occurrence of 17 

the water gas shift reaction. 18 

3.3.3. CO/CO2 hydrogenation 19 

Finally, DRIFTS-MS experiments were performed during the CO/CO2 methanation. As shown in Figure 20 

5(a), in these experiments the reactivity of CO2/H2 was initially investigated (T.o.S.=0-20 min) and then, 21 

after a He purge, the feed was switched to CO/CO2/H2 (T.o.S.=30-70 min). Eventually, the reactivity of 22 

CO2/H2 was investigated again (T.o.S.=80-100 min). 23 

The DRIFT spectra of the surface, recorded at relevant T.o.S. (20, 70 and 100 min), i.e. at the end of each 24 

different feed, are shown in Figure 5(b), while Figure S4 provides the complete series of IR spectra 25 

collected during the whole experiment. 26 
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Figure 5 - (a) MS signals and (b) DRIFT spectra collected during the COx methanation at T=200 °C. 2 

 [Process conditions: P=1 ata, F=15 mL/min, H2/CO2/He=8/2/90 (cond. 1, 3), H2/CO/CO2/He=8/1.6/0.4/90 (cond. 2), catalyst: Ru-N] 3 
 4 

Spectrum 1 of Figure 5(b) shows the species during CO2 hydrogenation, and accordingly multi-bonded CO 5 

and formates are adsorbed on the catalyst surface, as previously discussed. By introducing CO into the gas 6 

feed (T.o.S.=30-80 min) the catalyst is deactivated, as shown by the MS signal of CH4 in Figure 5(a). At 7 

the end of this period (spectrum 2 in Figure 5(b), T.o.S.=70 min), the concentration of the adsorbed CO is 8 

greatly increased, reaching an intensity similar to the case of pure CO hydrogenation (Figure 4(b)). 9 

Furthermore, during this period, the formate intensity is also increased and IR bands characteristic of 10 

hydrocarbons and carboxylates appear (inset of Figure 5(b)). As a matter of facts, the behavior of the 11 

catalyst during CO/CO2 hydrogenation is similar to that observed during hydrogenation of pure CO and 12 

described in Figure 4.  13 

By returning to CO2 hydrogenation process conditions (T.o.S.=80-100 min), the catalyst shows a loss of 14 

activity as pointed out by the MS signals of CH4 and CO2. The corresponding IR spectrum (spectrum 3 in 15 

Figure 5(b)) shows that the CO band decreases back to the intensity of spectrum 1, and the bands of 16 

methylene groups cannot be observed. In contrast, the formate and carboxylate peaks retain their intensities 17 

during the whole period. Accordingly, the main difference between the surface observed during CO2 18 

hydrogenation on fresh catalyst and the deactivated one (i.e. after CO/CO2 hydrogenation) is the presence, 19 

in the latter case, of the bands of carboxylate species (inset-Figure 5(b)). 20 

The same set of experiments has been repeated at a higher temperature, 250 °C, and results are shown in 21 

Figure 6(a) (MS signal intensities) and Figure 6(b) (representative IR spectra, while the complete series 22 

of experimental data is reported in Figure S5). 23 
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Figure 6 - (a) MS signals and (b) DRIFT spectra collected during the COx methanation at T=250 °C. 2 

 [Process conditions: P=1 ata, F=15 mL/min, H2/CO2/He=8/2/90 (cond. 1, 3), H2/CO/CO2/He=8/1.6/0.4/90 (cond. 2), catalyst: Ru-N] 3 

As expected, the CH4 productivity increases upon increasing the temperature during CO2 hydrogenation 4 

(T.o.S.=0-20 min), as can be seen from the comparison of the MS signal of CH4 in Figure 6(a) and Figure 5 

5(a). Focusing on the species adsorbed on the catalyst surface (spectrum 1 in Figure 6(b)), the amounts of 6 

carbonyls and formates decrease at this temperature with respect the experiment carried out at lower 7 

temperature. Switching to H2/CO/CO2 gas feed (T.o.S.=30-50 min), the catalyst shows stable performance 8 

and, moreover, the amount of methane produced increases with respect to the pure CO2 hydrogenation. The 9 

IR spectrum collected at the end of CO/CO2 co-feeding period (spectrum 2 in Figure 6(b)) shows that the 10 

bands related to CO are only slightly increased in the presence of CO. This behavior is due to the twofold 11 

effect of temperature, i.e. reduces the CO adsorption and increases the rate of adsorbed CO hydrogenation. 12 

Furthermore, no CHx and carboxylate species are observed on the catalyst surface at 250 °C. After switching 13 

back to pure CO2 hydrogenation (T.o.S.=60-80 min) both the gas phase composition and the surface species 14 

are the same observed for the fresh catalyst (compare spectrum 1 and 3 in Figure 6(b)).  15 

These results are in agreement with the reactivity data collected in the fixed bed reactor for the Ru-SA 16 

catalyst (Figure S3(b)), although the process conditions were somewhat different. In fact, also in this case 17 

operating at high temperature reduces deactivation of Ru-based catalysts during CO/CO2 methanation. 18 

Figure 7 sketches the state of the catalyst surface during the CO/CO2 methanation. By working at low 19 

temperature, CO is strongly adsorbed on the Ru sites and methylene groups and carboxylate species are 20 

produced on the catalyst surface, progressively reducing the hydrogenating capability of the catalyst and 21 

blocking the CO2 methanation. Working at high temperature reduces the amounts of adsorbed CO on Ru 22 

and is quantitatively converted to methane. No carboxylates and hydrocarbons are observed, whose 23 

presence is blamed for catalyst deactivation. Very likely, the high hydrogenation activity at high 24 

temperature keeps clean the catalyst surface, allowing the COx methanation pathways to occur. 25 
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 1 
Figure 7 – Schematic rapresentation of the catalyst surface during CO/CO2 methanation (solid arrows show main paths) 2 

3.4. Reactivity of the adsorbed surface species  3 

To better clarify the picture, the reactivity of the adsorbed species formed during the COx hydrogenation at 4 

200 °C was investigated in the presence of H2 at the same temperature. The catalyst surface after pure CO 5 

hydrogenation was chosen as starting point because all the important adsorbed species were present. IR 6 

spectra collected during this hydrogenation are reported in Figure 8(a), while in Figure 8(b) the decay of 7 

integrated intensities of the bands of adsorbed species is plotted in a log scale. 8 
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Figure 8 - (a) DRIFT spectra collected during a 40 min long hydrogenation treatment carried out after 8 h on stream of H2/CO at T=200 °C. 10 

(b) The natural logarithm decay for the adsorbed species during the hydrogenation step. 11 
[Process conditions: T=200 °C, P=1 ata, F=15 mL/min, H2/CO/He=8/2/90 or H2/ He=8/92 molar ratios, catalyst: Ru-N] 12 

As apparent from Figure 8, the most reactive species are the methylene groups, as the intensity of their 13 

characteristic band intensity quickly decays and disappear after about 5 min under H2. The high reactivity 14 

of these species confirms their location on the Ru sites rather than on the Al2O3 support [44,76]. 15 

Furthermore, considering that these species are highly reactive with H2, the increase of their concentration 16 

that is observed during the CO and CO/CO2 methanation indicates the shortage of active hydrogen on the 17 

ruthenium surface under the process conditions applied in this study. In fact, the only product detected by 18 

the MS is methane, meaning that adsorbed CHx fragments are easily hydrogenated to methane. 19 

Also the carbonyl band intensity almost completely disappears during the hydrogenation treatment, 20 

although with a slower rate. Looking at the temporal evolution of the IR features of adsorbed CO (Figure 21 

8(a)), a shift of the maximum from 2022 cm-1 to 1951 cm-1 can be observed, due to the decrease in the CO 22 
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coverage. New features become also visible in the adsorbed CO band, and in particular two peaks become 1 

detectable at 2044 and 1967 cm-1, related to geminal di-carbonyls adsorbed on low coordination Ru sites, 2 

where the hydrogenation is less favored [55]. The presence of these stable carbonyl species justifies the 3 

trend for the overall CO species intensity observed in Figure 8(b), which does not follow a complete 4 

straight logarithmic decay, indicating that reactivity of carbonyl species is not uniform. The presence of 5 

these less reactive and highly stable species may be considered an additional cause of deactivation. 6 

Eventually, a CO supply contribution, coming from the formate hydrogenation and delaying carbonyl 7 

decay, has to be considered. 8 

The decay curve of the formate species shows two distinct slopes: up to 10 min the slope is steep (high 9 

kinetic rate constant), followed by a slower process after about 10 min. As already reported in the literature 10 

for both CO2 [54,55] and CO [77] methanation, this suggests that two types of formates are present. They 11 

are commonly classified as “fast” and “slow” formates, depending on their distance from the Ru particles. 12 

Formates close to the Ru particles (source of active hydrogen) react faster than those far away from the 13 

metal particles. It is worth noticing that the trends of formate and carbonyl intensities are similar, in that 14 

both show a change in the decay slope. This behavior supports the correlation existing between these 15 

species, where formates are intermediates of carbonyl formation when CO is not fed into the reactor (i.e. 16 

during CO2 methanation). 17 

Finally, the trend of the carboxylate species differs from that of all other species, since it does not show any 18 

decay during the H2 treatment at 200 °C. As a result, the peak at 1576 cm-1, associated with the asymmetric 19 

OCO-stretching of carboxylates, becomes visible due to the gradual disappearance of the 1593 cm-1 peak 20 

associated with the formates. Notably, the very different behaviors of the OCO-carboxylate vibrations and 21 

the methylene peaks indicates that these two fragments are unlikely related. 22 

The reactivity of adsorbed species was additionally analyzed by carrying out experiments with a H2/CO2=1 23 

feed stream, in order to slow down the evolution of the adsorbed species. In fact, in this way the bicarbonate 24 

species can be used as probe to check surface coverages on the alumina support, being this species certainly 25 

located on alumina [34,62–65]. Accordingly, experiments were carried out at 200 °C (i) on the fresh catalyst 26 

and (ii) on the catalyst that was previously deactivated in H2/CO gas mixture for 24 h. IR spectra collected 27 

in these cases after 1 min and 40 min (black and red spectra, respectively) during the H2/CO2 reaction are 28 

presented in Figure 9(a). The figure also shows the spectra obtained in the case of a “regenerated” sample, 29 

which will be discussed later on. 30 
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Figure 9 - (a) DRIFT spectra in the CO2 hydrogenation on the catalyst previously treated: (i) fresh, (ii) deactivated by flowing H2/CO/He=8/2/90 2 

for 24 h at 200 °C; (iii) regenerated by flowing pure He at 350 °C, heating ramp 10°C/min and hold for 20 min.  3 
(b) DRIFT spectra and (c) adsorbed species intensity decay during the regeneration treatment.  4 

[Process conditions: T=200 °C, P=1 ata, F=15 mL/min, H2/CO2/He=5/5/90, catalyst: Ru-N] 5 
 6 

In the case of the fresh sample (case i), after 1 min on stream in H2/CO2=1 (black spectrum in Figure 9(a)), 7 

the IR features of bicarbonates adsorbed on the alumina surface are significantly higher than those observed 8 

in the case of the H2/CO2=4 flow (Figure 3(b)). However, after 40 min on stream (red spectrum), the surface 9 

species formed are similar to those observed with the H2/CO2=4 gas feed. 10 

After the extensively deactivating treatment (case ii), methane formation during CO2 hydrogenation is much 11 

lower, as confirmed by the intensity of the νC-H vibration of gas phase CH4 at 3610 cm-1 (Figure 9(a)). IR 12 

features of hydrocarbon, formate, carboxylate and carbonyl species are clearly seen, however no 13 

bicarbonates are detectable, not after 1 minute on stream (black spectrum). This indicates that a portion of 14 

the alumina surface is blocked. After 40 min in the H2/CO2 gas mixture (red spectrum), the presence of 15 

hydrocarbons on the catalyst is still evident, although their intensities are effectively reduced, indicating a 16 

hydrogenation of these species during CO2 methanation. Most importantly, no change occurs in the IR 17 

intensity of carboxylate feature, while that of the formates decreases with T.o.S. indicating their 18 

participation in the methanation reaction. All these results suggest that carboxylates block alumina sites 19 

participating in the CO2 reduction by preventing the formation of bicarbonates. Besides, inspection of the 20 

IR spectra reveals that the shape of the carbonyl peak is slightly different during CO2 hydrogenation over 21 

the fresh and the deactivated sample, as a shoulder is present near 1975 cm-1 in the case of the deactivated 22 

sample (case ii). This is likely associated to the influence of other surface species (i.e., carboxylates and/or 23 
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hydrocarbons) in the proximity of Ru sites, which modifies the adsorption strength of CO on the ruthenium 1 

particles. 2 

Whit the aim of recovering the catalyst reactivity, a regeneration treatment (heating under inert gas from 3 

200°C to 350°C) was carried out. The IR spectra collected during this treatment are shown in Figure 9(b) 4 

as a function of temperature, along with the intensity of the normalized integrated IR bands (Figure 9(c)). 5 

The decomposition of formates (triangles) starts at 220 °C and their characteristic IR bands completely 6 

disappear at 310 °C. The onset temperature for the carboxylate decomposition is observed at higher 7 

temperatures, above 250°C, indicating their higher thermal stability. The decay of the bands of adsorbed 8 

CO is somewhat peculiar, showing a two-step decrease with a steady level in the 250-350°C temperature 9 

range. A comparison of this trend with that of the carboxylate species suggests that the decomposition of 10 

carboxylates, characterized by a higher onset temperature, supplies CO to the Ru particles, and this leads 11 

to a decrease in the rate of the decrease of the carbonyl band. This may also indicate that carboxylate species 12 

are located near to the ruthenium sites, probably at the metal/support interface, differently from “slow 13 

formate” that are located far from the metal sites. This is in line with the reported carboxylate formation 14 

pathway assuming that hydrocarbons formed on the metal particles spill over to adsorption sites on alumina 15 

[71,72]. Carboxylates located in this position may also affect the peak shape of the adsorbed carbonyls as 16 

observed during CO2 hydrogenation on the deactivated catalyst. 17 

Eventually, the IR spectra were collected during CO2 methanation over the regenerated catalyst (i.e. after 18 

heating under He flow) and results are shown in Figure 9(a) (case iii). These spectra are very similar to 19 

those recorded in the case of the fresh sample; in particular the spectrum collected after 1 min in the H2/CO2 20 

feed (black curve) clearly shows the presence of bicarbonates, indicating that the alumina surface is 21 

recovered during the high temperature regeneration in He, by decomposing and desorbing the carboxylate 22 

species.  23 

The ability to totally recover the catalyst reactivity by increasing the temperature under inert gas flow was 24 

also confirmed by reactivity studies on both Ru-SA and Ru-N catalysts, as reported by Figure S6. These 25 

results point out that the temperature is the crucial parameter for catalyst regeneration, suggesting that 26 

activity recovery is mainly due to decomposition/conversion and/or desorption of C-containing species 27 

accumulated on the catalyst surface during CO methanation at low temperature. Furthermore, considering 28 

that catalytic activity can be completely recovered upon flowing an inert gas at high temperature, the 29 

deposition of carbon and/or formation of carbide on the catalyst surface (species not detectable with IR 30 

spectroscopy) seems to be unlikely the main reason of deactivation under the analyzed process conditions.  31 

Eventually the spent Ru-N catalyst, deactivated by carrying CO methanation for 24 h, was analyzed by ex 32 

situ TEM imaging, after an in situ passivation step at room temperature by flowing 2 vol.% O2 in N2. The 33 

results, reported in Figure S2, show that the average size of Ru particles is only slightly increased after 34 
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COx hydrogenation, although it is characterized by a more broadened size distribution than the fresh 1 

catalyst. However, since the catalyst activity is totally reversible, Ru sintering is excluded as main cause of 2 

deactivation. In contrast, the formation of very stable carboxylate species, produced only in the presence of 3 

CO in the gas feed seems to have a key role in the deactivation of the catalyst during CO2 hydrogenation.  4 

4. Conclusion 5 

In this work the reactivity of commercial and home-made Ru/Al2O3 catalysts in the CO/CO2 methanation 6 

was investigated. Mechanistic aspects of the reaction were also investigated by DRIFTS experiments, and 7 

particular attention was paid on the reaction pathways and on the deactivation phenomena occurring when 8 

CO is present in the reacting mixture along with CO2. 9 

Both the catalysts are stable and highly selective in the CO2 methanation. The presence of CO in the reacting 10 

CO2/H2 mixture at low temperatures leads to a decrease in the CO2 conversion and, at high CO 11 

concentrations, a progressive deactivation of the catalyst. When switching the feed back to the CO-free 12 

atmosphere, a permanent deactivation is observed for high CO concentrations. 13 

DRIFTS experiments, carried out over the home-made catalyst, show that the CO2 hydrogenation reaction 14 

pathway is in line with that reported in the literature: carbon dioxide is adsorbed on the support as 15 

bicarbonate and is progressively hydrogenated to methane passing through the formation of formate 16 

adsorbed at the metal-support interface, and of carbonyl species on the metallic ruthenium surface. 17 

When CO is present in the gas feed, the reaction sites for CO2 hydrogenation are blocked by CO and the 18 

catalysts show deactivation, when operated at low temperature. The extent of activity loss increases upon 19 

increasing the CO/CO2 ratio in the inlet gas stream and upon decreasing the catalyst temperature, thus 20 

suggesting a CO self-inhibition mechanism. 21 

DRIFTS experiments confirm that, in the presence of gas phase CO in the feed, the CO coverage is higher 22 

on the catalyst surface than that during methanation in pure CO2. As the CO coverage becomes high on the 23 

Ru particles, the methanation becomes kinetically inhibited due to the decrease of hydrogen concentration 24 

on the metal sites. Additionally, carbonyls with different hydrogenation kinetics are detected on the Ru 25 

sites, showing the presence of species having poor reactivity, e.g. geminal di-carbonyls on well-dispersed 26 

sites. Notably, in the presence of CO in the gas feed, formates, carboxylates and hydrocarbons are formed 27 

and deposited on the catalyst surface. They exhibit different reactivity, with carboxylates showing the 28 

highest stability. Indeed, while hydrocarbons and formates can be removed by hydrogenation, carboxylates 29 

are very stable and cannot be removed. These stable oxide-bound surface species block adsorption sites for 30 

CO2, thus lowering the CO2 methanation activity of the catalyst even after the removal of CO from the gas 31 

feed stream. The observed deactivation, however, is reversible. By increasing the process temperature, even 32 
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in inert gas flow, the catalyst activity can be completely recovered, due primarily to the thermal 1 

decomposition of the carboxylate species.  2 

In conclusion, methanation in CO/CO2 co-feed can be effectively carried out on Ru-based catalysts by 3 

working at temperatures high enough to prevent high CO coverage and the formation of stable carboxylate 4 

species, whose presence is the reason for catalyst deactivation. 5 
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