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This study investigates the integration of catalytic COy methanation and water adsorption using a Ni-Fe-based
catalyst and LTA 5 A zeolite to enhance methane production via the Sabatier reaction. By mitigating thermo-
dynamic limitations through in situ water removal, the research explores key operational parameters, including
temperature, space velocity, and H2:CO: feed ratios, to optimize process performance. The findings highlight that
a temperature of 300 °C, a WHSV of 1.50 x 10* (STP) mL-g{al[-h’1 (4.86 gco2-8cat *-h™), and a H2:CO2 molar ratio
equal to 5:1, result in enhanced methane yields, shifting thermodynamic equilibrium due to water sorption
during initial stages. The presence of methane in the feed, representative of a biogas, demonstrated negligible
effects on methane yields under optimal conditions, underscoring the method’s feasibility for direct biogas
upgrading. While the process achieved significant intensification, challenges such as loss of activity of the bed of
solids (catalyst plus water adsorbent) were identified, necessitating further advancements in both catalyst and
adsorbent stability, as well as a deeper study on their interaction. The study provides a pathway for scaling up
adsorption-enhanced methanation technologies to achieve renewable methane production, addressing the dual
goals of carbon management and energy storage.

1. Introduction highly exothermic and equilibrium-limited reaction (r.1). While ther-

modynamically favorable at moderate temperatures, achieving high

The global transition toward renewable energy and the need for
sustainable chemical processes have driven significant interest in the
development of efficient carbon dioxide (CO2) utilization technologies.
Among these, catalytic methanation—a process that converts CO2 and
hydrogen (Hz) into methane (CHs)—has emerged as a versatile approach
for renewable energy storage and carbon recycling [1,2]. Methane, the
principal component of natural gas, offers an energy-dense and clean
fuel alternative that seamlessly integrates with existing natural gas
infrastructure, including pipelines, storage facilities, and combustion
systems. This adaptability makes methane production through catalytic
methanation an attractive avenue for sustainable energy applications
[3]. Furthermore, methanation serves as the cornerstone of Power-to-Gas
(PtG) technologies, which store surplus renewable electricity—gen-
erated from intermittent sources such as solar or wind—as Synthetic
Natural Gas (SNG). This integration addresses the dual challenges of
energy storage and decarbonization by leveraging renewable electricity
to produce storable and transportable chemical fuels [4,5].

The Sabatier reaction, which underpins catalytic methanation, is a

methane yields is challenging due to the competing reverse water-gas
shift (RWGS) reaction (r.2) and the sensitivity of reaction kinetics and
equilibrium to operating conditions [6,7]. The accumulation of water, a
byproduct of methanation, further exacerbates these challenges by
inhibiting reaction equilibrium and catalyst performance. Strategies for
removing water in situ have gained attention as an effective means to
shift the equilibrium toward higher CHa yields, thereby intensifying the
process [8].

CO, + 4H,=CH, + 2H,0 AH? = -165.1[kJ-mol '] (r.1)
CO; +H,=CO+H,0 AHY = +41.2 [kJ-mol '] (r.2)
CO+3H,=CH,; + H,0 AH? = -206.3 [kJ-mol '] (r.3)

Among the emerging intensification strategies, integrating water
adsorption directly within the catalytic methanation process has shown
great promise. By employing sorption-enhanced methodologies such as
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the Sorption-Enhanced Sabatier Reaction (SESaR) or Sorption-Enhanced
Methanation (SEM), materials like zeolites can selectively adsorb water,
driving the equilibrium toward higher methane production under milder
reaction conditions [9]. This approach, grounded in Le Chatelier prin-
ciple, offers new opportunities to improve process efficiency, provided
that the adsorbents, catalysts, and operating parameters are carefully
optimized [10].

Nickel-based catalysts are preferred for methanation due to their
high activity, affordability, and availability [11,12]. Recent studies
suggest that incorporating iron as a co-catalyst with nickel can enhance
catalytic performance by improving resistance to sintering and oxida-
tion while broadening operational stability [13]. Furthermore, the use of
low-silica zeolites, such as LTA frameworks, has demonstrated strong
water adsorption capabilities that are critical for process intensification
[14]. The synergy between nickel-iron (Ni-Fe) catalysts and
zeolite-based adsorbents has been the subject of increasing interest [15],
as it effectively couples catalytic activity with water removal to over-
come equilibrium limitations and maximize CHa yields [16].

Building upon these advancements, this study explores a bimetallic
Ni:Fe catalyst (3:1 wt ratio) paired with zeolite LTA 5 A as a sorbent as
continuation of previous research from Mercader et al. [17]. Preliminary
research by the CREG group has demonstrated the potential of Ni-Fe
catalysts to achieve superior methane selectivity and conversion
compared to conventional nickel or ruthenium catalysts [18].
Combining these findings with the intensification potential of zeolite
LTA 5 A adsorption, as previously reported by Goémez et al. [19] and
Canada-Barcala et al. [20], this research seeks to advance the under-
standing of catalytic-adsorptive methanation.

This study systematically investigates the effects of key operating
parameters -such as H2:CO: feed ratios, volumetric flow rates, and
catalyst-to-adsorbent ratios- on the performance of an intensified
methanation system. The work also examines the challenges associated
with catalyst and adsorbent stability under reaction conditions,
providing insights into the trade-offs between enhanced performance
and long-term operability. The results aim to inform the design of
scalable processes that integrate adsorption-based intensification,
contributing to the growing demand for renewable methane production
while addressing global challenges in carbon management and energy
storage.

2. Experimental setup
2.1. Solids

These experiments were done using a Ni (7.5 “%) and Fe (2.5 V%)
solid catalyst, to generate methane, and an LTA zeolite for water
adsorption. The catalyst was prepared through incipient wetness
impregnation, using y-Al,O3 (Sasol PURALOX) as a support and hydrated
nickel and iron nitrates (Sigma Aldrich) as precursors of both active
phases. After impregnation, the samples were dried for 24 hours and
calcined, for 1 hour, at 500 °C. Finally, the obtained solid was sieved, in
order to use particles with a diameter between 100 and 200 ym. This
catalyst is highly active and selective, allowing the achievement of high
yields towards methane, which can then be pushed further to overcome
thermochemical limitations when combined with water adsorption (Le
Chatelier principle) and intensify the reaction process.

Several characterization techniques were applied to the solids,
including N5 adsorption-desorption isotherms (BET), X-Ray fluorescence
for composition (XRF) and X-Ray diffraction (XRD) for the identification
of crystalline structures in the catalyst and the zeolite. Temperature
programmed reduction (TPR) (f= 5°C/min) was only used for the
catalyst with a Hy/Ny flow of 100 (STP) mL-min~! and hydrogen partial
pressure of 0.05 bar out of 1 bar of total pressure. SEM-EDX technique
was used to evaluate the proper dispersion of the active phase and the
particle shape. BET results showed that the impregnation of metals on
the surface and later calcination of the catalyst provoked a slight
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decrease in the surface area respecting to the fresh y-Al,O3. The char-
acterization details can be consulted in a previous study reported by V.
D. Mercader et al. [17]. Results of TPR demonstrated that the addition of
Fe produced a decrease in the reduction temperature at 350 °C for the
Ni/Fe alloy [17,18].

The effect of diffusional constraints (internal and external) was also
studied, fixing a minimum (constant) volumetric flowrate of 125 (STP)
mL-min~}, and a particle size between 100 and 250 pm (for both catalyst
and zeolite). Both aspects ensure kinetic regime control.

Water adsorption was achieved using a commercial (Alfa Aesar) LTA
5 A zeolite, which is crushed and sieved in order to use a particle
diameter of 100-200 pm. Its small pore diameter should make it ideal
for these experiments, allowing selective removal of water (particle size
of 2.8 A) with small interference of other substances. Experimental tests
were carried out by Thermogravimetric Analysis (TGA) at experimental
temperatures and partial pressures of HoO:CO, mixtures in the feeding.
The TGA device was a Simultaneous Thermal Analysis System (STA),
model STA 449 F1 Jupiter-NETZSCH. TGA results demonstrate that water
adsorption is strongly favored over that of carbon dioxide and methane.
Table 1 depicts adsorption equilibrium for water, while Table 2 com-
pares adsorption capacities for methane and carbon dioxide. In addition,
the high specific surface area of the zeolite (428 m2.g™1) and its low Si/
Al ratio (1.087) makes it a good option for water adsorption.

2.2. Reaction experiments

The experiments were carried out using a conventional, quartz-made
(¢pin = 13 mm) vertical fixed-bed reactor (as seen in Fig. 1), operating at
atmospheric pressure. Prior to the beginning, the catalytic bed was
prepared by mixing both solids (i.e., the catalyst and zeolite) in the
indicated proportions. After emptying the reactor and filling it again
with the new bed, it was heated up to 500 °C and reduced with hydrogen
(2 hours). The experiment took place after cooling down to the reaction
temperature; both the heating up and cooling were carried out in an
inert atmosphere.

The analyzed parameters and operating conditions can be seen in
Table 3. The temperature profile along the reactor was measured and
registered using five thermocouples, located at different heights (1, 3, 6,
9, and 12 c¢cm) above the support plate that sustained the solids bed, and
its effect on results was also considered. Exhaust gases coming out from
the reactor were first conducted to a cold trap (Peltier module) where
water was condensed (thus avoiding damage to the analysis system),
and then to a micro gas chromatograph (Agilent 490 Micro GC) to
determine their compositions.

This research began with the study of space velocities in reaction
performance with the aim of achieving an optimal yield value that
should result in significant water formation. They were followed by an
analysis of reaction temperature and partial pressures, which are ex-
pected to have a significant influence on adsorption and water genera-
tion, respectively.

The bed of solids introduced into the reactor was composed of a) the
catalyst, with a variable load (1 g when analyzing reaction temperatures
and partial pressures) and the b) zeolite (or silicon carbide used as inert).
The total mass of solid (i.e., catalyst and zeolite/SiC) was set at 10.5 g.
The temperature was modified from 250 to 400 °C in increments of 50
°C. Partial pressures or molar ratios Hy:COq, varied between 2:1, 3:1,

Table 1
Water adsorption equilibrium, at different temperatures and partial pressures.
Overall pressure: 1 bar Results in gp20/100 g,eolite-

T (0C) 250 300 325 350 400
0.05 2.06 1.10 0.83 0.62 0.36

(bar) 0.08 2.54 1.48 1.07 0.85 0.55

Przo 0.10 2.87 1.65 1.19 0.93 0.58
0.12 2.92 1.72 1.34 1.03 0.78




V.D. Mercader et al.

Table 2
Carbon dioxide and methane adsorption equilibrium, at different temperatures.
Partial pressure: 0.40 bar. Overall pressure: 1 bar. Results in gcoa or gcus/100

8zeolite-
T(°C) 250 300 350 400
Gas CO, 0.61 0.27 0.18 0.10
CHy4 0.19 0.11 0.25 0.15

D +— Guz *+ Ycoz
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—T2

e

—T1

Qout

Fig. 1. Reactor sketch, along with the thermocouples used to measure tem-
perature profiles. Total height: 50 cm. Inner diameter: 13 mm. Thermocouples
at heights: 12, 9, 6 (oven control), 3, and 1 cm above distribution plate.

Table 3
Parameters and operating conditions.
Standard value Interval

Catalyst load, Weao (8) 1 0.125-1
Total gas flow, go ((STP) mL-min~!) 250 125 - 250
H,:CO,, molar ratio 4:1 2:1-6:1
CH4:CO, molar ratio 7:3 0-7:3
Temperature set-point ( °C) 350 250 — 400
Total pressure (bar) 1 -
Total bed weight (catalyst + zeolite) (g) 10.5 -

4:1, 5:1 and 6:1. All experiments were performed at ambient pressure.
When analyzing the presence of methane in the feeding, the CH4:CO4:Hy
ratio was kept in 7:3:12, simulating a sweetened biogas with ratio CHy4:
CO, =7:3 and a stoichiometric proportion of Hy:CO, equal to 4:1.
Finally, two experiments were carried out, using silicon carbide instead
of zeolite, in order to quantify the degree of intensification achieved in
the presence of an adsorbent.

Prior to carrying out the experiments, the catalyst was activated at
500 °C for 2 hours (using a total flow of 250 (STP) vamin’l, with a
50 Y% of Ha, 45 Y% Ar, and 5 Y% N»). An experiment consists of five
stages, in which conversion and selectivity are measured to detect
existent intensifications. The first, third, and fifth stages (named in the
next chapter as M1, My, and M3, standing for the first, second and third
methanation stages) lasted for 1 hour. Along the reaction stages, a
mixture consisting of 5 Y% Ar, 5 Y% Nj, and Ha, CHy, and COs in their
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respective proportions, was fed to the bed of catalyst and zeolite,
resulting in the simultaneous reaction and removal of water by zeolite
from the reaction environment. The second and fourth stages (named D
and Dy, standing for the first and second desorption stages) were carried
out in order to desorb water from the zeolite and to analyze their
effectiveness. The sweeping flow was 125 (STP) mL-min !, composed by
90 Y% Ar and 10 Y% Nj. The D; stage took place at the same temperature
as the reaction stages and lasted for 30 minutes, while D5 took place for
10 minutes at 500 °C (plus the heating up and cooling down to the re-
action temperature).

After determining the exhaust gas composition, the molar flows of
each compound were calculated (with N as an internal standard) along
with conversions of carbon dioxide and hydrogen (xco, and xg,, Eqgs. 1
and 2) and yields to each reaction product (carbon monoxide and
methane) (YCOZ—>CH4 and YC02—>C03 EqS. 3 and 4)

(Fool e + Fots ], — fe,,) } o
(fco{out +fCH4 }out +  feo, |0ut>

CO, conversion (—) = Xco, = [

H, conversion (=) = xp, = [M} @
f Hz{in
CH, yield (=) = Yoo,-ci, = {M} .
(feo.1,,)

(fCO {aut)

COyield (7) = Ycozﬁco = |::| (4)

(fCOz |in)

In these last four equations, fi|, and fi|,, are total molar flows
(mmol-min~!) of the compound k entering or leaving the reactor,
respectively. Since the only considered products were CO and CHy, the
addition of their yields is equal to the CO, conversion. Furthermore, the
addition of the three exhaust gas flows (CH4, CO, and CO;) was
compared to that of the inlet gas flows, in order to check that the ex-
periments are correctly performed and parameters calculated. In-
tensifications of the process, meanwhile, are calculated with (Egs. 5 and
6), with stable values (YZ&¥ ., ) being those achieved at the end of the
stage (with a saturated zeolite, which leads to reaching a steady state).
Results also require multiplying by 2 (as two moles of water are formed
per mol of methane). Although carbon monoxide was also present in the
reactor outlet, yields to this gas were very low when compared to those
towards methane (only in one specific case, at the highest space velocity
(shown in Fig. 2) did results of this parameter rise above 0.015, reaching
a maximum of 0.023). Thus, they were not considered for measurement
of intensifications.

dsorbed [ t
Specific intensifications (a orbed mmol of wa er>
kgzeolite
B feol Jo 2'<Ycoz-»cy4 - YsctaozliCH4>.dt “
a erolite
t
2:(Yco,—cn, ) -dt
Relative intensifications(adim) = Jo2 (Yeo,-cn,)-dt ®)

Jy 2 (vige o, ) e

3. Results and discussion

3.1. Influence of space velocity (WHSV) in methane and water generation
The first step consisted in reaction experiments modifying catalyst

loads (W¢at) and reactants flows (qp) while keeping a constant bed

weight (10.5 g). Thus, space velocity was changed while keeping a
constant carbon dioxide concentration (18 Y%) in the feed stream to the
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Fig. 2. Methane yield (Y¢o,-cn,) at different space velocities (WHSV) along
methanation (M) + desorption (D) experiments. H,:CO, molar ratio = 4:1.
Reactants: Inert molar ratio = 9:1. T = 350 °C. Total bed load: 10.5 g. Hori-
zontal dashed lines represent thermodynamic equilibrium conversion calcu-
lated by AG minimization.

reactor. It is important noting that the reduction of the amount of
catalyst was compensated by the increase in zeolite content. Fig. 2 dis-
plays the different yields achieved when analyzing the influence of this
parameter.

Firstly, Wcae was modified from 0.125 to 1 g, while the total flowrate
was kept constant at 250 (STP) mL-min~' (WHSV from 1.2 x10° to
1.5 x10* (STP) mL-g’1~h’1). Secondly, qo was varied from 250 to 125
(STP) mL-min "}, with a constant Wy of 1 g (WHSV = 7.5 x10° (STP)
mL-gfl-hfl). Experimental results demonstrate that, generally, smaller
space velocity values lead to higher amounts of water being formed and
adsorbed into the zeolite. The best situation in terms of stability and
total amount of water produced was reached with W¢,c =1 g and qo
= 250 (STP) mL-min~! (WHSV = 1.50 x10* (STP) mL-gz-h™1).

It is confirmed that, as it could be expected, a lower space velocity (or
greater contact time) results in higher yields to methane. As such, when
operating at WHSV = 1.20 x 10° (STP) mL-gg.ilfh’1 (the highest value),
yields tends to stabilize in around Y¢o,-cu,= 0.2, while working at
WHSV = 1.50 x 10* and 7.50 x 103 (STP) mL-gz-h ™! leads to yields
Yco,—~cn, in the nearby of 0.8 -close to the thermochemical equilib-
rium-. In addition, in the initial steps (i.e., when the zeolite is still not
saturated and water adsorption favors the reaction process) for the three
lowest WHSYV values, this thermodynamical threshold value is slightly
overcome, and results are located at Y¢o,cu, > 0.9. It can also be
observed that, in this situation, stable values are reached earlier: stabi-
lization is sooner and so it is the saturation with water of the zeolite. This
is explained as the consequence of higher amounts of water being
formed and adsorbed by zeolite when WHSV gets lower (from 1.2 x10°
to 1.5 x10* (STP) mL-g{alt-h’l). Thus, when water formation is favored,
the zeolite saturates at an earlier time on stream and intensification
process ceases more abruptly; something that, at shorter contact times (i.
e., higher WHSV), happens gradually.

However, Fig. 2 also shows that, once WHSV reaches 1.50 x 10*
(STP) mL-g{alt-h*I, yields do become stable (which means that the zeolite
becomes saturated) and do not rise significantly when operating at a
lower rate value (7.50 x10° (STP) mL~g§alt‘h’1). Another issue that
should be noted is that, when testing the lower WHSV value (7.50 x10°
(STP) mL-g{alt-h’l), total reactants flowrate (qp) was modified instead of
the catalyst load (Wcat), from 250 to 125 (STP) mL-min~!. This means
that, despite the (slight) increase in yields, as the reactant flowrates are
smaller, lesser amounts of water are formed that can be adsorbed into
the zeolite. Thus, working at a WHSV of 1.5 x 10* (STP) mL-gc_alt-h_1 (or
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4.86 gco2~ggalt-h’l) results in the generation of greater amounts of water,
which can then be adsorbed and removed from the reaction environ-
ment. As such, this value is the one where there is more room to achieve
process intensification and analyze the influence of other parameters.
Therefore, this value of WHSV was set as a reference in further
experiments.

3.2. Effect of temperature in reaction performance

The following study was focused on determining the influence of
temperature in the process intensifications. Thus, the temperature value
was modified in reaction experiments, from 250 to 400 °C, while
keeping a constant WHSV of 1.50 x 10* (STP) mL-gzs-h L. In this situ-
ation, two opposite trends meet; on the one hand, a higher temperature
should result in faster reaction kinetics, leading to increased yields to
methane and a greater formation of water which is removed by the
zeolite. On the other hand, as adsorption is an exothermic process, it is
favored by lower temperatures. For this reason, it is necessary to
determine an optimal value, which brings the greatest process in-
tensifications. Fig. 3 shows the results achieved at all four different
temperatures, while Table 4 depicts process intensifications, in terms of
water adsorbed per adsorbent weight and in relative performance over
the stable value (Table 4).

The experiments demonstrate that reaction temperature does indeed
affect the achieved intensifications. As shown in Fig. 3, a lower tem-
perature is related to an earlier saturation of the zeolite. Thus, a stable
value of yields (Y¢o,—cn,= 0.16 in T = 250 °C) is reached much more
quickly than at higher temperatures (i.e., at 350 °C yields do not sta-
bilize in the first reaction stage Mj, and instead, they do in the second
stage My, at Y¢o,-cu,= 0.70). Since water adsorption is most favored at
250 °C, at this temperature the maximal relative intensifications are
reached, and the reaction equilibrium is most modified towards prod-
ucts formation. These intensifications then decrease as the temperature
rises.

The other extreme is reached at 400 °C. When operating at this
temperature, not only is water adsorption less favored than at lower
values, but the stable yields are already very close to thermochemical
equilibrium (Y¢o,-cn,= 0.83). This leaves less room to reach an inten-
sification, which is the lowest in value of all four temperatures; in
addition, the stable situation is reached almost at the beginning -after
five minutes of time on stream-, while at 250 °C it still takes approxi-

D .M
1.0 2 ——
E ,,,,,,,,,,,,
0.8\, ‘M
. i,éﬁw
f g '
S 06
o t
= i
< i
T 0.4 I
O it
0.2- ¥
0.0 T T T |:
0 80 160 240 320 400

TOS (min)

Fig. 3. Methane yield (Y¢o,-cn,) at different temperatures along methanation
(M) + desorption (D) experiments. H,:CO, ratio= 4:1. Reactants: Inert ratio
=9:1. WHSV = 1.50x10* (STP) mL-gea-h™!. Total bed load: 10.5 g. Dashed
lines represent thermodynamic equilibrium conversion calculated by AG
minimization.
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Table 4
Specific and relative water intensifications (Eqs. 5 and 6, respectively) as a
function of temperature.

Specific intensification (mmol H,0/kg zeolite)

T(°O) 400 350 300 250
M; 94.6 884.7 1335.5 932.7
Reaction stages My 324.4 363.5 1063.8 491.2
M; 338.4 281.1 950.4 707.6

Relative intensification (-)

T(CO 400 350 300 250
M; 1.005 1.055 1.121 1.389
Reaction stages My 1.019 1.025 1.109 1.188
M; 1.018 1.018 1.101 1.300

mately 20 minutes to saturate.

However, when considering the amounts of water adsorbed into the
zeolite, the optimal operating temperature is found at 300 °C. This is due
to the fact that, when working at this space velocity, yields to methane
reach relatively high values —around Yc¢o,-cn,= 0.50. This, combined
with adsorption being favored, allows the removal of water and in-
creases the reaction performances, even going beyond thermochemical
constraints at the beginning of M; and M3, when the zeolite is fresh and
has not been exposed to water, in Mj, and when the desorption process is
effective enough to allow the adsorption of new water molecules, in M3.

It is necessary to consider, however, that stable values in Mj
(Yco,—cu,= 0.41) are clearly lower than those obtained in M;
(Yco,-cn, = 0.51) and Mz (Yc¢o,—cr, = 0.48), which points out that might
be some loss of activity withing the bed, which results in a decrease of
reaction performance over time. This contrasts with previous tests,
where it was shown that the catalyst was stable after 70 hours in oper-
ation and is attributed to the presence of zeolite in the catalytic bed.
While its low Si/Al ratio favors water affinity and adsorption, it also
makes it more acid and might favor coke formation, which was detected
in additional experiments although at an extremely low extent. Sintering
was also observed, due to the high temperatures (500 °C in D5), presence
of water as a strong oxidant, and the fact that nickel is one of the active
phases of the catalyst. As Fig. 3 shows, some loss of activity in the solid
conforming the bed takes place gradually and increases over time, since
differences between results become stronger as the experiment develops
(i.e., yields are lower in M3 than in My, and these lower than in M;).

It can be observed that, as opposed to what could be expected, at 300
°C minimal intensifications are reached in the third methanation stage
(M3), while they become maximal in M; (just as predicted) and inter-
mediate in My. Meanwhile, at 250 °C the maximal values (both relative
and in terms of amounts of water) are obtained in M;. This can be
explained as another effect of loss of activity of the mixture of solids
conforming the bed; since it modifies stable values, it might interfere
with them (since they are taken as a reference to calculate in-
tensifications) and alter the results that would be observed if only re-
action kinetics and adsorption processes were at work.

An additional issue lies in the fact that, as a fixed bed reactor, there is
a temperature profile along the bed. Thus, in order to analyze its effect
on reaction performance, it was registered with the aid of five thermo-
couples located at its axis (see Fig. 1). Analysis verified that a high de-
gree of isothermicity was achieved, and that, while not nonexistent,
temperature gradients were smoother than five degrees in the whole bed
before the beginning of the experiment (for a better visualization, at zero
time, the hottest spot located at 9 cm was 349.5 °C, while the coldest
spot was 346 °C).

After that, the temperatures rose, due to the fact that the reaction
front was reaching the different bed heights, creating a transient state
before the final stabilization of the system. At this moment, maximal
temperatures reached a value of 374 °C in the hot spot (at the highest
point in the reactor) before finally stabilizing at 364 °C, with a cold spot
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of 344 °C. Thus, the stable temperature profile is registered to be 20 °C.
A map with different temperatures, at the beginning of a methanation
stage until reaching a steady state (time on stream equal to 15 minutes),
is shown in Fig. 4.

Another way to measure the intensification lies in comparing the
results obtained with those at a stable state, in absence of in-
tensifications. Thus, the yields were divided by those at the end of
stages, confirming that the same trends observed in relative in-
tensifications are present (stabilized values normalized to x1). These
quotients are observed in Fig. 5.

From the graphics in Fig. 5, it is confirmed once again that the
relative improvements are greatest at 250 °C, following in decreasing
order of temperatures. Taking 1 as the arbitrary stable value, it can be
seen that improvements rise up to 6 at the beginning of M; at 250 °C,
following by around 2 at 300 °C, 1.25 at 350 °C, and 1.10 at 400 °C. This
takes place not only because of adsorption being favored at low tem-
peratures, but also because stable yields are smaller (i.e., Yco,—cn,=
0.15 at 250 °C and Y¢o,—.cu,= 0.85 at 400 °C) and thus less water is
formed, taking more time for the zeolite to saturate.

Although the quotients evolve in the same way among the four
temperatures tested (higher quotients at 250 and lower at 400 °C),
contrary to the expected results, saving for 250 °C, improvements are
maximal at Ms. It becomes particularly pronounced at 350 °C -being of
2.22 at M3 and 1.92 at M;-. This further confirms that a loss of inten-
sification is present in the experiments, as while initial values are
approximately constant, yields are lower in the third stage, which in-
terferes in the final results.

It is concluded then that among all temperatures tested, 300 °C is the
best one, reaching both high yields to methane and strong displacement
of equilibrium due to adsorption. Working at 250 °C favors water
adsorption to a greater degree —but reaction kinetics are too slow to
allow the achievement of high yields towards methane, ultimately
resulting in yields that are no higher than 0.50, while (initially)
achieving more than 0.90 at 300 °C. The opposite happens at 350 and
400 °C; although stable values are clearly higher than those obtained at
300 °C, water adsorption is less favored, which combined with the fact
that reaction performances are already close to equilibrium, leave less
room to improvement and intensification.

3.3. Biogas feeding
Once the influence of temperature has been tested with a diluted

carbon dioxide feeding, the next step consisted of repeating the same
experiment conditions with a synthetic sweetened biogas (containing

Inert X
feeding Reaction

Temperature (°C)
374

371

368

364

361

357

354

Thermocouple height

350

347

344
0.0 25 5.0 7.5 10.0 12.5 15.0

TOS (min)

Fig. 4. Temperature profiles along the catalytic fixed bed, at the beginning of
the methanation stage M;. T = 350 °C. H,:CO, ratio= 4:1. Reactants: Inert ratio
= 9:1. WHSV = 1.50 x 10* (STP) mL-gs+-h~!. Total bed load: 10.5 g.
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Fig. 5. Improvements in methane yields (Y¢o,-cn,) at different temperatures
along methanation (M) + desorption (D) experiments. Stable values: normal-
ized to 1. H5:CO, ratio= 4:1. Reactants: Inert ratio = 9:1. WHSV = 1.50x10*
(STP) mL-gc’alt-h’l. Total bed load: 10.5 g.

70 Y% methane and 30 Y% carbon dioxide) in order to check the effect of
processing this raw material. Although it was expected that yields to
methane will be affected to some degree, it has been proven that except
for 400 °C —where equilibrium tends to favor coke and carbon monoxide
production- the results are not greatly influenced by the Le Chatelier
principle. The results, at different temperatures, for biogas feeding are
shown in Fig. 6.

It is now confirmed that, saving for the highest temperature (400 °C),
differences between comparable feedings of biogas and carbon dioxide
are very small. For example, at the temperature of 300 °C, the results are
kept constant at around Yco,-cu,= 0.5, which demonstrates that pres-
ence of methane has a very small effect on reaction and that it is not
necessary to remove it from the environment in order to achieve a
similar result.

At 400 °C, nevertheless, it is shown that yields decrease from 0.8 to
0.75, which can be explained as the effect of thermochemical equilib-
rium disfavoring methane generation. However, it was previously stated
that at this temperature intensifications are nonexistent and thus it is not
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Fig. 6. Methane yield (Y¢o,-cn,) at different temperatures along methanation
(M) + desorption (D) experiments. CH4:CO, ratio= 7:3. H»:CO, ratio = 4:1.
Reactants: Inert ratio = 9:1. WHSV = 1.50x10* (STP) mL-ge-h~. Total bed
load: 10.5 g. Dashed horizontal lines represent thermodynamic equilibrium
conversions calculated by AG minimization.
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interesting to operate in those conditions. Table 5 shows the intensifi-
cation values.

It is confirmed that, unlike what happened in the experiments
without methane, relative intensifications are maximal at 250 °C for all
three methanation stages. Since a lower temperature favors adsorption,
it becomes stronger at 250 °C and intensifications are higher. For spe-
cific intensifications, however, which take into account the amounts of
water that are formed in the reaction, the best temperature switches
from 250 to 300 °C. Since relative intensifications are not too different
from each other (i.e., they are 1.09 at 300 and 1.19 at 250 °C for M),
while the yields are clearly higher (Y¢o,-cu,= 0.6 vs. Y¢o,—cn,= 0.15),
greater amounts of water are generated and adsorbed, and specific in-
tensifications become higher.

After comparing the improvements, however, it is clearly shown that
they are lower than those with carbon dioxide feeding. Fig. 7 depicts the
results.

Unlike what happened in previous results, improvements have
decreased sharply, from 6 to 3.4 for the maximal value -which is reached
in M; at 250 °C. Although stable yields are similar to those without
methane, it must be considered that carbon dioxide flowrates are
smaller; thus, fewer amounts of water are formed, and intensifications
are achieved to a lesser degree.

What remains from previous experiments, however, is that -except at
250 °C-, maximal improvements are met in Ms. For example at 300 °C,
improvements are 1.75 in Mg, while M; values are no higher than 1.60.
This confirms that there is a decrease of activity during the course of an
experiment and that the catalyst is not stable after three methanation
and two desorption stages.

3.4. Partial pressures of reactants

The last parameter tested is the partial pressure of reactants, modi-
fying the Hy:CO; molar ratio from 2:1 to 6:1. The expected outcome was
that, as the number of Hy molecules (1 mol) that participate in CO
generation (r.2) is different than that of methane formation (4 moles)
(r.1), working in excess of this reactant may increase CH4 production,
thus favoring the formation of more water molecules and its subsequent
adsorption. The evolution of results when carrying out experiments at
different partial pressures is displayed in Fig. 8.

In this last case, it is confirmed that carbon dioxide conversions,
along with methane yields, rise when operating with an excess of
hydrogen (overstoichiometric ratios) and become lower when operating
at substoichiometric ratios (2:1). In fact, since the number of molecules
of hydrogen is different in the formation of both products, not only are
carbon dioxide conversions affected, but also selectivity towards
methane, further increasing yields, which are well above 0.9 while
working at 6:1.

Moreover, it is shown that, when hydrogen is introduced in excess,
yields tend to stabilize at later times than when it is fed in defect. This
phenomenon is taking place due to the fact that greater amounts of

Table 5
Specific and relative water intensifications (Eqs. 5 and 6, respectively) as a
function of temperature (biogas).

Specific intensification (mmol H,0/kg zeolite)

T (°C) 400 350 300 250

M; 162.5 666.6 1250.7 711.3

Reaction stages M, 138.8 357.2 701.1 290.1
M; 126.4 548.6 972.7 640.1

Relative intensification (-)

T (0O 400 350 300 250

M; 1.010 1.039 1.094 1.189

Reaction stages My 1.009 1.023 1.059 1.072
Ms 1.007 1.033 1.081 1.150
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Fig. 7. Improvements in methane yields (Y¢o,-cn,) at different temperatures
along methanation (M) + desorption (D) experiments, with a biogas feeding.
Stable values: normalized to 1. CH4:CO- ratio= 7:3. H5:CO, ratio = 4:1. Re-
actants: Inert ratio = 9:1. WHSV = 1.50x10* (STP) mL-gc’alt -h~!. Total bed
load: 10.5 g.
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Fig. 8. Methane yield (Yco,-cn,) at different partial pressures along metha-
nation (M) + desorption (D) experiments. T = 350 °C. Reactants: Inert ratio
=9:1. WHSV = 1.50x10* (STP) mL-gea-h™!. Total bed load: 10.5 g. Dashed
horizontal lines represent thermodynamic equilibrium conversion calculated by
AG minimization.

water are formed, which then adsorb into the zeolite, displacing the
reaction equilibrium. However, working in excess of carbon dioxide
results in an increase of carbon monoxide formation and lower con-
versions. Thus, less water is formed, and adsorption becomes less
intense, resulting in a milder degree of intensification. Table 6 displays
the achieved intensifications, as a function of partial pressures.

From these results, it can be extracted that, in terms of relative
intensification, for the first stage (M;) the optimal values are reached
when working at ratios 5:1 and 4:1. This is chalked up to the fact that a
high concentration of Hy favors higher conversion of carbon dioxide, as
well as selectivity towards methane. Nevertheless, it should also be
considered that, while modifying partial pressures, carbon dioxide
flowrates also change. Even though working at an excess of hydrogen
allows greater yields to methane, lower flows of this reactant limit water
formation, which then results in a lower adsorption. Thus, while the
highest yields are reached at 6:1, intensifications are lesser than those
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Table 6
Specific and relative water intensifications (Eqs. 5 and 6, respectively) as a
function of partial pressures.

Specific intensification (mmol H,0/kg zeolite)

H:CO3 () 6:1 5:1 4:1 3:1 2:1
M; 276.3 799.6 998.6 486.8 288.9
Reaction stages My 155.3 300.3 221.6 120.3 146.4
M; 285.2 504.4 233.9 79.6 146.0

Relative intensification (-)

H3:CO5 (-) 6:1 5:1 4:1 3:1 2:1
M; 1.013 1.044 1.063 1.038 1.032
Reaction stages My 1.008 1.018 1.015 1.010 1.017
M3 1.014 1.028 1.015 1.006 1.016

obtained at 5:1. The same trend is observed when comparing the results
at 4:1, where the maximal water adsorption takes place.

The optimal conditions vary in the second (M) and third (Ms)
methanation stages, however. This happens in situations where the
zeolite has already adsorbed water and thus is not fresh. As such, some
water has not been desorbed during desorption steps (D;) and it affects
later performances. When operating at 4:1 (the optimal previous situa-
tion) a greater degree of water adsorption leads to difficulties when
removing it in the first desorption stage (D;), which takes place at the
same reaction temperature -where it was theorized that adsorption, the
reverse process, is strongly favored. In the second stage, the optimal
ratio is found to be 5:1 (where a compromise between high yields to
methane and more room to adsorb water is met), while 4:1 falls to the
second place, having high yields to methane and a high flow, but less
capacity to adsorb the new water molecules.

Finally, in the third reaction stage (Ms), the ratio 5:1 stands as the
optimal situation once again. While the first desorption stage took place
at the reaction temperature (350 °C), in the second one (D5) temperature
rose to 500 °C, favoring water desorption and removal. However, the
zeolite is still not completely regenerated, so there is still presence of
water on it to some extent. In these circumstances, the ratio 5:1 (with its
lower water generation and adsorption) is related to a smaller degree of
saturation than 4:1. In fact, it can be seen that differences in results are
greater in M3 than in My (as the values are 300.3 and 221.6 in My and
504.4 and 233.9 in M3), further confirming that the presence of water in
the zeolite is stronger when operating in 4:1. Thus, the ratio 5:1 stands as
the most adequate as the compromise between yields to methane and
water formation.

4. Conclusions

This study demonstrates the effectiveness of integrating catalytic
methanation with adsorption processes to enhance methane production
from CO: hydrogenation. By leveraging a Ni-Fe-based catalyst combined
with LTA 5 A zeolite, the work addresses key challenges associated with
the Sabatier reaction, including thermodynamic equilibrium limitations
and the adverse effects of water accumulation. The ability of zeolite to in
situ adsorb water proved pivotal, enabling the intensification of methane
production and yielding efficiencies that exceed thermodynamic pre-
dictions in the initial stages of the reaction. These findings validate the
Sorption-Enhanced Methanation (SEM) concept as a practical approach to
optimize CO: utilization technologies.

Optimal operating conditions were identified, with a temperature of
300 °C, a WHSV of 1.50 x 10* (STP) mL-ga,lt~h_1, and a H2:CO2 molar
feed ratio equal to 5:1 delivering the highest methane yields under the
studied configurations. These conditions not only enhanced catalytic
performance but also maintained compatibility with the thermodynamic
constraints of the reaction. However, substoichiometric ratios (e.g., 2:1)
shifted selectivity toward carbon monoxide, leading to lower methane
yields and reduced water formation, which subsequently weakened the
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adsorption-driven intensifications. These results confirmed that an
excess of hydrogen not only drives higher methane production, but also
promotes water adsorption, thus maximizing reaction efficiency.
Furthermore, the study confirmed that the presence of methane in the
feed stream -simulating biogas upgrading to synthetic natural gas- did not
compromise the reaction process, making this approach suitable for
direct biogas upgrading applications. This insight positions the com-
bined catalytic-adsorptive system as a viable technology for production
of renewable methane while leveraging existing biogas resources.

One of the challenges identified in the experiments was the mild but
gradual loss of activity of the solid bed conformed by the catalyst itself
and the water adsorbent (LTA 5 A zeolite), observed during prolonged
operation. This phenomenon has been attributed to the accumulation of
water inside the zeolite despite successive desorption stages based on
inert gas flow and increased temperatures. Although it has not been
confirmed, the possibility of coke formation due to the acidic nature of
the zeolites (low Si/Al ratio) could be another contributing phenomenon
leading to the progressive loss of activity in the bed. Additionally, sin-
tering effects and nickel oxidation might be exacerbated by the reaction
plus desorption conditions, including high temperatures and water
exposure. These deactivation phenomena resulted in declining perfor-
mance over successive reaction stages, particularly at higher
temperatures.

In summary, this work establishes a foundation for adsorption-
enhanced methanation as an advanced method for CO: valorization,
with significant implications for energy storage and carbon manage-
ment. The combination of Ni-Fe catalysts with LTA 5 A zeolites repre-
sents a promising route for achieving high methane yields while
mitigating the limitations of conventional methanation processes.
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