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a b s t r a c t 

A Dual Function Material containing Ru (1% wt.) and Li (3% wt.) dispersed by sequential impregnations onto 

Al 2 O 3 spheres was extensively tested in the integrated CO 2 capture and methanation process to assess the effects of 

the main species (O 2 and H 2 O) as well as of poisonous impurities (SO 2 ) in realistic flue gases. The DFM designed in 

this work was benchmarked against the state-of-the-art formulation (Ru and Na) in terms of intrinsic methanation 

activity as well as CO 2 capture capacity, CH 4 production and selectivity across more than 100 repeated cycles 

performed in a fixed bed reactor operated in the temperature range 260–320 °C with alternate feed conditions. 

The ageing study with up to 100ppmv SO 2 demonstrated a remarkable tolerance to sulfur poisoning coupled with 

a slow loss of CO 2 capacity due to long-term S-accumulation. A detailed characterization of the fresh and S-aged 

DFM was performed to get insights into mechanistic aspects behind the peculiar self-regeneration characteristic 

of the catalytic sites in the DFM. 
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. Introduction 

Reversing global temperature rise requires mitigating greenhouse
as emissions from the industry and energy sectors ( Priorities, 2019 ).
s the world will still rely on fossil fuels in the mid-term, and there
re sectors which cannot be easily decarbonised or only partially so,
arbon capture and utilization (CCU) technologies are required for the
mbitious net zero carbon emission target to be met ( Priorities, 2019 ;
aeidi et al., 2021 ; Shao et al., 2022 ; Sun et al., 2023 ). Recently, the
ntegration of CO 2 capture and its direct conversion into valuable fuels
r intermediates such as methane, CO or syn-gas is emerging as a vi-
rant field of research due to the potential to achieve a circular carbon
conomy while cutting the costs and increasing the efficiency of the
nergy-intensive multistep CCU technologies that are currently avail-
ble ( Shao et al., 2022 ; Sun et al., 2023 ; Sun et al., 2021 ; Sun et al.,
021 ; Merkouri et al., 2021 ). 

In particular, many authors have recently demonstrated that the in-
egrated CO 2 capture and in-situ methanation (ICCM) can be performed
ver Dual Function Materials (DFMs) ( Shao et al., 2022 ; Sun et al., 2021 ;
erkouri et al., 2021 ; Melo Bravo and Debecker, 2019 ; Omodolor et al.,

020 ; Kosaka et al., 2021 ; Chen et al., 2022 ; Duyar et al., 2016 ;
osaka et al., 2022 ; Duyar et al., 2015 ; Abdallah and Farrauto, 2022 ;
ermejo-López et al., 2019 ; Cimino et al., 2020 ), which combine at the
anoscale a CO 2 sorbent phase (e.g. alkali (hydro)oxides/carbonates)
ith a methanation active phase (e.g. Ni or Ru). The process is then
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perated in a chemical looping mode mediated by the DFM which is
lternatively exposed to a CO 2 -rich atmosphere (capture stage), and an
 2 stream (methanation stage). Since both CO 2 adsorption and metha-
ation are exothermic the ICCM process can be run isothermally in the
50–350 °C range by harvesting the sensible heat of typical flue gases
nd without any further energy input ( Kosaka et al., 2021 ; Chen et al.,
022 ; Duyar et al., 2016 ), utilizing either fixed bed reactors with al-
ernate feeds ( Shao et al., 2022 ; Melo Bravo and Debecker, 2019 ;
osaka et al., 2021 ; Chen et al., 2022 ; Duyar et al., 2016 ) or inter-
onnected fluidized bed reactors with circulating DFM ( Kosaka et al.,
022 ). 

As with any chemical looping process, the DFM plays a crucial role
nd, since the initial works by prof. Farrauto’s group ( Duyar et al., 2016 ;
uyar et al., 2015 ), great efforts have been devoted to the development
f advanced formulations which can guarantee significant CO 2 uptake
apacity, high catalytic activity and product selectivity, as well as long-
erm cyclic stability ( Sun et al., 2021 ; Chen et al., 2022 ; Abdallah and
arrauto, 2022 ; Bermejo-López et al., 2019 ; Cimino et al., 2020 ;
orta et al., 2021 ; Arellano-Treviño et al., 2019 ; Jeong-Potter et al.,
022 ). This is not a trivial matter since, for example, the addition of a
orbent phase (most commonly an alkali (hydro)oxide/carbonate such
s Na 2 O, K 2 O, MgO, CaO, BaO) ( Sun et al., 2021 ; Chen et al., 2022 ;
orta et al., 2021 ) to a methanation catalyst (such as Ru/Al 2 O 3 ) can ad-
ersely affect the intrinsic activity of the precious metal both in terms of
eaction rate and CH 4 selectivity ( Cimino et al., 2020 ; Porta et al., 2021 ).
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oreover, when capturing CO 2 from either flue gas or air, the DFM has
o be exposed to O 2 and H 2 O, which cause pronounced effects on the ox-
dation state of the catalyst and challenge the stability of performance
ver multiple cycles ( Abdallah and Farrauto, 2022 ). In particular, Ni-
ased DFMs can be unsuited to operate in the presence of oxygen, due
o the difficult or incomplete reduction of the active phase during the
ydrogenation step at T < 300 °C where either CO 2 capture and metha-
ation are thermodynamically favoured ( Abdallah and Farrauto, 2022 ;
rellano-Treviño et al., 2019 ). By contrast, Ru-based DFMs, despite

heir higher cost, are easily reduced back to the metal form already
t low temperature (above 150 °C) making them the preferred choice
 Sun et al., 2021 ; Merkouri et al., 2021 ; Chen et al., 2022 ; Abdallah and
arrauto, 2022 ). Therefore, state-of-the-art formulations for ICCM with
xidizing flue gases contain Ru (0.5–5% wt) co-dispersed with Na (hy-
ro)oxide onto alumina ( Abdallah and Farrauto, 2022 ). However, age-
ng in the presence of O 2 and H 2 O has been reported to induce extensive
intering of Ru nanoparticles with a consequent permanent deactivation
f the DFMs ( Jeong-Potter et al., 2022 ; Bermejo-López et al., 2022 ). 

We have recently reported that lithium doping, differently from
ther alkali metals, can promote both the CO 2 capture capacity as well
s the methanation activity of Ru/Al 2 O 3 catalysts ( Cimino et al., 2020 ).
s a consequence, Li-Ru/Al 2 O 3 DFMs outperform Na-Ru formulations
uring the ICCM process under ideal conditions (CO 2 in dry N 2 ) both
n terms of methane production and selectivity since they can be op-
imally operated at lower temperatures (260–280 °C), which could be
dvantageous for stability issues ( Cimino et al., 2022 ). However, pro-
onged testing of Li-Ru DFMs is required to extend previous results un-
er more realistic conditions. In particular, apart from O 2 and H 2 O, real
ue gases often contain contaminants even after purification units, such
s NO x and SO x ( Merkouri et al., 2021 ), which can potentially affect the
erformance of DFMs. Those impurities can compete with CO 2 for ad-
orption sites ( Porta et al., 2021 ; Bermejo-López et al., 2023 ) and, even
orst, low concentrations of sulfur species ( ≤ 1ppm) can severely poison

atalytic metal sites for hydrogenation ( Argyle and Bartholomew, 2015 ;
uzmenko et al., 2019 ; Cimino et al., 2009 ). As such, sulfur poisoning is
 main issue to be addressed when designing and operating CO 2 capture
s well as methanation plants, which must be equipped with appropri-
te gas cleaning units ( Merkouri et al., 2021 ; Kuzmenko et al., 2019 ;
önsch et al., 2015 ). 

We have recently shown for the first time ( Cimino et al., 2022 ) that
 Na-Ru/Al 2 O 3 DFM displays a remarkable and somehow unexpected
olerance to S-poisoning during the ICCM at 300 °C due to a peculiar
elf-regeneration mechanism of the catalytic sites related to the redo-ox
ycle of Ru ( Kuzmenko et al., 2019 ; Cimino et al., 2022 ). In this work we
et out to investigate the performance of a DFM containing Li (3% wt.)
nd Ru (1% wt.) dispersed on alumina spheres during the integrated
O 2 capture and methanation, assessing the individual and mutual ef-

ects of the main species (O 2 and H 2 O) found in real flue gas as well as
he impact of SO 2 impurities (up to 100ppm). Ru and Li loadings in the
FM were deliberately kept low given the economic concerns for the
se of critical raw materials. This helped to highlight the possible de-
ctivation effects during a prolonged ageing study involving more than
00 capture and methanation cycles in a fixed bed reactor operated in
he temperature range 260–320 °C with alternate feed conditions. A de-
ailed characterization of fresh and S-aged Li-Ru DFM samples helped to
et insights into the mechanism behind the tolerance to sulfur poisoning
nd long-term stability. 

. Experimental 

.1. Preparation of Li-Ru/Al 2 O 3 dual function material 

𝛾-Al 2 O 3 spheres (Sasol, 1mm nominal diameter, Fig. 1 a) were pre-
iminarily washed in a dilute HNO 3 water solution, rinsed with distilled
ater and finally calcined in air at 450 °C to remove residual basic com-
ounds from their surface. Ru was dispersed onto this support by two
2 
onsecutive incipient wetness impregnation cycles with a 0.167 M solu-
ion of Ru(III) nitrosyl nitrate (Aldrich), each followed by calcination in
ir at 350 °C for 1h, and final reduction in H 2 (20% in N 2 ) at 450 °C for
h (reference sample: RuA). Thereafter, the sorbent phase was added to
he RuA catalyst by incipient impregnation with an aqueous solution of
iNO 3 (2 cycles), followed by drying at 120 °C in air and reduction in
 2 (20% in N 2 ) at 450 °C for 2h. The nominal loadings of Li and Ru in

he resulting DFM were 3% and 0.95% wt., respectively. Two reference
amples were prepared by impregnating the same 𝛾-Al 2 O 3 spheres with
ater solutions of LiNO 3 or Li 2 SO 4 , followed by drying at 120 °C. 

The freshly reduced DFM was labelled as Li-RuA; the sulfated DFM
nloaded from the reactor at the end of the durability study in the pres-
nce of SO 2 was named S-Li-RuA. The real density of DFMs was calcu-
ated (after stabilization in ambient air for more than 24 h) by weighing
 known number of spheres (80–100) having a nominally identical vol-
me (0.523 mm 

3 ). 

.2. Characterization of the DFMs 

N 2 adsorption-desorption measurements at 77 K were performed in a
uantachrome Autosorb 1-C after degassing the DFM samples at 150 °C

or 3h under a high dynamic vacuum. The specific surface area and pore
ize distribution (PSD) of the DFMs were evaluated by the BET method
nd the Non-Linear Density Function Theory (NLDFT, cylindrical pore,
quilibrium model), respectively. 

The crystal phases of the materials at different stages (fresh, sulfur-
zed) were determined by powder X-ray diffraction (XRD) measurement,
sing a Rigaku Miniflex 600 diffractometer with Cu K 𝛼 radiation (0.154
m wavelength). XRD patterns were collected in a 2 𝜃 range of 10–80 °,
ith a step of 0.01 ° and 10 °/min counting time. Background correc-

ion, fitting, and peak attribution were performed using SmartLab Stu-
io II software. The average crystallite sizes of Ru and (Li)Al 2 O 3 phases
ere estimated based on Scherrer’s equation from the full width at half
aximum (FWHM) of their corresponding main reflections occurring at
 𝜃 = 43.9° [1 0 1] and 2 𝜃 = 66.9° [4 4 0], respectively. 

FT-IR analysis was performed on self-supported disks of KBr mixed
ith 2% wt. of powdered DFMs (stabilized in air at room temperature)
sing a Perkin Elmer Spectrum GX spectrometer with a DTGS detector,
ith a spectral resolution of 4 cm 

− 1 . Each spectrum was averaged over
4 scans and ratioed against the common background spectrum relevant
o pure KBr. 

A Setaram Labsys Evo TGA-DTA-DSC 1600 flow microbalance was
sed to perform temperature-programmed reaction tests with DFM sam-
les (90- 100 mg) under a flow of 4.5% H 2 /Ar (50 cm 

3 min − 1 ) up to
50 °C at a rate of 10 °C min − 1 . The evolved gases were continuously
nalyzed by a Mass Spectrometer (Pfeiffer Thermostar G) equipped with
 Secondary Electron Detector (MS-SEM), recording the temporal pro-
les at m/z = 2 (H 2 ), 15 (CH 4 ), 18 (H 2 O), 28 (CO), 30 (NO), 34 (H 2 S),
4 (CO 2 ), (46) NO 2 , 64 (SO 2 ). 

.3. Cycled CO 2 capture and methanation tests in the fixed bed reactor 

Combined CO 2 capture and methanation tests were performed in the
ame fixed bed quartz reactor already described in ( Cimino et al., 2022 )
hat was loaded with ca 2.3 cm 

3 (packed volume) of Li-RuA. The reactor
as operated at atmospheric pressure and at a fixed temperature in the

ange from 260 °C to 320 °C by switching alternatively the feed between
he CO 2 capture and methanation phases while keeping constant the in-
et flow rate (20 Sl/h). First, a feed gas stream consisting of 5% vol. CO 2 

n N 2 with the possible additional presence of 0.25% O 2 and/or 1.5%
 2 O as well as 10–100 ppmv SO 2 was stepwise admitted to the reactor
nd flowed over the DFM for 18 min (unless otherwise stated). Then, af-
er an intermediate purge step (2 min, under pure N 2 ), the methanation
hase was started by switching the feed to 15% vol. H 2 in N 2 for a total
f 14 min (unless otherwise stated). Eventually, the reactor was purged
gain with N , before a new cycle was started. In some experiments,
2 
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Fig. 1. (a) Optical images of spherical 𝛾-Al 2 O 3 support and blade cut cross-sections of Li-RuA DFMs prepared with or without preliminary washing the support in 

acidic solution determining a homogeneous or an egg-shell distribution of Ru (black) within the spheres. (b) Weight change and corresponding emission trace of NO 

during the H 2 -reduction of LiNO 3 impregnated on either RuA catalyst and bare Al 2 O 3 support. (c) Pore Size Distribution analysis and (d) XRD patterns of the fresh 

reduced RuA and Li-RuA DFM and its aged form (S-Li-RuA) as recovered at the end of the prolonged tests of cyclic CO 2 capture with SO 2 and methanation. XRD 

Legend: ■ = Ru, ο = 𝛾-Al 2 O 3 , 
∗ = Li 2 SO 4 , ● = LiAl 5 O 8 
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he CO 2 capture step was performed as previously described (at a fixed
emperature in the range 180–280 °C), whereas the methanation phase
as run under a temperature-programmed mode by heating the reactor

o 300 °C at 10 °C min − 1 (keeping constant the total duration of 14 min
nder H 2 flow). 

The molar fractions of CO 2 , CH 4 , CO, and SO 2 , H 2 S were measured
y two continuous gas analyzers (ABB Optima Advance) equipped with
D-IR and UV detectors, respectively. Therefore, the quantities of CO 2 

nd SO 2 captured or desorbed by the DFM, as well as those of CH 4 ,
O and H 2 S formed, were calculated by integrating their corresponding
emporal concentration traces after correction for the gas hold-up in the
mpty reactor. The overall carbon balance was generally closed within
 2%. The CO 2 conversion was calculated based on the total carbon-
pecies released during the catalytic hydrogenation stage. 

.4. Catalytic CO 2 methanation tests 

Catalytic methanation tests of gaseous CO 2 were run as described
n ( Cimino et al., 2020 ; Cimino et al., 2022 ) using the same fixed bed
uartz reactor that was loaded with ca 0.62 cm 

3 (packed-volume) of
FM spheres. Before testing, DFM samples were pre-reduced in-situ
t 400 °C under 20% vol. H 2 /N 2 , except for the S-Li-RuA sample re-
overed to ambient air after the prolonged ageing study. Temperature-
rogrammed reaction tests were performed at ca 3 °C min − 1 from 200 °C
nder a flow of CO 2 /H 2 /N 2 = 1/4/5 that was fed to the reactor at a Gas
ourly Space Velocity (GHSV) = 32500 h − 1 . The conversion of CO 2 

nd the selectivity to CH 4 were continuously calculated from the molar
ractions of CO, CO 2, and CH 4 in the product stream. The rate of CO 2 

onsumption per unit mass of Ru in the DFM (R Ru CO 2 ) was estimated
rom low conversion data ( < 10%) assuming isothermal behaviour, dif-
3 
erential conditions, and constant molar flow rate. The Arrhenius plot
f R Ru CO 2 was used to estimate the apparent activation energy for the
atalytic CO 2 hydrogenation. 

. Results and discussion 

.1. Characterization of fresh Li-RuA DFM 

It is well known that the dispersion of Ru on alumina pellets or
pheres by impregnation with aqueous solutions often leads to an egg-
hell distribution due to a limited penetration depth of the noble metal
 Cimino et al., 2020 ; Porta et al., 2020 ) attributed to the strong interac-
ion with the surface and the precipitation of Ru-hydroxide species even
nder acidic conditions ( Povar and Spinu, 2016 ). However, by prelim-
nary washing the 𝛾-Al 2 O 3 spheres with a diluted nitric acid solution
t was possible to obtain a homogeneous distribution of Ru throughout
he particles, confirmed by the uniform dark colouration of blade-cut
ross sections of the Li-RuA particles ( Fig. 1 a, top right). This contrasts
ith the egg-shell distribution of Ru previously found in similar Li-RuA
aterials ( Fig. 1 a, bottom right), which were prepared using identical
recursors and methods but without any pretreatment of the commer-
ial 𝛾-Al 2 O 3 support ( Cimino et al., 2022 ). 

Dispersion of the CO 2 -sorbent phase onto RuA spheres was per-
ormed by impregnation with LiNO 3 precursor solution and the sub-
equent reduction step was analyzed by TG-MS ( Fig. 1 b). The pres-
nce of the active Ru metal significantly lowered the decomposition
emperature of LiNO 3 which started already from 175 °C (i.e. below
ts melting point at 255 °C) and was completed at ca 300 °C, as testi-
ed by the corresponding NO emission trace. For comparison purposes,
he decomposition of LiNO 3 when dispersed on bare 𝛾-Al 2 O 3 spheres
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Table 1 

Summary of the characterization results for (reduced) Ru/A, Li-Ru/A, and S-Li-Ru/A DFM: Density of the spheres, Specific surface area (S BET ), 

mesopore volume (V mesoP ), and pore width by N 2 physisorption; dimensions of Ru (d Ru ) and Al 2 O 3 (d Al2O3 ) crystallites from XRD data; S content; 

apparent activation energy values (E a ) and temperatures for 10% conversion (T 10 ) for the catalytic hydrogenation of gaseous CO 2 . 

Density S BET V mesoP 

Pore width 

(mode) d Ru d Al2O3 S content E a T 10 

g cm 

− 3 m 

2 g − 1 cm 

3 g − 1 nm nm nm % wt. kJ/mol °C 

RuA 1.40 180 0.44 9.4 10.3 5.5 - 71 293 

Li-Ru/A 1.53 145 0.40 10.9 10.6 6.4 - 81 265 

S-Li-Ru/A 1.59 133 0.36 11.3 16.5 6.6 2.1 a 71 303 b 

a estimated from the TG-MS analysis supposing the decomposition of Li 2 SO 4 into Li 2 O. 
b S-aged DFM sample recovered to air and tested without any further pretreatment. 
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Fig. 2. CO 2 conversion (a), selectivity to CH 4 (b) as a function of the reac- 

tion temperature and corresponding Arrhenius plots for the CO 2 consumption 

rate during the catalytic methanation tests over fresh RuA, Li-RuA, and sul- 

fated S-Li-RuA samples (either oxidized and reduced form). Feed composition: 

CO 2 /H 2 /N 2 = 1/4/5, GHSV = 32500 h − 1 . The solid line in panel b corresponds 

to the thermodynamic equilibrium curve. Experimental details can be found in 

Section 2.7. 
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tarted above 300 °C and required ca 500 °C to be completed ( Fig. 1 b).
t follows that Li-nitrates possibly formed during the CO 2 capture stage
rom flue gases containing some NO x would be catalytically decomposed
uring methanation at ca 300 °C, in good agreement with recent re-
ults over Ru-Ba/Al 2 O 3 and Ru-Na-Ca/Al 2 O 3 DFMs ( Porta et al., 2021 ;
ermejo-López et al., 2023 ): therefore, NO x impurities are not expected
o severely impact ICCM process performances. 

Textural and morphological properties of the fresh Li-RuA material
s well as its parent RuA catalyst are presented in Table 1 . 

The dispersion of Li on RuA induced a 9.2% increase in the density
f the resulting DFM spheres (stabilized in air after reduction). How-
ver, the specific surface area of Li-RuA was lowered by as much as
9% with respect to RuA (from 180 down to 145 m 

2 g − 1 ), suggesting
 deeper modification of the original textural properties of the parent
aterial. In particular, the Pore Size Distribution analysis ( Fig. 1 c) indi-

ates Li-addition caused an evident enlargement of the average dimen-
ion of the mesopores ( Table 1 ) that passed from 9.4 nm for RuA (and
ts bare support) up to 10.9 nm for Li-RuA. At variance, Na addition (3%
t.) to a similar RuA material, did not alter the initial textural features
 Cimino et al., 2022 ). Accordingly, a direct comparison of the XRD pat-
erns relevant to freshly reduced Li-RuA and RuA samples ( Fig. 1 d) in-
icates Li addition induced a small shift and an increase in the intensity
f all the main peaks characteristic of the 𝛾-Al 2 O 3 support (2 𝜃 ca 19.4 °,
7.3 °, 45.5 °, 66.9 °). This was already assigned to the formation of the
ixed LiAl 5 O 8 crystalline phase (PDF# 3-911) ( Cimino et al., 2022 ),
hich shares the same spinel structure of 𝛾-alumina with almost iden-

ical lattice parameters ( Narayanan and Uma, 1987 ). Interestingly, the
stimated average size of the Al 2 O 3 crystallites increased by ca 20% due
o the formation of the Li-aluminate phase ( Table 1 ), thus justifying the
orresponding enlargement of the pore size. Moreover, upon prolonged
xposure to ambient air two additional signals at 2 𝜃 11.7 ° and 23.5 ° ap-
eared in the XRD pattern of Li-RuA (not shown) that can be assigned to
he spontaneous formation of the hydrotalcite-like Li 2 Al 4 (CO 3 )(OH) 12 -
H 2 O (PDF# 37–728), which reversibly decomposes above 250 °C un-
er inert flow ( Cimino et al., 2022 ). The peaks at 2 𝜃 ca 42.0 ° and 43.9 °
orrespond to the main reflections of metallic Ru. The characteristic di-
ensions of the metal crystallites (d Ru ) in RuA and Li-RuA, estimated by

cherrer’s equation, were equal to 10.3 ± 0.7 and 10.6 ± 0.8 nm, respec-
ively ( Table 1 ): therefore, Li addition and the subsequent reduction of
he DFM at 450 °C did not alter the initial metal dispersion. 

The 10 nm size of the Ru nanoparticles was largely dictated by the ox-
dative treatment in air at 350 °C after impregnation ( Chin et al., 2005 ),
hich, however, is required to stabilize the DFM for operation under al-

ernate oxidizing/reducing feed conditions. Indeed, it has been recently
eported ( Jeong-Potter et al., 2022 ) that a 1% Ru, 6% “Na 2 O ”/Al 2 O 3 

FM with high initial metal dispersion (d Ru ca 2–3 nm), which was
ot pre-oxidized/stabilized, suffered severe metal sintering (final d Ru ca
6–37 nm) during repeated cycles of CO 2 capture from simulated power
lant effluent (with 4.5% O 2 ) and methanation at 320 °C. Ru sintering
as identified as the main cause of permanent loss of methanation ac-

ivity ( Jeong-Potter et al., 2022 ). 
w  

4 
It is worth noting that the homogeneous distribution of Ru nano-
articles inside the alumina spheres (achieved via the acidic-wash pre-
reatment of the support) enhanced the metal dispersion if compared to
ur previous results on analogue Ru-based DFMs ( Cimino et al., 2022 )
aving an egg-shell distribution of the metal (d Ru ca 16 nm). 

Temperature-programmed methanation tests were performed co-
eeding CO 2 and H 2 over Li-RuA and its parent RuA catalyst to confirm
he peculiar promoting effect of Li, at variance to other alkali metals
uch as Na and K ( Cimino et al., 2020 ; Porta et al., 2021 ): results are
resented in Fig. 2 in the form of CO 2 conversion and CH 4 selectivity
lots as well as Arrhenius plots for the catalytic CO 2 consumption rate.
i-addition to RuA significantly promoted the methanation activity in
he whole temperature range ( Fig. 2 a) so that the temperature for 10%
onversion decreased from 293 °C down to 265 °C (T 10 , Table 1 ), and
he process selectivity to CH 4 more closely approached the thermody-
amic equilibrium curve ( Fig. 2 b). Specifically, the catalytic reaction
ate per unit mass of Ru more than doubled (x2.4) at 265 °C. At the
ame time, the apparent activation energy of the reaction raised from
a 71 kJ mol − 1 up to 81 kJ mol − 1 , in very good agreement with previous
esults ( Cimino et al., 2022 ). Interestingly, the RuA catalyst with a uni-
orm metal distribution prepared in this work was twice as active as its
ounterpart with an egg-shell distribution (Fig. S1, Supplementary Ma-
erial): this correlates well with the increased number of Ru active sites
hich are conveniently located at the nexus of the metal, support, and
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Fig. 3. Integrated CO 2 capture and methanation cycles on Li-Ru/A DFM operat- 

ing at 280 °C with 3 different feed gas compositions during adsorption: 5% CO 2 

in N 2 (black lines), with the addition of + 0.25% O 2 (red lines) or + 1.5% H 2 O 

(green lines). Temporal outlet concentrations of CO 2 (a) CH 4 (b) and CO (c), 

and temperature profiles as measured at the exit of the catalytic bed (d). Step 

duration: 18 min CO 2 capture, 2 min N 2 purge, 14 min hydrogenation (15% H 2 

in N 2 ). Dashed line in (a) represents the reactor hold-up. 
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Fig. 4. Effect of the feed gas composition and the reaction temperature on the 

average values of CH 4 and CO produced, CO 2 desorbed and purged (bars), CO 2 

conversion (dots) during 3 consecutive cycles of integrated isothermal CO 2 cap- 

ture and methanation with Li-RuA DFM. Adsorption conditions: 5% CO 2 in N 2 

(reference case) with the eventual addition of 1.5% H 2 O, 0.25% O 2 , or both. 

Experimental details can be found in Section 2.6. 
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tmosphere i.e. along the perimeter of the supported metal nanoparti-
les, whose length scales as (d Ru ) 

− 2 at fixed loading ( Cargnello et al.,
013 ). 

.2. Integrated CO 2 capture and methanation in the fixed bed reactor 

.2.1. Effect of flue gas composition and reaction temperature 

A single batch of Li-Ru/A DFM was used to perform a parametric
tudy of the integrated CO 2 capture and methanation process aiming to
lucidate the individual effects of O 2 and H 2 O when added to a feed
as containing 5% CO 2 in N 2 . Fig. 3 presents the typical transient CO 2 ,
H 4 , and CO concentration traces as well as the temperature profiles
ecorded at the exit of the DFM bed during standard cycles run at a
xed preheating (280 °C). As soon as admitted to the reactor, CO 2 was
uickly captured by the DFM ( Fig. 3 a) so that its concentration dropped
o zero after ca 25 s independently from the presence of O 2 or H 2 O in the
eed stream; thereafter, it started to raise progressively until the over-
ll capacity was mostly saturated (within 4 min). The contribution from
he reactor hold-up can be visualized by the dashed line in Fig. 3 a. Some
eakly bonded CO 2 was spontaneously desorbed from the DFM during

he intermediate purge phase under N 2 flow (required to avoid gas mix-
ng) before H 2 was admitted to the reactor to start the hydrogenation
hase. At that point, CH 4 formation occurred with an apparent initial
ate that was not affected by the eventual presence of O 2 or H 2 O during
he previous stage. The peak production of CH 4 (up to 3.5% by volume)
as achieved within 25s, being slightly lower when the simulated feed
as contained some H O, due to the lower amount of CO stored on the
2 2 

5 
FM. Simultaneously, a very low amount of CO was formed ( ≤ 40ppm,
ig. 3 c), and it became almost undetectable for the humid flue gas case.
 limited thermal desorption of CO 2 was observed at the beginning of

he hydrogenation phase ( Fig. 3 a), driven by the heat released by the
xotherm of the catalytic reaction, which indeed caused a temperature
ncrease recorded at the exit of the DFM bed ( Fig. 3 d). The maximum
nd minimum values of ΔT exit were measured when the flue gas con-
ained O 2 or H 2 O, respectively. 

Interestingly, also the CO 2 capture process caused similar tempera-
ure increases due to the exothermic nature of the surface reactions in-
olved, which increased in the presence of O 2 in the flue gas ( Fig. 3 d).
n particular, at temperatures exceeding 200 °C Ru can be easily oxi-
ized during adsorption and then reduced back to its metal form during
he methanation step: both the oxidation of Ru by O 2 and the reduc-
ion of RuO x by H 2 are exothermic reactions ( Porta et al., 2021 ) which
herefore contribute to enhancing the heat release during each half cy-
le ( Fig. 3 d). It can be argued that the Ru content in the DFM (as well as
ny other reducible metal oxide such as NiO x or CeO x ) should be kept
s low as possible to limit the extent of the parasitic H 2 consumption to
orm water ( Abdallah and Farrauto, 2022 ). 

The parametric study was further extended to investigate the effect
f the average reaction temperature in the 260–320 °C range. A mini-
um of three adsorption-reaction cycles were run for each specific test

ondition giving highly repeatable results: the average values are sum-
arized in Fig. 4 reporting the CH 4 , CO and CO 2 released during the
ethanation, the resulting CO 2 conversion, and the CO 2 lost during the

ntermediate purge. All relevant data, including the C-balance, selec-
ivity to CH 4 and maximum temperature gradients recorded during ad-
orption and reaction half-cycles are also listed in Table S1. 

The Li-RuA DFM displayed a cyclic CO 2 capture capacity of ca 350
mol/g under reference conditions (CO 2 in dry N 2 ) that was poorly af-
ected by the operating temperature in the range explored herein. The
resence of water vapour in the feed gas reduced it by ca 16–19%
ith respect to dry conditions, whereas the addition of O 2 showed a
arginally positive effect (ca 2–4%). The amount of CO 2 released dur-

ng the purge phase was almost constant, but the CO 2 desorbed during
he methanation increased at higher temperatures as well as in the pres-
nce of O 2 , and decreased under humid conditions. Accordingly, the
O 2 conversion during methanation showed a decreasing trend with
emperature passing from 90.6% at 260 °C to 85.3% at 300 °C under
eference conditions ( Fig. 4 ). Moreover, it was higher with humid rather
han with O -containing feed (Table S1). CO production was always very
2 
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Fig. 5. Methane production rates from CO 2 preadsorbed over Li-RuA DFM as a 

function of the inlet partial pressure of H 2 at 300 °C. Adsorption conditions: 5% 

CO 2 , 1.5% H 2 O, 0.25% O 2 in N 2 for 9 min. Dashed horizontal lines correspond 

to the maximum theoretical CH 4 flow depending on the H 2 feed rate. Inset: CO 2 

conversion at the end of the methanation phase (7 min). 

s  

t  

d  

H  

+
 

s  

t  

C  

t  

o  

9  

p  

i  

c  

2  

p  

S  

m  

t  

e  

a  

a  

g  

o  

(  

l  

L

3

 

e  

a  

O  

1  

p  

p  

0  

a
f
p  

fi  

m  

Fig. 6. Effect of the adsorption temperature on the CO 2 capture as well as the 

CH 4 and CO 2 released during the subsequent temperature programmed metha- 

nation (10 °C min − 1 up to 300 °C, then hold) with Li-RuA DFM. Adsorption 

conditions (18 min): 5% CO 2 , 1.5% H 2 O, 0.25% O 2 in N 2 . Experimental details 

can be found in Section 2.6. 
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mall but it became negligible under humid conditions and for tempera-
ures up to 300 °C (Table S1). Water retained on the surface of the DFM
uring adsorption can inhibit the formation of CO upon the injection of
 2 by shifting the water gas shift equilibrium reaction (H 2 + CO 2 ↔ CO
 H 2 O). 

Eventually, when O 2 and H 2 O were simultaneously present in the
imulated flue gas, their individual thermal and chemical effects par-
ially compensated, so that, for example, the associated penalty in the
O 2 capture capacity was favourably limited to only ca 5% with respect
o the reference case. This resulted in a maximum methane production
f 247 ± 3 𝜇mol/g DFM 

achieved at as low as 280 °C, with an outstanding
9.98 ± 0.01% selectivity and a CO 2 conversion exceeding 90%; similar
erformances were also achieved at 260 °C (Table S1). While further
mprovements of the specific methane production are possible by in-
reasing the Li loading in the DFM (at least up to 5% wt, ( Cimino et al.,
022 )), this was deliberately kept low to better highlight durability and
oisoning issues during reaction ageing with SO 2 -loaded flue gas (see
ection 3.2.4 ). For comparison purposes, a similar Na-RuA DFM (same
etal and alkali loadings) tested by us under identical rector configura-

ion and experimental conditions returned a maximum CH 4 production
qual to 183 ± 2 𝜇mol/g DFM 

(@300 °C) with 99.73 ± 0.03% selectivity
nd 89% CO 2 conversion ( Cimino et al., 2022 ). Notably, the favourable
nd unique synergy existing between Li and Ru phases in the DFM
uarantees a 20–60 °C reduction for the optimal operating temperature
f the integrated process with respect to state-of-the-art Na-Ru DFMs
 Merkouri et al., 2021 ): this is particularly important in view of the
ong term durability of the DFM ( Jeong-Potter et al., 2022 ; Bermejo-
ópez et al., 2022 ). 

.2.2. Effect of H 2 concentration during methanation 

A further set of experiments at 300 °C were run to investigate the
ffect of the H 2 concentration during the methanation phase following
 CO 2 capture stage (9 mins) from a humid feed gas also containing
 2 . As shown in Fig. 5 , at increasing the H 2 concentration from 10 to
5 and 20% the methane production became faster and the methane
eak sharper. In particular, the slopes of the initial methanation rate
rofiles scaled proportionally to the concentration of hydrogen (0.41,
.63 and 0.84 mmol s − 2 ). In each case, the peak production rate reached
fter ca 20 s corresponded to the complete consumption of all the H 2 

ed to the reactor. It can be argued that the methanation of the CO 2 

readsorbed on the Li-RuA DFM initially proceeded with an apparent
rst-order dependence on the partial pressure of H 2 and probably under
ass transfer control. The fast initial methanation rate can be explained
6 
y the fast reaction of highly reactive CO 2 ad-species/carbonates stored
nto the Li-Al sites, which can easily spill-over onto vicinal Ru sites that
re reduced back to the metal form as soon as exposed to H 2 ( Arellano-
reviño et al., 2019 ; Cimino et al., 2022 ). 

After the methane peak, the formation rate became limited by the
vailability of residual CO 2 on the DFM, thus showing a faster drop for
arger concentrations of H 2 . The faster methanation rate achieved at
igher H 2 concentration promoted the overall CO 2 conversion (inset in
ig. 5 ) since less CO 2 was thermally desorbed from the DFM and lost
efore it could react with the incoming H 2 flow. 

.2.3. Effect of the CO 2 adsorption temperature 

It was previously recalled that the CO 2 adsorption on pre-reduced
lkali-based DFMs is an exothermic process that is thermodynamically
avoured at lower temperatures where it can still occur with fast kinetics
 Jeong-Potter et al., 2022 ). At variance, the catalytic methanation of
O 2 over Ru-alumina catalysts proceeds at a low rate below 200 °C but

s more strongly activated by the temperature ( Fig. 2 ). 
To investigate the potential of operating the two half-cycles at differ-

nt temperatures we lowered the temperature during the isothermal CO 2 

apture stage (down to 180 °C in 20 °C intervals) while the subsequent
ydrogenation was performed in a temperature-programmed mode by
eating the reactor at ca 10 °C/min up to 300 °C (keeping constant the
otal duration of 14 min). Results presented in Fig. 6 confirm that the
O 2 capture capacity of the Li-RuA DFM almost linearly increased from
30 𝜇mol/g DFM 

at 300 °C up to 390 𝜇mol/g DFM 

at 180 °C. As a conse-
uence, methane production was enhanced with respect to the reference
ase of isothermal operation at 300 °C (243 𝜇mol/g DFM 

) reaching a max-
mum of 285 𝜇mol/g DFM 

when CO 2 capture was performed at 240 °C.
he amount of CO 2 lost during the methanation phase increased pro-
ressively when the initial temperature was below 240 °C, due to com-
etition between thermal desorption and (initially slow) surface reaction
 Jeong-Potter et al., 2022 ), which penalizes the CO 2 conversion and lim-
ts methane yield. As such, higher concentrations of hydrogen and larger
mounts of DFM can help to speed up and light off the methanation re-
ction also taking into account the internal heating effect due to the
xothermal release. 

While fast external heating of a full-scale fixed bed reactor unit in
etween the capture and hydrogenation steps might be problematic
 Jeong-Potter et al., 2022 ), running the integrated process with two
nterconnected fluidized bed reactors with circulating DFM particles
 Kosaka et al., 2022 ) could allow to independently optimize the operat-
ng temperature of each reactor. 
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Fig. 7. Integrated CO 2 capture and methanation cycles on Li-RuA DFM operat- 

ing at 280 °C with a simulated flue gas containing 5% CO 2 , 1.5% H 2 O, 0.25% 

O 2 and 10 ppmv SO 2 at different ageing points (reported as S-loads captured 

on the DFM). Temporal outlet concentrations of (a) CO 2 , (b) CH 4 , (c) SO 2 and 

H 2 S. Step duration: 18 min CO 2 capture, 2 min N 2 purge, 14 min hydrogenation 

(15% H 2 in N 2 ). 
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Fig. 8. Integrated CO 2 capture and methanation cycles on Li-RuA DFM operat- 

ing at 280 °C with a simulated flue gas containing 5% CO 2 , 1.5% H 2 O, 0.25% 

O 2, and 10 or 100 ppmv SO 2 (open or closed symbols, respectively). SO 2 re- 

moval efficiency (a) and CO 2 capture (b), CH 4 and H 2 S production (c), CO 2 

conversion (d), and CH 4 selectivity (e) as a function of the cumulative amount 

of SO 2 retained on the DFM across cycles. Black dash-dot lines correspond to 

data measured on a Na-RuA DFM ( Cimino et al., 2022 ). 
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Overall, the same batch of Li-RuA DFM performed 81 cycles of inte-
rated CO 2 capture and methanation for the parametric study without
ny significant sign of degradation of its initial performance. 

.2.4. Effect of SO 2 and long term ageing 

Eventually, we set out to investigate the performance and stability
f the Li-RuA DFM over time when SO 2 (10 or 100 ppm) was co-fed
ith CO 2 in the simulated flue gas also containing H 2 O and O 2 . Dur-

ng the capture step, the exit gas concentration of SO 2 quickly dropped
o zero while, during methanation, the Li-RuA DFM did not emit any
easurable H 2 S (nor SO 2 ) ( Fig. 7 ) but retained all of the sulfur fed to

he reactor. This is not surprising given the strong affinity of alkali-
ased sorbents for SO 2 leading to the formation of stable sulfite/sulfates
 Cimino et al., 2022 ; Das et al., 2001 ). Therefore, the general perfor-
ances measured during the ageing study at 280 °C are presented in

ig. 8 in terms of the SO 2 removal efficiency, CO 2 capture, CH 4 (and
 2 S) production, CO 2 conversion, and CH 4 selectivity, as a function of

he total amount of sulfur stored on the DFM. In particular, empty and
lose symbols refer to tests performed with either 10 or 100 ppm of
O 2 , respectively. For comparison purposes, the black dash-dotted lines
n Fig. 8 b,c report data relevant to our previous results obtained with a
a-RuA DFM ( Cimino et al., 2022 ). 

Initially, the Li-RuA DFM showed remarkable tolerance to the pres-
nce of SO 2 in the flue gas as all process outcomes were almost unaltered
p to ca 70 𝜇mol/g DFM 

of stored S. Thereafter, the CO 2 capture capac-
ty and the corresponding CH 4 production started to decrease progres-
ively following almost parallel trends, while the CO 2 conversion and
H 4 selectivity remained close to their original values or even increased
lightly. This is a clear indication that SO 2 competed with CO 2 for the
ame basic adsorption sites of the DFM, which, once saturated with S-
pecies, were not restored during the hydrogenation phase. Notably, the
ntrinsic catalytic methanation activity of Ru sites was substantially pre-
erved even at high S-loadings, as also confirmed by a close inspection
f the temporal CH 4 production profiles ( Fig. 7 b) that showed no ini-
ial delay and identical initial formation rates. Furthermore, the perfor-
7 
ance enhancement measured over the Li-based DFM as compared to its
a-based counterpart (ca 35–40% larger capture capacity and methane
roduction, Fig. 8 b, c) was preserved along with the increasing S-load
ver time on stream. 

The removal efficiency for SO 2 approached a breakthrough condition
90 %) at ca 800 𝜇mol SO2 /g DFM 

corresponding to a S/Li atomic ratio
round 0.2: at that point, the residual CO 2 uptake and CH 4 production
ere reduced to ca 25 % of their original values but the initial high

onversion and selectivity values were still preserved and no H 2 S was
etected (inset in Fig. 7 c). 

As shown in Figs. 8 c and S2, some H 2 S started to be formed during
he hydrogenation phase once the S-loading on the DFM approached
he saturation level and the feed SO 2 concentration was raised to 100
pm. This result indicates a higher reactivity of “last-captured ” sulfur
pecies that were more weakly bonded to the DFM surface. Qualitatively
imilar results were previously found over a Na-RuA DFM operating at
00 °C, which, however, released some small amounts of H S already
2 
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Fig. 9. FT-IR spectra recorded on air-stabilized samples of RuA (black), Li-RuA 

(red) and S-Li-RuA (dark yellow) recovered at the end of the ageing study. The 

(grey) spectrum in the upper part of the panel refers to the reference Li 2 SO 4 /A 

sample. Experimental details can be found in Section 2.4 . 
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efore being fully sulfated ( Cimino et al., 2022 ). The higher stability of
i-rather than Na- sulfate species formed on the DFM directly translates
nto a higher purity of the synthetic natural gas stream which does not
equire further purification to remove H 2 S traces. 

While S-species captured on the strong basic sites of the Li-RuA DFM
ppear too stable to be hydrogenated at 280 °C, it is suggested that more
eakly bonded SO x ad-species on a mostly saturated DFM surface can

pill-over onto adjacent catalytic sites to form H 2 S ( Cimino et al., 2022;
uzmenko et al., 2019 ). A close inspection of the transient emission pro-
les in Fig. S2 reveals that the formation of H 2 S was somehow delayed
nd only started after the peak production of methane was achieved,
ndicating it required a clean Ru surface (not covered by CO x species)
o proceed. 

It should be mentioned that Ru-based catalysts are generally prone
o severe poisoning effects by sulfur under reducing atmospheres due
o the easy formation of inactive and stable metal sulfide species
 Kuzmenko et al., 2019 ): at variance, we did not observe any evident
oss of catalytic activity (as measured by the CO 2 conversion and CH 4 

electivity), even in those last experiments run with a highly sulfated
FM when H 2 S was detected in the product stream ( Figs. 8 c,d and S2)
nd RuS x species were likely formed during the methanation phase. 

.2.5. Characterization of the sulfur-aged DFM 

At the end of the S-aging study, the S-Li-RuA DFM was recovered to
ir and characterized after having completed a total of 108 CO 2 capture
nd methanation cycles during 50 days in the reactor (at temperatures
n the range 260–300 °C). 

The accumulation of sulfur on the DFM caused a slight increase in
he density of the spheres ( Table 1 ). Several additional small peaks ap-
eared in the XRD pattern of the S-Li-RuA sample ( Fig. 1 d), which can
ll be assigned to the formation of the crystalline Li 2 SO 4 phase (PDF
5–873). The average crystallite size of the Li-Al spinel support in the
-aged DFM increased marginally as compared to the fresh sample (up
o 6.6 nm). Accordingly, the prolonged ageing induced minor textural
odifications in the S-Li-RuA sample, which retained a specific surface

rea as high as 133 m 

2 /g (i.e. ca 8% lower than the fresh DFM, Table 1 )
ue to a slight loss of contribution from mesopores with a characteristic
ize around 9 nm ( Fig. 1 c). Ru crystallites increased their average size
p to ca 16.8 nm ( Table 1 ), suggesting some metal sintering had oc-
urred upon ageing, though this was probably overestimated due to an
nresolved contribution coming from the Li-sulfate phase at 2 𝜃 angle ca
4 °. Even so, the noble metal in the Li-RuA DFM displayed satisfactory
tability against sintering, much better than what observed upon ageing
f a 1% Ru, 6.1% “Na 2 O ”/Al 2 O 3 DFM cyclically operating at 320 °C with
arger concentrations of steam and oxygen (15% and 4.5%, respectively)
 Jeong-Potter et al., 2022 ). 

FT-IR spectra of the aged S-Li-RuA sample and its freshly reduced
uA and Li-RuA counterparts after stabilization in air are compared in
ig. 9 . Prolonged cyclic operation in the presence of SO 2 caused the
ppearance of a strong band peaked at 1131 cm 

− 1 , which was previ-
usly assigned to sulfate-like species on alumina or alkali-doped alu-
ina ( Corro et al., 2002 ; Waqif et al., 1992 ). The same band was unam-

iguously detected in the spectrum of the reference Li 2 SO 4 /A material
 Fig. 9 ). In the spectral region 1600–1300 cm 

− 1 , typical of CO 2 adsorbed
n oxide supports ( Du et al., 2010 ), the fresh Li-RuA DFM showed a
ore complex and intense signal compared to its parent RuA material.

n particular, Li addition significantly enhanced all the main signals de-
ected at 1510, 1448, and 1383 cm 

− 1 , in line with its promoting effect
n both weak as well as medium-strength CO 2 sorption ( Cimino et al.,
020 ; Cimino et al., 2022 ). Similarly, additional carbonates bands were
eported upon potassium doping of alumina ( Montanari et al., 2011 ),
hich were assigned to the formation of bidentate carbonates partially

eplacing bicarbonates usually formed on Al- hydroxylated sites. By con-
rast, no signals were present in the spectral region of the carbonates for
he reference sample, indicating that the dispersion of 10% wt. Li 2 SO 4 

n alumina almost completely hindered CO adsorption. Therefore, the
2 

8 
mall residual signals detected on the S-Li-RuA DFM at 1510 and 1430
m 

− 1 indicate that not all of the basic Li-Al (or Al) sites on the surface
ere saturated by sulfate species, which agrees with the residual (25%)
O 2 capacity measured at 280 °C at the end of the ageing study. The
naltered band at 1634 cm 

− 1 assigned to the bending vibration of H 2 O
 Rege and Yang, 2001 ) indicates that the deposition and/or formation
f Li-sulfates did not hinder water adsorption on the materials. 

TG-MS analysis of the aged S-Li-RuA sample under H 2 flow (Fig.
3) displayed a characteristic weight loss event (-5.1 %) in the tem-
erature range 460–700 °C (giving a DTG peak at ca 615 °C), which
as accompanied by the simultaneous release of SO 2 , H 2 S and H 2 O:

his corresponds to the reactive decomposition of Li 2 SO 4 when sup-
orted on alumina (reference sample in the same figure). For compari-
on purposes, sodium sulfates, which formed upon S-aging of a Na-RuA
FM, showed lower stability under H 2 and started to decompose around
00 °C ( Cimino et al., 2022 ). The total amount of sulfur stored on the
ged S-Li-RuA sample was thus estimated equal to 2.1 % wt. ( Table 1 ),
hich closely matched the quantity of SO 2 removed from the flue gas
uring the cyclic operation of the DFM. 

Eventually, the intrinsic catalytic activity of the S-Li-RuA DFM was
nvestigated on the aged sample recovered to air (i.e. in oxidized
orm, without further pretreatment) using the standard temperature pro-
rammed protocol from 200 °C under the CO 2 + H 2 flow. As shown in
ig. 2 , the prolonged S-aging caused some loss of activity: in particu-
ar, the CO 2 conversion (rate) and CH 4 selectivity plots relevant to the
-Li-RuA DFM were roughly superimposed to the corresponding plots
ecorded over the fresh, unpromoted RuA sample up to ca 280–290 °C.
bove this threshold temperature, the selectivity to CH 4 dropped faster

or the S-Li-RuA sample, and the overall reaction rate only increased
arginally along with the increasing temperature ( Fig. 2 c). It can be

rgued that in the low temperature region (up to 280 °C), the unavail-
bility of free Al-Li sites close to Ru nanoparticles due to the extensive
ormation of Li 2 SO 4 was responsible for the loss of the promoting ef-
ect of Li with respect to the reference RuA catalyst. For temperatures
bove 280 °C, the catalytic CO 2 methanation was significantly inhibited,
ost probably due to the poisoning effect of sulfur directly affecting Ru

ites. Even if the bulk decomposition of Li 2 SO 4 under H 2 was shown to
tart only at T > 450 °C (Fig. S5), the formation of inactive superficial
uS x can proceed at lower temperatures: the release of small amounts
f H 2 S during the last methanation cycles performed at 280 °C over the
aturated S-Li-RuA sample ( Figs. 8 c and S2) strongly supports this ar-
ument. As further proof, at the end of the first methanation test over
he S-aged DFM, we lowered the temperature back to 200 °C under inert
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ow, and we performed a second run on the same sample ( “reduced S-
i-RuA ” in Fig. 2 ). A further significant loss of methanation activity was
ecorded: in particular, up to ca 280 °C the residual reaction rate was
educed by a factor ca 7, while the apparent activation energy was un-
hanged; moreover, the selectivity to CH 4 remained below 80%. Once
gain, when the temperature exceeded the threshold level of 280 °C,
n additional detrimental effect on the reaction rate and selectivity was
bserved, which indicates the further self-poisoning of residual Ru sites
ransformed into inactive RuS x species. It can be concluded that the
emarkable S-tolerance of the Li-RuA DFM comes from a peculiar self-
egeneration mechanism active during the CO 2 capture and methana-
ion cycles. Sulfide-covered Ru nanoparticles sites, potentially formed
uring the hydrogenation step, can be easily reoxidized to RuO x and
O 2 (but not to sulfates ( Kuzmenko et al., 2019 )) upon exposure to the
xygen in the flue-gas. Thereafter, RuO x is quickly reduced back to its
ctive metal form as soon as the DFM is exposed again to hydrogen dur-
ng the subsequent methanation stage. 

Notably, the high intrinsic catalytic activity of the Li-RuA DFM al-
ows to optimally operate the process at temperatures as low as 260–
80 °C, thus minimizing the potential self-poisoning effect of sulfur by
reventing the formation of any RuS x , because the catalytic assisted de-
omposition of Li-sulfates on the DFM is generally negligible below 280–
90 °C. 

. Conclusions 

Ruthenium (ca 1% wt.) and then Lithium (3% wt.) were sequen-
ially and uniformly dispersed inside 𝛾-Al 2 O 3 spherical particles by im-
regnation with nitrate precursors to obtain a DFM for the integrated
O 2 capture and methanation process. The Li-aluminate phase formed
pon reduction at 450 °C favourably interacts with the (10 nm sized) Ru
anoparticles promoting the intrinsic catalytic activity for the methana-
ion of CO 2 well above the reference undoped Ru catalyst. 

The DFM showed highly repeatable performances across several cy-
les of alternated CO 2 capture and methanation in the temperature
ange 260–320 °C. When both oxygen and water were present in the sim-
lated flue gas a maximum CH 4 production of 250 𝜇mol/g was achieved
t ca 260–280 °C, i.e. only 5% below the results obtained under ideal
apture conditions (CO 2 in dry N 2 ). While further improvements of the
pecific CH 4 productivity are possible by increasing the Li loading, the
i-RuA outperformed by ca 35% a similar Na-RuA DFM with identical
etal and alkali loadings. 

Eventually, we performed a prolonged ageing study of the DFM un-
er challenging feed conditions with a simulated flue gas containing 10–
00 ppmv SO 2 in addition to H 2 O and O 2 . The Li-RuA DFM showed a re-
arkable sulfur tolerance during the cyclic operation at 280 °C preserv-

ng constant CO 2 conversion and CO selectivity. The DFM completely
emoved SO 2 storing it as lithium sulfate, which was stable during the
ubsequent hydrogenation stage, thus avoiding any severe poisoning of
he catalytic Ru sites. However, the accumulation of sulfates progres-
ively lowered the CO 2 capture capacity, and, in turn, the CH 4 produc-
ion, due to the saturation of the Li adsorption sites, which were not re-
enerated. The removal efficiency for SO 2 approached a breakthrough
ondition at ca 800 𝜇mol SO2 /g DFM 

: small quantities of H 2 S from sulfate
eduction were detected during the methanation stage over the highly
ulfated DFM. 

Post-ageing characterization of the sulfurized DFM, after more than
00 cycles during 50 days at reaction temperatures, indicated a high sta-
ility of its textural properties and a limited increase of the average size
f Ru nanoparticles due to sintering. Accordingly, the residual intrin-
ic methanation activity of the S-aged Li-Ru/A was comparable to the
resh unpromoted Ru catalyst. A clear self-poisoning effect was observed
or hydrogenation temperatures beyond 280–290 °C, which is attributed
o the formation of RuS x species by reaction of Li-sulfates with nearby
u nanoparticles. Nevertheless, exposure of the sulfurized DFM to ox-

dizing conditions such as those naturally encountered during the CO 
2 

9 
apture stage can easily decompose inactive RuS x species, by this way
elf-regenerating the original catalytic activity for the following metha-
ation stage. 
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