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This study demonstrates the influence of the functionalization method (Mechanical Mixture -MM- and Dual
Function Materials -DFM-) of two CO2 adsorbent species (Na and Ca) in a catalytic fixed-bed reactor for COy
methanation. The experiments consisted of cycles beginning with a COy adsorption stage followed by a
methanation stage (with Hy), interspersed with or without inert purge periods. The greatest enhancement in
methane generation was observed in experiments with a mechanical mixture (MM) of NiFe/y-Al;O3 catalyst and
NaO/y-Alz03. The methane production capacity was tested over a temperature range comprised between 200
and 400 °C, with values over 380 pmol/g obtained under moderate conditions (350 °C and pco2 = 0.12 bar) and
selectivity to methane close to 100 %. Since the ultimate goal is the methanation of the CO5 present in a biogas
(without removing CHy), the potential effect of the presence of methane during the CO, adsorption stages was
also investigated. To achieve this task, a feed stream representative of a sweetened biogas coming from the
anaerobic decomposition of municipal solid waste (MSW) (70 %" CH4 and 30 %" CO,) was used. The results
showed no adverse effects along the successive cycles, paving the way to the use of these solids for biogas
upgrading. On the other hand, the catalyst did not show a significant loss of activity after several hours of re-

petitive adsorption-methanation cycles.

1. Introduction

The transition to sustainable energy sources is a global priority,
driven by the need to mitigate the effects of climate change and reduce
greenhouse gas emissions, particularly carbon dioxide (CO3), but also
other agents such as short-chain hydrocarbons (e.g., CH4) [1]. Fossil
fuel-based energy systems remain a major contributor to global warm-
ing, forcing the adoption of cleaner and more sustainable technologies
[2]. In recent years, progress has been made in the deployment of
renewable energy technologies, especially solar photovoltaics and wind
power [3]. However, their integration faces limitations, including
intermittency, seasonal variability, and storage challenges, which
hinder their capacity to fully meet global energy demands [4].

In parallel, advanced carbon management strategies have been
explored to mitigate the environmental impacts of carbon emissions.
Conventional methods like carbon capture and sequestration (CCS) have
been implemented to trap CO» from point sources and store it under-
ground. Yet, the CCS approach faces challenges, including high energy
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consumption, significant operational costs, and risks of COy leakage
from storage sites [5,6]. In this context, the integration of carbon cap-
ture and utilization (ICCU) has emerged as an alternative to transform
CO, into valuable fuels and chemicals. ICCU technologies reduce the
need for transportation and storage by enabling in-situ valorization of
CO4 [7,8]. A practical application of ICCU is embodied in the Power-to-
Methane (PtM) process, wherein renewable energy is used to produce
renewable hydrogen via water electrolysis. Subsequently, hydrogen re-
acts with captured CO5 (Sabatier reaction, r.1 [9]) to generate bio-
methane — also known as synthetic natural gas (SNG) or renewable
natural gas (RNG). Mechanistically, this reaction can be understood as
proceeding through two consecutive steps: the reverse Water-Gas Shift
(rWGS, r.2), followed by the reverse Steam Methane Reforming (rfSMR,
r.3). This process serves the dual purpose of storing renewable energy in
chemical form (Power-to-X) and reducing greenhouse gas emissions
[10,11]. The implementation of SNG within current natural gas infra-
structure requires minimal adjustments, providing a viable solution for
energy storage and distribution.
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CO, +4H,=CH, +2H,0 AH, = —165.1 kJ-mol! .1
CO, +H,=CO+H,0 AH, = +41.2 kJ-mol! (r.2)
CO, +3H,=CH; +H,0 AH, = —206.3 kJ-mol™" (r.3)

An alternative approach for integrating in-situ ICCU technologies into
methanation processes has been proposed using dual-function materials
(DFMs) [12-14]. DFMs often consist of an adsorbent and a metal active
phase supported on a high surface area support [15]. As CO, storage
components, various alkaline and alkaline-earth metal oxides and car-
bonates have been investigated, such as NapCO3, KoCOs3, and CaO [16].
These materials are capable of capturing CO; from diluted exhaust gases
and converting it to methane in a single reactor. This concept implies a
cyclic operation due to the sequential adsorption and hydrogenation
steps. Depending on the strategy, the adsorbent can either be physically
mixed with the catalyst or integrated within the same material structure
(Fig. 1). Nevertheless, the implementation of multiple parallel reactors
has been demonstrated to enable continuous methane production [17],
allowing the omission of gas purification steps, which can result in
reduced overall process costs. This configuration offers advantages,
including optimizing heat inputs required for the hydrogenation stage
[18], remaining mild conditions for the CO5 capture improving the
durability of the adsorbents. These materials must demonstrate the ca-
pacity to operate across a broad range of temperatures (200-500 °C) and
in the presence of diverse gas mixtures, including CO;, O3, and H5O,
depending on the specific application and effluent characteristics
[19,20]. In addition, recent studies of Zhou et al. [21,22] have shown
the potential use of ICCU-M at temperatures exceeding 500 °C.

For CO5 hydrogenation, a wide variety of single-metal and bimetallic
formulations have been explored [23,24]. In conventional methanation,
nickel-based catalysts are widely employed due to their favorable ac-
tivity, availability, and low cost. Noble metals such as ruthenium offer

Fuel 406 (2026) 136698

high activity [25]; however, their scarcity and high cost limit their large-
scale deployment [26]. Within the ICCU context, Ni-based catalysts have
shown limitations, including reduced activity at low temperatures,
susceptibility to deactivation via sintering at high temperatures, and
oxidation to NiO in CO3 — or Oy — containing streams, rendering them
inactive for methanation [27,28]. For instance, Bermejo et al. [29,30]
reported that Ru/Ni-based DFMs supported on Na/Ca-Al;O3 exhibited
distinct aging behaviors: while Ru enhanced long-term stability and
sustained methanation rates, Ni-containing systems were more prone to
deactivation. To overcome these issues, bimetallic catalysts (with Ni as a
primary component) have been proposed to enhance activity, stability,
and selectivity [31]. Bermejo et al. [32] observed that the presence of a
promoter enhances both CO; storage and hydrogenation performance of
the Ni/NayCOs catalyst at intermediate and high temperatures. Among
the tested formulations, the Ru-promoted sample exhibited the highest
CH4 production [29]. Such combinations create synergistic effects that
improve CO; conversion, modulate selectivity, and mitigate deactiva-
tion. Moreover, NiFe catalysts have demonstrated significantly higher
CO; conversion and CHy selectivity compared to their single-metal
counterparts [19]. The presence of iron facilitates COy dissociation,
avoiding coke formation and improving the reducibility of nickel [33].
Iron also contributes to cost reduction by partially substituting Ni with a
cheaper metal.

Recent studies on DFMs have identified critical challenges related to
the interaction between CO; adsorption and methanation functional-
ities. DFMs are often limited by the intrinsic competition between
adsorption and catalytic sites [34]. Strong CO2 binding on the adsorbent
phase can reduce the accessibility of adjacent active metal sites, leading
to incomplete hydrogenation and increased CO selectivity. This
behavior underscores the importance of optimizing both spatial and
chemical interactions between functionalities during DFM design [35].
Recent works have proposed the mechanochemical synthesis of DFM to
improve the interaction between the active species present in the ICCU-
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Fig. 1. Schematic of sequential CO, adsorption and hydrogenation via Sabatier reaction.
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M process [36].

The advantages of separating adsorbents and catalysts have been
investigated in recent years in other methanation technologies, such as
the Sorption-Enhanced Sabatier Reaction (SESaR), also known as
Sorption-Enhanced Methanation (SEM) [37]. This approach enhances
methanation by in-situ water removal using hydrophilic adsorbents,
such as zeolites [38]. Some authors, such as Wei L. et al. [39], have
reported promising results using zeolites as support, leveraging their
water adsorption capacity while integrating catalytic sites. Other studies
[40,41], have demonstrated high methane yields and selectivity when
separating the zeolite and the catalyst into two distinct solids, me-
chanically mixed within the methanation reactor.

DFMs have been widely referenced for cyclic methanation intensi-
fication [42,43]. However, their performance under conventional
methanation conditions — where Hy and CO, are co-fed into the reactor
— has been less extensively studied. Some investigations have explored
the effects of doping Ni catalysts with alkali and alkaline earth metals,
revealing that the inclusion of small amounts of these elements (e.g., Ca)
can positively influence selectivity and methane production [44]. For
example, Mohammed et al. [45] studied the impact of adding 0.5 to 2
%" Ca to a Ni/Fumed-SiO, catalyst. Their findings indicated that 0.5
%" Ca was the optimal loading for conventional methanation, as higher
Ca concentrations reduced the intensification effect compared to the
unmodified catalyst. Since many DFMs reported in the literature contain
around 10 %" alkali species [46-48,49], this study considers it relevant
to evaluate both DFMs and mechanically mixed (MM) materi-
als—originally designed for cyclic methanation—under conventional
methanation conditions. Achieving a homogeneous distribution of both
solids along the fixed bed is essential; in this study, this distribution is
obtained through mechanical mixing. The combined material is referred
to throughout this work as Mechanical Mixture (MM).

In this work, a novel strategy is proposed wherein CO, adsorption
and methanation functions are separated into two distinct solids. The
first solid contains the active species for methanation, specifically a
bimetallic Ni:Fe catalyst in a 3:1 wt ratio supported on y-Al,O3, based on
previous research by this group [33] and corroborated by recent liter-
ature [50]. To evaluate this concept, two CO, adsorbents were synthe-
sized using alkali or alkaline earth metals, each supported on y-Al2O3.
The resulting materials contained 10 %"* Na or 10 %" Ca and were
labeled “Na0” and “CaO,” respectively. Prior work [30] has studied the
effect of incorporating Na and Ca into Ni/y-Al,Os3 catalysts, showing
enhanced methane production in CO, adsorption-hydrogenation sys-
tems. Additionally, other studies [51] have proposed K and Li as more
stable alternatives to Na in Ru-based catalysts. However, in the present
study, Ca and Na were selected due to their lower cost and wide
availability.

The main objective of this work is to experimentally evaluate and
quantify the performance of the Sabatier reaction (r.1) under COy
adsorption-hydrogenation cycles in a fixed-bed reactor. Specifically, the
effects of the presence of a CO, adsorbent in the catalytic bed, reaction
temperature, and the use of synthetic sweetened biogas as a CO5 source
are studied. Experiments are conducted using a mechanically mixed
configuration that combines the NiFe-based catalyst with either NaO or
CaO-based adsorbents. This strategy aims to bridge the gap between
traditional DFMs and more flexible, modular process configurations
suitable for industrial scale methanation applications.

2. Experimental
2.1. Catalyst preparation and characterization

All catalysts were synthesized by the incipient wetness impregnation
method on commercial y-Al,O3 (200.6 + 0.4 mz/g; Puralox, SASOL).
The precursors used for catalyst synthesis were: Ni(NO3)2-6H20 (98.6 %;
Sigma-Aldrich), Fe(NO3)3-9H,O (>98 %; Sigma-Aldrich), and Ca
(NO3)2-4H20 (99.98 %; Alfa Aesar) and NayCOs (99.5 %; Panreac) for
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adsorbents species incorporation.

DFM synthesis consisted of two consecutive impregnation steps. The
first step introduced the CO, adsorbent species onto the y-Al;03 support,
followed by drying and calcination. The second impregnation incorpo-
rated the methanation catalytic species (Ni or NiFe).

Since y-Al;03 has been the support for all the solids mentioned across
this work, for the sake of simplicity, all mentions to the catalyst or the
CO4 adsorption materials will omit the express mention to the support,
alluding only to the active phase (Ni or NiFe for catalyst and NayO or
CaO for CO4 adsorption species).

To study the optimal method for functionalizing the solids with CO4
adsorbent species, up to three catalysts (Dual Function Materials, DFMs)
were synthetized. Two contained an active phase composition of 7.5:2.5
%" Ni:Fe, and one had 10 %" Ni. These were functionalized respec-
tively with: a) 10 %"" Ca (labeled “CaNiFe™), b) 10 %" Na (“NaNiFe™),
and c) 10 %"" Na corresponding to a reference catalyst from the litera-
ture (“NaNi”) [32]. Additionally, two other catalysts were prepared as
mechanical mixtures (MM) of the CO5 adsorbent (10 %" CaO or 10 %"t
Na,0) with the same active phases mentioned above (10 %"“' Ni or
7.5:2.5 %" Ni:Fe).

An overall of all the synthetized solids is presented in Table 1.

After impregnation, the catalyst was dried at 65 °C for 16 h and then
at 90 °C for 8 h. Once dried, it was calcined at 500 °C for 9h (p =1 °C/
min). Subsequently, it was crushed and sieved to obtain the appropriate
particle size. Mechanical mixtures (MM) where prepared from the
already synthesized solids on a separate manner, mixed on a beaker until
homogeneous mix, and finally introduced carefully in the reactor.

Prior to any experiment, the catalyst was activated at 500 °C for 2 h
with a flowrate of 150 mL (SATP)/min in an atmosphere composed of
50 %" Ho, 45 %" Ar and 5 %" N». Pressure was always 1 bar.

A series of preliminary experiments were conducted in order to select
the optimal reaction conditions and catalyst composition. Prior, diffu-
sional limitations in the packed bed (external and internal) were
checked to discard them. As consequence, a flowrate of 150 mL(SATP)/
min was found to be sufficient to ensure kinetic regime control. Also, the
particle size was adjusted to the range 100-200 um with the same
purpose.

Adsorption stages were performed feeding a flowrate of 150 mL
(SATP)/min with 12 to 40 %" of CO-, 5 %" N, (internal standard) plus Ar
to balance. Hydrogenation stages with same flowrate but with 5 %" of Hy
plus 90 %" Ar and 5 %" N; playing the same role.

The adsorption capacity of the solids bed in the presence of a CO,
flow was determined by measuring its outlet concentration using a
micro-gas chromatograph (Agilent 490), supported by a continuous IR

Table 1
Synthetized solids description.
Solids Nominal composition %" Role
Ni 10Ni/y-Al,05
Catalyst
NiFe 7.5Ni-2.5Fe/y-Al;03
Na,0 10Na/y-Al,05
CO,, adsorbent / promotor
CaO 10Ca/y-Al,03
NaNi 10Na-10Ni/y-Al;03
. . Dual Function Material
NaNiFe 10Na-7.5Ni-2.5Fe/y-Al,03 (DFM)
CaNiFe 10Ca-7.5Ni-2.5Fe/y-Al,03
NazO + Ni 10Na/y-Al,05 + 10Ni/y-Al,05
Na,0 + 10Na/y-Aly03 + 7.5Ni-2.5Fe/
NiFe 1-ALOs Mechanical Mixture (MM)
CaO + Ni 10Ca/y-Al203 + 10Ni/y-Al,03
CaO + NiFe 10Ca/y-Al,03 + 7.5Ni-2.5Fe/

y-Al203
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gas analyzer (Servomex Series 4000). The equilibrium adsorption ca-
pacity was corroborated by thermogravimetric analysis (TGA) under
representative experimental temperatures and CO, partial pressures in
the feed. TGA measurements were performed using a simultaneous
thermal analyzer (STA 449 F1 Jupiter, NETZSCH).

The catalyst characterization was carried out through specific sur-
face area quantification by nitrogen adsorption-desorption (BET) after
degassing at 200 °C, elemental analysis by X-Ray fluorescence (XRF),
dispersion of active sites by scanning electron microscopy with energy-
dispersive X-Ray spectroscopy (SEM-EDX), crystallinity by X-Ray
diffraction (XRD) (not shown), and temperature-programmed reduction
(TPR) with a Hy/N; flow of 100 mL (SATP)/min and hydrogen partial
pressure of 0.05 bar out of 1 bar of total pressure. In addition, the active
sites dispersion was characterized by Field Emission Scanning Electron
Microscope (FESEM) assisted with Energy-dispersive X-ray Spectros-
copy (EDX) (INSPECT F50).

2.2. Stages in methanation experiments

2.2.1. Performance of DFM and MM in conventional methanation

To evaluate the potential use of DFM and MM in conventional
methanation, the solids listed in Table 1 were tested in a fixed bed
reactor under the conditions specified in Table 2. Comparing the per-
formance of DFM under conventional methanation may help identify
potential side effects associated with the incorporation of CO5 adsorbent
species into the catalyst formulation. Additionally, the results may shed
light on the potentially negative impact of alkali species present in
DFMs, as they may compete with Ni-Fe active sites for CO, adsorption,
thereby affecting CO, conversion and methane yield.

For the reaction experiments with different catalysts, the mass of
solids introduced into the bed (homogenously premixed) consistently
comprised: 2 g of catalyst, 2 g of CO3 adsorbent (NaO or Ca0O), and 6.5
g of y-AlgOg.

2.2.2. Successive CO adsorption — methanation cycles

Each cycle of the methanation experiment (Fig. 2 as example)
included three stages: first, the reactor was fed with CO; diluted in inert
gas (adsorption stage). After an optional inertization period (N3), the inert
gas was replaced by H; at the inlet (hydrogenation stage). Finally, only
inert gases were introduced as an optional purge stage (N2), beginning
again with a second cycle with the same sequence. The concentration at
the reactor outlet was quantified with a micro-gas chromatograph
(Agilent 490) assisted by a continuous IR gas analyzer (Servomex series
4000).

Species analyzed at the exit of the reactor (Fig. 2) show, along the

Table 2
Experimental conditions.

Conventional Adsorption +
Methanation Methanation cycles
Catalyst mass 0.25¢g 2g
Adsorbent mass - 2g
Mass filler (y—Al,O3 particles) 10.25g 6.5¢g

Volumetric flow 250 mL(SATP)/ min 150 mL(SATP)/ min

CO, concentration (adsorption 18 %" 12/40 %"
step)

WHSV (SATP mL-geh-h™1) 60,000 4500

CH4:CO, molar ratio (biogas) - 7:3
experiments)

H, concentration 72 %" 5 %"
(methanation step)

N, concentration (int. 5 %" 5 %"
standard)

Inert dilutant Ar Ar

Pressure 1 bar 1 bar

Temperature 200-400 °C 200-400 °C

Adsorption step length - 30 min

Methanation step length 1h 1 h 30 min
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Fig. 2. Example of temporal evolution of gaseous species (reactants and
products) at the exit of the reactor in a two-cycle experiment [adsorption of 12
%" CO, + No purge + hydrogenation (see Table 2)] with NiFe + Na,O at 400
°C. Symbols: uGC readings; continuous lines: IR readings.

experiment in the CO3 stage, a progressive increase of CO, present in the
exhaust stream because of the saturation of the solid. This stage was
followed by an inertization stage. Concentration and flowrates at
different stages can be consulted in Table 2.

Respecting the hydrogenation stage, in which diluted Hy was fed to
the reactor, basically an intense production of methane was detected as
consequence of the reactions (r.1) to (r.3). The same behavior was
observed in the following cycle. Even in the CO, adsorption stage of 2nd
cycle, a small amount of CO was detected, probably due to a partial
smooth reoxidation of metallic species on the catalyst surface, or to an
equilibrium between CO and CO5, species related to alkaline or alkaline-
earth carbonate formation. These patterns were quite similar for all the
catalysts tested, being only the amount of CO5 adsorbed and the amount
of CHy4, each one in their respective stages, the most significant
differences.

Omitting the purge step was proposed as a time intensification
strategy for the CO, adsorption-methanation cycles. The purge stage
with inert gas between the CO4 adsorption and hydrogenation stages has
been reported as a method to control CO production by removing
weakly adsorbed CO; on the catalyst surface [28]. Nevertheless, the
inert gas can partially displace the CO2 adsorbed on the dual-function
material (DFM) or mechanical mixture (MM). Additionally, in a more
favorable sense, the use of inert gas between subsequent stages helps to
remove adsorbed species still present on the solid after methanation (e.
g., water), potentially reducing the competitive adsorption between
water and CO,.

In addition to the use of diluted COy along the adsorption stage
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Fig. 3. TPR characterization for the DFM, CO, adsorbents and catalysts: a) Ni,
b) NiFe, c) NaNi, d) NaNiFe, e) CaNiFe, f) CaO, g) Na,O.

(Fig. 3), the incorporation of biogas as a source of the necessary CO, has
also been studied. To do that, the stream of CO; has been replaced by a
mixture of CH4:CO5 (7:3 molar ratio), representing a previously sweet-
ened biogas. A blank experiment was conducted to quantify separately
the CH4 generated during the hydrogenation step from that one that
could be unintentionally adsorbed in the bed coming from the biogas fed
during the previous adsorption stage. This procedure allowed for the
elimination of any potential contribution from unreacted biogas
remaining in the system, ensuring an accurate evaluation of the methane
thermocatalytically produced.

In this context, DFM or MM may have potential applications for
biogas upgrading: the CO5 present in the biogas stream would be
captured by the DFM or MM which, in turn, would result in a highly
concentrated CHy flow. During the subsequent hydrogenation step, the
captured CO, would be converted into methane.

Temperature effect in the cyclic adsorption-methanation was studied
under a temperature range comprised between 200 and 400 °C with the
catalyst that provided the best methane production results.

2.2.3. Performance of the DFM and MM indicators
A series of indicators have been defined in order to account for the
performance of the different solids described in previous chapters.
Intensification (Icy,) indicator (Eq. (1)) accounts for the pmol of CHy
[(pmol CH4) ppas o aam] Produced with the different combination of cat-
alysts and adsorbents (DFM or MM), taking the amount of CH4 produced
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by the NiFe/y-Al,O3 without adsorbents [(umol CHs)y;z] as reference.
The amount of umol of CH4 produced has been calculated from the area
below the curve of CH4 production, from the IR readings depicted in
Fig. 2 (hydrogenation stage).

(rmol CHa4) per or mu

1
(umol CHy )y @

Intensification, Iy, [adim| =

On the other hand, Methane production (P&J indicator (Eq. (2)), ac-
counts for the pmoles of CH4 [(pmol CH4)pgy o ae] Produced with the
different combination of catalysts and adsorbents (DFM or MM),
respecting the mass of DFM or MM material present in the solid bed. As
stated in Table 2, for the experimental series of this work, this value has
always been 2 g.

(#mol CHa) pa or mmt

)
W(&) b or mm

Methane production, Pg, [umol/g] =

Methanation yield (1jcg,) indicator (Eq. (3)), accounts for the yield to CHy
from COy, calculated as the ratio between the amount of pmol of CHy
along the methanation stage per gram of DFM or MM (Fig. 2) and the
umol of CO, adsorbed in the equilibrium per gram of DFM or MM at the
experimental conditions. These were corroborated by TGA analysis in
the same conditions of CO, partial pressure and temperature as those
employed in the reactor.

umol CH, produced
umol CO, adsorbed in the solid

Methanation yield, 1y, [adim] = 3)

3. Results and discussion
3.1. Catalyst characterization

BET results (Table 3) show a slight decrease in surface area after the
impregnation of the active Ni-Fe phases onto the y-Al;O3 matrix (220.6
+ 0.4 mz/g). On the other hand, the inclusion of alkaline and alkaline-
earth species causes a significant reduction in surface area and pore
volume. Regarding elemental analysis, some reasonable deviations were
found between nominal and quantified values, which are attributable to
the catalyst synthesis process.

TPR results presented in Fig. 3 evidence the inclusion of Ni alone and
co-impregnated Ni and Fe in the DFM synthesized, as well as new
additional peaks from the alkali and/or alkaline carbonates species
introduced. As can be observed in Fig. 3b, the impregnation of Ni and Fe
from nitrates on a single step creates a bimetallic synergy with lower
reduction temperature than Ni alone (Fig. 3a). Additionally, the inclu-
sion of Na in the Al,03 support improved the reducibility of Ni (Fig. 3c),
decreasing the reduction temperature. This effect is even more notice-
able for Ni-Fe based catalyst (Fig. 3d). Similar effects can be found in the
sample including Ca as active sorbent species (Fig. 3e). Fig. 3f and
Fig. 3g present the Ca and Na adsorbent solids (no catalytic species) used
for mechanical mixture experiments. TPR results reveal the presence of
carbonate precursors in the solids containing Ca and Na. This observa-
tion was expected, as the calcination temperature (500 °C) is lower than
the thermal decomposition temperatures (over 900 K) of calcium car-
bonate and sodium carbonate [52]. The strong interaction between the
alkali species and the carbonates can be disrupted in the presence of Hj,
as evidenced in the TPR profiles.

The dispersion of active sites, as determined by FESEM-EDX analysis,
is presented in Fig. 4. As observed, the active species were adequately
dispersed across all samples. However, the surface morphology of the
DFM was visibly affected by the incorporation of alkali species, exhib-
iting increased crust formation and surface irregularities. This alteration
may be associated with the reduction in BET surface area observed in the
solids functionalized with alkali content.
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Table 3

Fuel 406 (2026) 136698

Summary of characterization results of the solids tested. All of them used y-Al,O3 as support completing balance (see Table 1).

Solid BET area (m?.g 1) BJH pore XRF (%"

Radius (A) Volume (cm®g~!) Ni Fe Al Ca Na
y-Al,03 220.6 + 0.4 36.37 0.43
NiFe 167.4 + 0.4 36.23 0.46 7.4+ 0.1 2.1+0.1 46.9 + 0.3 - -
CaNiFe 89.3 + 0.4 36.03 0.29 9.6 + 0.1 3.4+0.1 35.1+0.1 11.3+0.1
NaNiFe 113.6 + 0.4 36.35 0.34 8.5+ 0.1 2.6 + 0.1 36.6 + 0.1 - 11.44 £ 0.1
NaNi 82.2 + 0.4 36.10 0.29 6.75 + 0.1 - 42.3+0.1 - 10.23 + 0.1
Ca0 98.3 + 0.4 36.13 0.31 - 44.0 +0.1 11.7 £ 0.1 -
Na,O 100.5 + 0.4 36.19 0.35 - - 42.5+0.1 - 14.01 + 0.3

Fig. 4. FESEM-EDX images (left) for: 1st row) NiFe reference, 2nd row) NaNiFe, 3rd row) CaNiFe and EDX spectroscopy analysis showing the dispersion of iron
(—red-), nickel (—green-) and sodium or calcium (—yellow-). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

3.2. Influence of the CO2 adsorbent functionalization method

3.2.1. Conventional methanation

Catalyst selection studies, methane production at different temper-
atures, and comparisons between CO; feed and biogas feed, were con-
ducted under the conditions outlined in Table 2. Fig. 5 presents the effect
of temperature in CO, conversion for different DFM and MM (Table 1)
based on Ni and Ni-Fe species. The experiments were carried out under
conventional stoichiometric methanation feeding Hy:CO3 (4:1), with a
reactants/inert volumetric ratio of 9:1 and a total flowrate of 250 mL
(SATP)/min. For conventional methanation, the reactor described in
Table 2 was filled with 0.25 g catalyst, DFM or equivalent active phase
MM (0.25 g of catalyst +0.25 g of adsorbent), mixed with alumina until
achieving a total bed weight of 10.5 g. As it can be observed in Fig. 5, Na

and Ca presence in the DFM affected negatively the conversion of COq,
in comparison with the reference Ni and NiFe catalysts. Also, the yield to
methane (Fig. 6) decreased dramatically for all the DFM, due to their
high selectivity to CO. On the other hand, MM showed similar results to
the reference NiFe catalyst for the temperature range studied (250-400
°C) both, for conversion and for yield. In the case of Ni, MM exhibited a
moderate loss in both CO5 conversion and methane production.

3.2.2. Cyclic COz adsorption — Methanation cycles

The study on methane production, influenced by the method of
functionalizing the CO» adsorbent to the catalytic bed, is graphically
summarized in Fig. 7. Two performance indicators: Intensification
Icn, [adim] ratio (Eq. (1)), and Methane production PVcVH4 [umol/g] ratio (Eq.
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Fig. 6. Conventional methanation. Yield to CH4 from CO; as function of tem-
perature for catalyst alone (Ni and NiFe), MM, and DFM synthesized in this
study. Experimental conditions: Table 2.

(2)), described above, have been defined to account for the comparison
of the amount of CH4 produced with a catalyst alone (NiFe or Ni sup-
ported on y-Al,03) respecting the same catalyst when mixed with Nay,O
or CaO solids (Mechanical Mixture -MM-) or when the catalyst is directly
impregnated with the equivalent amount of adsorbent Na or Ca (Dual
Function Material -DFM-).

Among the tested catalysts, the mechanical mixture (MM) of NayO/
y-Al,03 with NiFe/ y-Al;Os (labelled as Na;O + NiFe) demonstrated the
highest methane production rates and the most significant intensifica-
tion ratio. Additionally, MM system showed no interference between the
CO4, adsorption sites and the catalytic active centers under conventional
methanation conditions (Fig. 5 and Fig. 6). Although the DFM config-
uration may appear more efficient than MM for methane production due
to the proximity between active sites for COy adsorption (alkaline/
alkaline-earth) and the catalytically active species (Ni or NiFe),
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empirical results demonstrate that this is not necessarily the case. The
reason should be sought in a combination of variables such as reaction
conditions, particle size, specific surface area and adsorbent species
among others. Similar conclusions were described in a recent work by
Porta et al. [35]. Consequently, this MM catalyst was selected for further
investigation in the subsequent phase of the study. For catalysts con-
taining calcium (Ca), both methods of adsorbent functionalization
resulted in comparable methane production levels.

3.3. Effect of temperature in the adsorption and hydrogenation stages

The adsorption-methanation tests followed a similar scheme to that
presented in Fig. 2, where the points represent measurements from the
micro-GC, and the continuous lines represent measurements from the
gas analyzer (IR). The combination of both instruments allows for more
comprehensive data collection. Additionally, the experimental condi-
tions are shown in Table 2 (Adsorption + Methanation cycles).

For the experimental performance tests, two different CO, partial
pressures in the feed were selected: 40 %" (pcoz = 0.4 bar) and 12 %"
(pcoz = 0.12 bar). The selection of these CO5 concentrations was based
on the potential application of the system for direct CO, capture from a
raw biogas stream—typically containing around 40 %' COs—and for
simulating the diluted CO, content (approximately 12 %") found in
conventional biogas upgrading processes. In order to investigate the
influence of CO; and assess the feasibility of the hydrogenation step, a
temperature range of 200-400 °C was selected.

The results obtained from the temperature study with CO, partial
pressures of 40 % and 12 % in the feed are presented in Table 4 and
Table 5, respectively. The outcomes confirm the feasibility of carrying
out the hydrogenation step within the temperature range of 200-400 °C.
To this end, the Methane production Py, [umol/g] indicator (Eq. (2) and
the Methanation yield 1y, [adim] (Eq. (3) were used.

Table 4 shows at 200 °C, a decrease of more than 50 %" in methane
production compared to that at higher temperatures. Methane production
values (P¢y, ) across three consecutive hydrogenation cycles remained
reasonably stable, showing no evidence of catalyst deactivation after 7 h
of time-on-stream. Notably, the results at 250 °C demonstrated high
methane production under moderate thermal conditions, which are not
typically achievable in conventional methanation processes using the
same NiFe/y-AloO3 catalyst, where significantly higher temperatures are
required.

The results presented in Table 5 show higher CH,4 yields compared to
those in Table 4, indicating that the efficiency of the hydrogenation
stage is not only dependent on the amount of CO, adsorbed. Further-
more, both experimental sets exhibited similar trends (Fig. 8), with an
optimum observed at 350 °C within the studied temperature range. At
this temperature, methane production reached its maximum, resulting
in significantly elevated yields. Indeed, as shown in Fig. 8, for both
experimental series (corresponding to pcoz = 0.4 and pco2 = 0.12), the
adsorption capacity of the MM solids mixture decreases with increasing
temperature (moving from right to left in the graph). This adsorption
capacity (g¢o, ., [#mol/g]), measured via STA thermogravimetric anal-
ysis, is expressed in pmol of adsorbable CO5 per gram of MM solids.
However, while higher temperatures reduce CO; adsorption, they
simultaneously enhance the methanation of adsorbed COj, thereby
increasing the process efficiency. This is evidenced by the progressive
attainment of higher methanation yields (57¢y, [adim]), as indicated by
the dashed iso-yield lines. Consequently,
(Pgy, [umol/g]) also increases.

Beyond 350 °C, however, the methanation yields plateau for both
series, leading to a net decline in methane production. Although
flcy, [adim] continues to rise marginally at even higher temperatures
(400 °C), the diminished adsorption capacity results in an overall
reduction in Py, [umol/g]. Thus, the optimal methane production occurs
at 350 °C for both CO; partial pressures (pcoz = 0.4 and pcoz = 0.12).

methane production
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= 1 bar, Total flow = 150 mL(SATP)/min, Temperature = 400 °C.

Table 4

Methanation cycles with Na,;O + NiFe (MM). Methane production P, [umol/g]
and Methanation yield 1, [adim| at different temperatures and cycles with 40
%" CO, feed. Experimental conditions: Table 2.

Temperature  1st 2nd 3rd 1st 2nd 3nd

P gH4 P VCVH4 P gm New, New, New,
400 °C 358 396 399 0.65 0.72 0.73
350 °C 420 467 474 0.60 0.66 0.67
300 °C 437 432 393 0.50 0.49 0.45
250 °C 380 409 401 0.35 0.38 0.37
200 °C 288 212 237 0.22 0.16 0.18

Table 5

Methanation cycles with Na;O + NiFe (MM). Methane production P, [umol/g]
and Methanation yield ncy, [adim] at different temperatures and cycles with 12
%" CO, feed. Experimental conditions: Table 2.

Temperature 1st Py, 2nd Py, 1st 1cg, 2nd ey,
400 °C 352 349 0.87 0.86
350 °C 386 389 0.72 0.72
325°C 393 374 0.66 0.63
300 °C 393 372 0.56 0.53
275 °C 404 360 0.50 0.44
250 °C 323 350 0.36 0.39

3.4. Effect of the purge stage in the adsorption-methanation cycle and the
potential use of sweetened biogas as a CO2 source

To evaluate the effect of introducing a sweetened biogas stream as
the CO; source during the adsorption step, the partial pressure of COz in
the feed was adjusted to 12 %". This value is representative of conven-
tional methanation processes operating at the stoichiometric Hp:CO2
molar ratio (4:1), as discussed in previous sections. The biogas compo-
sition consisted of a CH4:CO5 volumetric ratio of 7:3, further diluted
with 5 %" N as an internal standard and Ar as the balance gas.

The introduction of a purge stage between the CO; adsorption and
hydrogenation steps, yields no significant changes in methane produc-
tion (Table 6). These findings support the hypothesis that CO5 capture

by NapO occurs predominantly via chemisorption, as previously re-
ported by Jeong-Potter et al. [47]. Since the captured CO, remains
strongly bound to the adsorbent, inert gas purging does not substantially
affect the amount of CO, available for hydrogenation, thereby leaving
methane production unaffected.

In addition, CH4 production during the methanation stage was not
significantly influenced by the presence of CH, in the feed during the
adsorption step, under the operating conditions tested (Table 6). This
observation suggests that CH4 does not compete with CO5 for adsorption
on NayO-based materials. Such behavior supports the potential appli-
cation of this adsorbent—catalyst system in methane enrichment pro-
cesses from biogas streams for biogas upgrading.

4. Conclusions

The Mechanical Mixture (MM) of Na;O/y-Al,O3 with NiFe/y-Al,03
proved the most effective configuration for methane generation, out-
performing integrated Dual Function Materials (DFM) due to the bene-
ficial separation between adsorbent and catalyst phases. Although both
NapO and CaO were effective adsorbents, NayO delivered superior
methane yields, attributed to its enhanced CO; adsorption and favorable
interaction with Hy in the presence of the NiFe catalyst. MM demon-
strated high versatility for both conventional and cyclic methanation,
whereas inclusion of the alkali species in DFM negatively affected
catalyst structure.

Methane production was strongly influenced by temperature, with
optimal yields observed at 250-350 °C. Lowering the reaction temper-
ature to 250 °C offers potential for energy savings, although perfor-
mance dropped sharply at 200 °C due to insufficient catalytic activity.
Higher temperatures led to more efficient CO, utilization, likely
reflecting decreased adsorption at elevated temperatures.

Experiments at CO; partial pressures of 0.12 and 0.40 bar exhibited
optimal methane yield at 350 °C. The omission of inert gas purges be-
tween cycles did not adversely affect methane output, suggesting pro-
cess intensification is feasible by using CO; (i.e., adsorption stage) for
catalyst drying.

The NiFe/y-Al;03 catalyst combined with NayO/y-Al>03 in the MM
configuration exhibited excellent stability and maintained consistent
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Table 6

Methane production Py, [pmol/gyy,| and Methanation yield ney, [adim] (CHy
produced per CO, adsorbed) over two adsorption-methanation cycles at 400 °C
and 350 °C using NayO + NiFe. Comparison between conventional cycles and
cycles with inert purge or biogas during the adsorption stage. All experiments
were conducted with 12 %" CO, in the feed; biogas composition includes CHy4:
CO, = 7:3 M ratio. Experimental conditions as in Table 2.

Experiment sequence T 1st 2nd 1st 2nd
Q) Py, Pty, NcH, NcH,
Cycle COo/Ha 400 352 349 0.87 0.86
Cycle CO,/purge Ny/Hy/ 400 341 345 0.84 0.85
purge Ny
Cycle biogas /purge Ny/Hy/ 400 344 350 0.85 0.86
purge Ny
Cycle CO»/Hy 350 386 389 0.72 0.72
Cycle CO»/purge Ny/Hy/ 350 375 400 0.70 0.74
purge Ny
Cycle biogas /purge Ny/Hy 350 380 375 0.71 0.70

methane production over extended cycling (up to 7 h of adsorption-
methanation cycles), underscoring its suitability for industrial
application.

Experiments incorporating a sweetened biogas-like feed during the
adsorption stage showed no detrimental effect on the methane genera-
tion process. This result opens promising avenues for utilizing this
methodology in biogas upgrading, enabling the production of synthetic
natural gas (SNG) compatible with existing natural gas infrastructures.
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