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Dual functional materials (DFMs) have the potential to improve the process of CO, capture and subsequent
conversion to fuel. Materials consisting of Na and Ru supported on alumina have been investigated for
cyclic direct CO, air capture and conversion to CH,. We have studied the regeneration conditions,

Received 25th February 2025, specifically the Farget tlernperature and gas composition (|.nert or hydrogen-containing gas) during heating.
Accepted 5th May 2025 The effect of air humidity and Na loading on the effectiveness of CO, capture has also been assessed.

Finally, the DFMs have been successfully implemented as structured contactors with a low pressure drop,
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1 Introduction

The capture of CO, directly from ambient air (DAC) is a CO,
removal technology that can lead to negative CO, carbon
emissions,” which is currently foreseen as the only path to
meet the Paris agreement targets.” Likewise, this technology
is gaining recent impetus as evidenced by the US Government
investment of $3.5 billion in DAC technology.® Compared to
physisorbents, CO, chemisorbents may have higher
adsorption kinetics at low CO, partial pressures, higher
selectivity to CO,, and improved performance in the presence
of humidity. The main CO, chemisorbents can be divided
into alkaline metals and amines. Several chemisorbents have
been used in direct air capture (DAC), such as supported
amines or aqueous alkaline solutions. The former is known
as solid-DAC and is commercialized by Climeworks* and the
latter is known as liquid-DAC and is commercialised by
carbon engineering.” Recent reviews compare the energy
efficiency and processing steps in both technologies.®” Solid-
DAC processes require two solid reactors in parallel, while

“Instituto de Carboquimica (ICB-CSIC), Miguel Luesma Castdn 4, E-50018
Zaragoza, Spain. E-mail: jegarcia@icb.csic.es

b Instituto de Catdlisis y Petroleoquimica (CSIC), 28049, Madrid, Spain

¢ Departamento de Quimica Inorgdnica y Quimica Técnica, UNED, 28040, Madrid,
Spain

4 Grupo de Diserio y Aplicacion de Catalizadores Heterogéneos, UNED, Unidad
Asociada al CSIC por el ICB, Spain

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d5im00030k

© 2026 The Author(s). Co-published by the Institute of Process Engineering,

Chinese Academy of Sciences and the Royal Society of Chemistry

which is an unavoidable requirement for practical application.

Keywords: Dual functional materials; Direct air CO, capture; Methanation; Monoliths.

liquid-DAC consists of several steps that can be performed
continuously. Supported amines have the advantage that they
can be regenerated by low-grade heat like steam, while
alkaline carbonates usually require higher regeneration
temperatures. However, supported amines have the drawback
of low thermal stability, high cost, corrosion of equipment
and inactivation by contaminants in air. The main drawback
of liquid-DAC based on alkaline salts is the large water
consumption and energy requirements to heat the solutions
and regenerate the alkaline metal.® To overcome the excessive
use of water and heat, one possible solution is solid alkaline
metals. Micrometer-sized Na,COj; particles were used for CO,
capture at low temperature from flue gases, showing cyclic
stability.”'® 1t is expected that stabilising small alkali
nanoparticles on a high surface area support will increase the
kinetics and efficiency of CO, capture.

Generally, CO, capture and utilisation are performed as
separate processes. This entails intermediate steps of CO,
concentration, compression and transportation, which are
high-cost operations. These processes can be circumvented
by combining the capture with utilisation in the same reactor
and material, which is called a dual functional material
(DFM)."*™** In this type of material, the capture function
(usually an alkaline metal) is mixed at the nanometric scale
with a catalyst for the conversion of CO, to a valuable fuel.
DFMs provide the opportunity to intensify the process
because the nanometric distance between the capture and
catalytic function enhances the heat and mass transfer. For
instance, the heat produced in the exothermic catalytic
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reaction is used for the CO, desorption and sorbent
regeneration. This is enabled because the decomposition
temperature of the alkaline metal carbonates formed after
CO, capture matches the temperature for the catalytic CO,
reduction.

One particularity of DAC is that it requires processing
high volumes and flow rates of gas due to the extremely low
CO, concentration (400 ppm). For the process to be
economically viable, the pumping costs should be minimal.
This calls for effective contactors that impose low resistance
to the air flow such as structured contactors."® The low
pressure drop of macroporous structured contactors enables
the flowing of air through the contactor with marginal
pumping costs, potentially negligible if effective movement
of air occurs via natural currents such as wind or if
contactors are installed in mobile carriers with suitable fluid
dynamics. It has also been proposed to implement DAC
contactors in trains,"> whose velocity provides a suitable
driving force, thus avoiding the need for fans. Moreover,
engineering advances achieved in DAC technology (400 ppm
CO,) can be also applied to the CO, capture from flue gases
(5-15 v%) and vice versa. Different structures of macroporous
contactors have been used for DAC such as pellets,">"”
fibers,'® films,">*® or monoliths.?’ Structure contactors for
DAC are prepared from different materials (carbon, MOFs,
and ceramic) and by different techniques like extrusion,*
3D-printing®® or coating of preformed structures.*!
Honeycomb monoliths have been investigated for DAC after
supporting physisorbents such as zeolites*® or chemisorbents
such as amines®' or alkali metals.>® The performance of the
monolith impregnated with poly-ethylene imine (PEI)*' was
similar to powder sorbent across a range of PEI contents,
resulting in an optimised CO, gravimetric capacity of 0.7
mmol g and a volumetric capacity of 350 mol m™.
However, amines are thermally unstable and very
hazardous.”®?” Alkali metal carbonates appear to be a
cheaper and less hazardous material than volatile amines.
Activated carbon monoliths impregnated with alkali
carbonates such as Na,CO;%* and K,CO;2® have been also
used in DAC. Nevertheless, the use of structured reactors
based on DFM for combined DAC capture and conversion is
very scarce. The few reports about DFM-based structured
reactors are limited to a spin-off company that develops
these materials®® and some articles from the Farrauto's
group®®®! using monoliths. This group recently reported
aging studies of monoliths for 100 cycles of DAC and
methanation, showing a stable performance®® even with a
low amount of Ru of 0.25 wt%.** The selected metals in all
these articles are Na/Ru on Al,O;. Na is the alkali metal of
choice because it is inexpensive and requires
regeneration temperatures than other metals, such as Ca.**
Among the methanation metal catalysts, Ru is preferred due
to its high selectivity for the Sabatier reaction and its
resistance to oxidation compared to nickel.*® Several articles
suggest the capture from air at high temperature.**?*’
However, the large volumes of air and the long capture times

lower
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required due to the high dilution of CO, suggest that
performing the capture at atmospheric conditions, without
any heating or dehumidification pretreatment may be more
feasible.

Herein we prepared dual functional materials based on
Ru-Na supported on alumina. To gain insight into the
regeneration process, two regenerating methods were used:
one involving heating in inert gas up to 200 °C and then
introducing H,, and the other introducing H, during the
temperature ramp. Different Na loadings were prepared and
studied using the two regeneration methods. Finally, as a
proof of concept, the DFMs were supported on alumina
washcoated cordierite monoliths and compared with the
powder DFMs.

2 Results and discussion
2.1 Characterization

DFMs with different Na loadings were prepared and
characterised by N, physisorption (Fig. S1 in the ESI} and
Table 1). The alumina support is completely mesoporous
with negligible micropore volume, as determined by the
t-plot method (Fig. S2 in the ESIf). After the impregnation of
the metals, no microporosity is created and the materials are
still mainly mesoporous. Comparing the DFMs to the bare
alumina support, the surface area and pore volume remained
almost unvaried up to a Na/Ru ratio of 3.7 and then
decreased for higher Na loadings. For the highest loading,
that is NaRu (14.6:1), the total pore volume decreases
pronouncedly while keeping similar average pore sizes for all
loadings, indicating some pore plugging due to alkali metal
accumulation for the highest loadings.

XRD measurements (Fig. 1) and TEM analysis (Fig. S3
ESIt) of DFMs were also performed. The diffraction peaks of
Ru’ (PDF 00-06-0663) were visible for all the samples. From
the more intense peak at 26 ~ 44°, the average Ru particle
size was calculated (Table 1). The average particle sizes
determined by XRD are in the same range as those
determined from TEM image analysis (Table 1). Using TEM,
the average size is more uncertain because it depends on the
selected images. In fact, larger particles were detected in
some images, leading to a slightly larger average particle size
than those determined by XRD. Comparing the different
DFMs, no significant differences in Ru particle size as a
function of the Na loading could be seen. The particle size of
Na could not be determined by TEM due to the absence of
contrast. The XRD peaks due to Na are very weak or absent,
indicating an amorphous nature. Only some peaks could be
ascribed to the alkaline for the highest loading of NaRu
(14.6:1) as Na,O (PDF 03-1074) or Na aluminates (PDF 01-
079-1560). For this latter loading, some fibrous structures
were also observed (Fig. S3et), which were absent in the rest
of the DFMs. The EDS mapping (Fig. S41) showed that the
alkaline is distributed closely around the Ru nanoparticles
for the lowest loadings. In contrast, Na is distributed
homogeneously throughout all the alumina surface for the
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Table 1 Textural parameters of DFMs and average Ru particle sizes, as determined by XRD and TEM

BET surface area Total pore volume Average pore width (4 V/A)* d, (XRD)” d, (TEM)
Material m® g™’ em® g nm nm nm
Alumina sup. 218 0.29 4.6 — —
NaRu (2.5:1) 217 0.27 3.8 9.3 10.4 + 4.8
NaRu (3.7:1) 213 0.31 5.2 9.4 9.4 +3.2
NaRu (7.4:1) 206 0.23 4.3 9.9 14.4 + 5.7
NaRu (10:1) 131 0.21 4.3 10.5 13.9+6
NaRu (14.6:1) 161 0.17 4.1 9.6 8.9+3.5

“ Calculated using the BJH desorption branch of the pore size distribution.  Calculated from the XRD diffraction maximum of Ru® at 20 =~ 44°

(PDF-06-0663).

highest loadings. This fact and the formation of aluminates
suggest a good interaction between the alkaline metal and
the alumina support. In contrast, the distribution of Ru is
less uniform, which could be attributed to the combination
of two effects: the weaker interaction with the alumina
support, which facilitates the nucleation and growth of metal
nanoparticles and the fact that the precursor has been
impregnated in the second step of successive impregnation
after the Na, thus on a more irregular surface consisting of
Na and uncovered alumina.

2.2 Testing in CO, capture and subsequent methanation

Fig. 2 illustrates the process operation at the macroscale
(top) and a simplified mechanism at the nanometric scale
(bottom) for CO, capture from air at room temperature and
subsequent conversion to CH, at higher temperature. In the
first step, CO, is captured from air, emitting a CO,-free
effluent. The alkaline metal retains CO, in the form of
carbonates and hydrogen carbonates, and the noble metal
surface oxidises in contact with the air. The mechanism of
reaction of H, for DFMs at medium temperature (200-300
°C) has been studied in the literature.>**® In brief, the H,

e Ru A Na,0O Vv AlLO;, = Naaluminium oxide
u .RA
v X v
. A’QT,//‘J. .M A NaRu(14.6:1)
| ij/d \'N /o o ©
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NaRu(3.7:1)
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20(°)
Fig. 1 XRD diffractogram for DFMs.
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feedstock reduces the partially oxidised Ru nanoparticles,
where H, is subsequently dissociated. The H- on Ru reacts
with the alkali carbonates and hydrogen carbonate to
produce CH, at the interface between the alkali and the
noble metal. During the heating ramp, the transients make
the process more complex, giving a mixture of products such
as CO, from bicarbonates and carbonate decomposition at
different temperatures or also CH, when the temperature is
high enough to activate the methanation reaction. Moreover,
the heat produced by the exothermic methanation reaction
contributes further to the decomposition of carbonates,
releasing reactive CO, intermediates. The intimate contact
between Ru and Na favours the mass and heat transport to
produce CHy, increasing the efficiency and intensification of
the process.*

To study the effect of the regeneration method, we
selected a sample with a low Na loading, i.e. NaRu (3.7:1). In
a low-loaded sample, Na is expected to be more dispersed as
surface Na, hence highly exposed to the gas phase. The two
regeneration methods were performed by heating at the same
target temperature but varying the feed gas composition

ges

Methanation
200-300 °C  Temperature

CO, capture

0, co, heating H, CHi
0 9 o0 3y e
€Oy t ) nCQ, COx
Ru ©oNa Ru ©Na

Fig. 2 A scheme of the mechanism of CO, capture from air and
methanation. Top: macroscopic scale; bottom: mechanism at the
nanoscopic scale of DFM.
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Fig. 3 Temperature profile and concentration profiles of the gases (CH; and CO;) as a function of time for regeneration with a target
temperature of 200 °C using method A (a) and regeneration method B (b). The continuous traces correspond to the DFM NaRu (3.7:1) and the
discontinuous trace corresponds to a monometallic Ru/Al,O3 prepared similarly to the DFM. The capture is performed at 40 °C from dry air. DFM
mass = 70 mg, flow rate = 60 mL min of 20% H, in Ar, and cycle number = 4.

during heating. One method consists of heating in Ar flow
and introducing H, flow when the target temperature is
reached and holding for 30 min (method A, Fig. 3a) and the
other method (method B) consists of feeding H, from the
beginning of the heating to the desired temperature and
holding for 30 min (method B, Fig. 3b). Fig. 3 shows the
temporal evolution of gases during regeneration heating up
to 200 °C using the two regeneration methods. CO, evolves at
low temperatures from 50 °C up to 200 °C with a maximum
at ~125 °C. A similar low-temperature CO, desorption was
also observed for monometallic Ru/Al,O; (the discontinuous
line in Fig. 3), indicating that it corresponds mainly to CO,
physisorbed on alumina pores or weakly chemisorbed on Ru
or HO-groups of alumina support. A CO, desorption shoulder
was present at higher temperatures (Fig. 3a) for DFM
coinciding with a H,O peak, which can be attributed to the
decomposition of sodium hydrogen carbonate to sodium
carbonate according to eqn (1). Using method A, CH, started
to be produced only when H, is fed at 200 °C and the
amount of CO, released concomitantly is negligible, hence
avoiding costs of separation. Along with CH, emission, the
other main product is H,O. Therefore, method A can
potentially obtain two separate streams of purified gas, i.e.
CO, stream during heating and CH, stream in the isothermal

96 | /nd. Chem. Mater., 2026, 4, 93-104

step at high temperature. Using method B, CH, started to be
produced from temperatures as low as 130 °C with a peak at
~200 °C. This method produces more total CH,, but it is
mixed initially with significant amounts of CO,, which incurs
high separation costs. To reduce the separation costs using
method B, it would be necessary to develop DFMs that either
do not desorb CO, at low temperatures or with high catalytic
activity to reduce CO, at lower temperatures, thus preventing
the release of a gas containing a mixture of unconverted CO,
and CH,.

2NaHCO; — Na,CO; + CO, + H,0 1)

Three target regeneration temperatures (150 °C, 200 °C and
300 °C) were studied. As an example, Fig. 4 illustrated the
effect of the target temperature for the sample NaRu (3.7:1).
In some cases, the carbon balance is not closed, more
remarkably for 150 °C. This deviation must be due to some
unconverted carbonates that remain in the DFM. For the two
regeneration methods, 150 °C provides lower values while
200 °C gives similar regeneration values as 300 °C (Fig. 4) for
both regeneration methods. Therefore, 200 °C was selected
as the regeneration temperature because of cost-efficiency
and the possibility of using waste heat for the process. When

© 2026 The Author(s). Co-published by the Institute of Process Engineering,
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Fig. 4 Effect of the temperature of the second step (regeneration) on gas composition and CO, capture: (a) method A, heating in Ar flow and
feeding H, at the set-point temperature for 30 min; (b) method B, heating in 20% H, in Ar at the set-point temperature and holding for 30 min.
The capture is performed under dry air at 40 °C using the DFM NaRu (3.7:1). DFM mass = 70 mg, flow rate = 60 mL min™%, and cycle number = 4.

the regeneration is performed with method B, that is, feeding
H, from the beginning (Fig. 3b), more CH, is produced, and
the carbon balance is well closed in contrast to the
regeneration method A. Therefore, the regeneration method
B proved to be more effective than the regeneration method
A. The reason is that, during the heating ramp, CH, is
produced only when using method B (Fig. 3b), while more
CO, is released using method A, which is not converted to
CH, due to the absence of H, in the gas (Fig. 3a). However,
when using method A at 200 or 300 °C (Fig. 4a), pure CO, is
obtained during the ramp and almost pure CH, is obtained
in the isothermal step. This is not the case for 150 °C, at
which the methanation activity is lower. The CH, peak in
Fig. 3 is the result of the interplay of several processes such

CH, produced in regeneration isothermal step

a 40 CH, produced in regeneration ramp
u CO, desorbed in regeneration isothermal step
350 - -, CO, desorbed in regeneration ramp
e captured CO,
—.E 300 - e
E’D 2B e
g
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N/ 7/, 4 | 7. |
3 4
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cycle number

as the thermal decomposition of the solid carbonates/
bicarbonates, the Sabatier reaction that leads to CH, and the
diffusion of the gas in the bulk solid which follows a
shrinking core model. This makes the estimation of an
average rate very ambiguous because after a fast peaking of
CH, there is a tail controlled by the slower diffusion. In any
case, the lower CH, yield at 150 °C can be attributed to the
fact that all the processes (decomposition, Sabatier reaction
and diffusion) are activated by temperature.

The effect of the presence of humidity in the air on the
amount of captured CO, was positive for all the Na contents.
Fig. 5 is an illustrative example for the sample NaRu (3.7:1),
in which Na is expected to be well dispersed on the surface.
Fig. 5a shows the capture from dry air and Fig. 5b from air

CH, produced in regeneration isothermal step

b 400 .CH; produced in regeneration ramp
u CO, desorbed in regeneration isothermal step
350 |- * CO, desorbed in regeneration ramp
e captured CO,
= 300 o
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Fig. 5 Four cycles of CO, capture at 40 °C under dry air (a) and under humid air (b), and regeneration at 200 °C following method A for DFM

NaRu (3.7:1). DFM mass = 70 mg, and total flow rate = 60 mL min™.
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containing ~3% water vapour. Four cycles were performed
regenerating at 200 °C following method A. In both cases, the
first cycle exhibited higher CO, capture and hence higher
CH, and CO, emissions during regeneration than subsequent
cycles. The difference between the first and next cycles is
shorter under humid conditions, suggesting that the
carbonate species formed under humid conditions are less
stable and thus the regeneration is more effective. The
species formed under humid conditions are likely alkali
hydrogen carbonates that decompose more easily than
carbonates. In contrast, the larger difference between the first
and subsequent cycles under dry conditions indicates that a
significant amount of unreacted carbonate remains on the
DFM surface, limiting the amount of adsorbed CO, in the
following cycle. The values of capture are stabilised from
cycles two to four. For this reason, hereinafter we compared
the performances of DFMs after stabilisation in 4th cycle.
Fig. 5 shows that the values of CO, capture are higher in the
presence of moisture than in its absence, which is mainly

CH, produced in regeneration isothermal step
CH, produced in regeneration ramp

400 m CO, desorbed in regeneration isothermal step
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— 300
S [ )
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Fig. 6 The effect of different Na:Ru ratios on the captured CO, and
produced CH,4 and CO; in regeneration. Capture from humid air at 40
°C and regeneration at 200 °C following method A (a) and method B
(b). DFM mass = 70 mg, total flow rate = 60 mL min™%, and cycle
number = 4.
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attributed to the favoured regeneration. This is a competitive
advantage compared to other capture technologies, which are
affected negatively by H,O presence.

Fig. 6 depicts the effect of different Ru:Na ratios on the
capture parameters at 4th cycle, i.e. after stabilisation, using
the two regeneration methods. The amount of captured CO,
is lower using method A (Fig. 6a) than method B (Fig. 6b)
because the regeneration is worse using the former method.
The values of captured CO, increased as the loading of Na
increased up to a Na:Ru ratio of 7.4:1. For larger Na
loadings, the captured CO, does not increase or even
decrease. According to the N, adsorption results above
(Table 1), it can be hypothesized that for the highest Na
loadings, Na forms larger aggregates that clog or are buried
in the pores. Larger Na particles pose more diffusional
limitations for the CO, gas to diffuse inside/outside the
nanoparticles. Accordingly, larger aggregates are more
difficult to regenerate than highly dispersed Na in the DFMs
of lower Na loadings. In addition, Na aluminates found by
XRD (Fig. 1) for the higher loadings do not participate in CO,
capture. Thus, highly loaded DFMs exhibit lower efficiency in
CO, capture from air due to incomplete regeneration and
likely larger Na particles, according to N, physisorption.
Comparing the two regeneration methods, using the
regeneration method A, released CO,, CH, and captured CO,
follow the same profile as a function of Na loading. This
suggests that the carbonate decomposed, releasing CO,
during heating up to 200 °C, is a fixed percentage of the
captured CO,. The remaining CO, is hydrogenated to CH,
when H, is added at 200 °C. However, when using method B,
in which H, is added from the beginning, surprisingly, the
CO, released in regeneration decreases from a Na:Ru ratio
of 4.7 upwards, with almost negligible unreacted CO,
released for the Na:Ru ratios of 10 and 14.6. This is very
relevant because the purity of the produced CH, avoids the
need for an additional gas separation process. The CH,
produced is maximized for NaRu (10:1), reaching 300 umol
g”' with negligible CO, emissions. Some hypotheses can be
put forward to explain this behaviour. Since a substantial part
of CO, evolving at low temperatures comes mainly from the
adsorption on the alumina support (Fig. 4b), the higher Na
coverage on the alumina support (EDS analysis in Fig. S4d
and e of ESIf) may prevent the CO, evolution at low
temperatures, at which the catalyst is not active yet to convert
CO, to CH,4. Another possible explanation is that when the
Na loading increases, the proximity between the capture and
catalytic function increases, enhancing the supply of -H to
CO, ad-species and hence the kinetics of the conversion of
CO, to CH, making the catalyst more active at lower
temperatures. The elucidation of the reason or mechanisms
cooperating for the enhanced CO, conversion for Na/Ru
ratios above 7.4 would require the use of operando
techniques. Among similar materials reported in the
literature for DAC, higher CO, uptakes, between 500-1300
umol gppy ', were reported for a DFM consisting of 1% Ru,
10% Na,O on y-Al,0;.>°** However, a significant amount of
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CO, was reported during heating, leading to CH, yields
between 60-80%. To our knowledge, the absence of
significant CO, desorption during heating as found here for
NaRu (1:10), leading to CH, yields above 95%, has no
precedent in the literature.

As explained in the introduction, due to the high air
volume to be treated, the application of DFM for direct air
capture can only be economically competitive if the contactor
has a low pressure drop to minimize or even suppress the
pumping costs. As a proof of concept, we supported Na-Ru
DFM on alumina washcoated cordierite monoliths and tested
it in cycles of CO, captured from air and subsequent
hydrogenation to methane. The nominal stoichiometry
selected to support in the monolith was NaRu (10:1), as it
provided higher CH, productivity and minimizes the
desorption of unreacted CO, in experiments in packed bed
(Fig. 6b). Fig. 7a shows a photograph illustrating the different
steps of monolith preparation: the 1 em diameter x 6.5 cm
length cordierite monolith washcoated with alumina
(monolith 1), this monolith was loaded with Na and treated
with N, at 500 °C (monolith 2), and this latter monolith was
impregnated with Ru and subsequently calcined in N, and
reduced in H, at 500 °C (monolith 3). Monolith 3 takes a
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Fig. 7 DFM supported on alumina washcoated monolith: (a)

photograph of monoliths after different steps: (1) alumina washcoated
cordierite monolith, (2) after impregnation of Na and calcination at
500 °C, (3) after impregnation of Ru calcination and reduction in H, at
500 °C; and (b) catalytic testing of DFM supported on alumina
washcoated monolith and powdered DFM NaRu (10:1) after
stabilization in 4th cycle. The capture was performed using humidified
simulated air and the regeneration was carried out at 200 °C, using
method B in a flow system. Packed bed testing: DFM mass = 70 mg,
flow rate = 60 mL min, cycle number = 4. Monolith testing: DFM
mass = 150 mg, and total flow rate = 147 mL min2.
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black colour due to the reduction of ruthenium. The uniform
distribution of the colour throughout the monolith is
indicative of the homogeneous distribution of Ru and
alumina coating on the cordierite surface. Ultrasonic
treatment during 20 min showed negligible weight loss (~0.2
wt% of the total monolith, which characterizes 3 wt% of the
coating), indicating a good adhesion of alumina and DFM.
This is due to the fact that alumina penetrates the
macropores of cordierite, as can be observed in SEM images
(Fig. S5t). Except for some accumulations of alumina in the
mouth of macropores, the alumina coating was very uniform
on all the channel surfaces. The alumina thickness is below
the resolution of SEM, and in previous works,"" we
determined that it was ~0.1 pm. The N, physisorption
characterization showed that the cordierite monolith has a
negligible surface area (Table S1t), and it increases to 6.1
m?> g'1 when coated with Al,O;. As this is due to the alumina,
when normalized per the alumina weight, it is 215 m* g™, in
agreement with that of the powdered material. 12 monolithic
DFMs were prepared, exhibiting good repeatability in the
preparation. The average alumina loading after step 1 was 6.1
+ 0.3 wt%, calculated by weight difference between the
monolith before and after alumina coating. The monolith +
DFM weighed about ~2.6 g, and the DFM amounted to
~6.7% of the total monolith weight. This results in a total
DFM weight in each monolith between 120-160 mg.
Therefore, the amount of DFM in an experiment with the
monolith was almost double that used in packed bed
experiments (70 mg). The NaNO; and Ru nitrosyl nitrate
precursors were weighed to provide nominal loadings equal
to the stoichiometry NaRu (10:1) and 3 wt% Ru loading. The
actual loadings measured by ICP-OES were comparable to the
nominal loading for Ru (total Ru in a monolith ~5 mg) but
slightly lower for Na, resulting in an actual ratio NaRu (8.3:
1) and a total fraction of DFM in the monolith of 6.7%. The
discrepancy in the ratio relates to the idiosyncrasy of the
different impregnation methods, ie. incipient wetness
impregnation for the powdered DFM and equilibrium
adsorption for the monolithic one. The former method allows
a straightforward and accurate adjustment of the loading,
while the adjustment is more difficult for the Ilatter.
Therefore, the preparation process of the DFM monolith
requires further optimization. This should also include the
characterization of the metal distribution on the monolith
surface and through the washcoating cross-section.

Using the DFM coated monolith, up to 25 cycles of capture
and regeneration at 200 °C following method B were
performed. The performances for selected cycles of the
monolith are shown in Fig. 7b, which also includes for
comparison the performance of a packed bed of particulated
DFM NaRu (10:1). The performance of the monolith decays
from the first to the second cycle, like in the packed bed
experiments. For further cycles, the performance was stable
up to the 25th tested cycle. At steady state, the CO, capture
per DFM weight for the monolith was about 20% smaller
than for the packed bed. However, when it is normalized per
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Fig. 8 Rotating system for CO, capture. (@) A schematic
representation of the rotating experimental setup used for the
capture of CO, from air both using the monolith NaRu (8.3:1) and
the packed bed (10:1). The total amount of DFM in the monolith and
the packed bed was kept constant at ~150 mg. The quartz tubes in
the drawing held inside either the packed bed or the monoliths; (b)
catalytic testing of DFM supported on alumina washcoated monolith
and powdered DFM in a rotating system. The regeneration was
performed in the flow system used in all experiments at 200 °C using
method B. Packed bed testing: DFM mass = 70 mg, flow rate = 60
mL min™, cycle number = 4. Monolith testing: DFM mass = 150 mg,
and total flow rate = 147 mL min™%.

actual Na loading, the values become comparable for the
monolith and the packed bed of particulate DFM,
corroborating the effectiveness of DFM incorporation into
the monolith and the good gas diffusion to the monolith
DFM coating.

We also performed the capture step in a rotating system,
as depicted in Fig. 8a. The set-up consists of 1 cm diameter
quartz reactor tubes fixed by clamps to the edges of a 10 cm
length bar. The bar is fixed by the middle perpendicular to
the rotating shaft connected to a rotor. The tube was open so
that air could enter inside the tube thanks to the speed or
the rotation. Either the monolith or 150 mg of powder NaRu
(10:1) in the packed bed with SiC was fixed inside a quartz

100 | /nd. Chem. Mater., 2026, 4, 93-104

View Article Online

Industrial Chemistry & Materials

tube, as in previous force flow experiments. The capture was
performed at room temperature (~25 °C) by rotating at 100
rpm for 15 min either with the monolith or with the packed
bed. Subsequently, the reactor was placed in the furnace, and
it was regenerated under a force flow of 20% H, in Ar, as
previously described in method B. This concept of a rotating
system is not intended to design a small-scale prototype but
to test and prove the feasibility of our DFM in equipment
working with a low pressure drop. Hypothetical
implementation of the system could involve the coupling to
an aerogenerator where a renewable energy such as wind is
used to move the aerogenerator blades together with the
monolith. Subsequently, the monolith is regenerated with
green hydrogen from an electrolyser powered also by Eolic
energy.

The rotation generates air flowing at atmospheric pressure
through the tube, in contrast to the reactor experiments, in
which synthetic air was forced to flow through by pressurized
cylinders. Fig. 8b shows that the monolith captures similar
CO, amounts as when the capture was performed under force
flow (Fig. 7b), while the packed bed captures significantly
lower CO, amounts in the rotating system. This contrast in
behaviour can be ascribed to the distinct fluid dynamic
properties of the monolith and packed bed. The low pressure
drop of the monolith enables the generation of air ducts
through monolith channels by rotation. In contrast, the air
cannot diffuse inside the bed because the rotation is not able
to overcome the higher resistance to flow through the packed
bed. In the experimental system, an electrical motor drives
the rotation but the turning can also be propelled by
renewable energy like wind, e.g. by implementing the
monolith in a system with wind blades.

3 Conclusions

The impact of the two regeneration methods was tested as a
function of the Na loading. The regeneration method A, in
which H, is introduced when a high temperature is reached,
leads to pure CO, being released during the temperature
ramp in Ar and an almost pure CH, emission when adding
H, at the target temperature. In regeneration method B, H, is
introduced from the beginning, and a mixture of desorbed
CO, and CH, is emitted. In general, the regeneration using
method B is more effective than method A. The optimum
regeneration method depends on the Na loading. For the
lowest loadings up to NaRu (7.4:1), a significant amount of
CO, is desorbed during the heating ramp using the two
methods. Therefore, method A could reduce separation costs
because it avoids the simultaneous emission of CO, and
CH,. For the highest Na loadings, the method of heating
under H, leads to negligible release of unreacted CO,.
Accordingly, for the Na:Ru (10:1) DFM, method B is a more
effective regeneration method, which does not require further
gas separation steps. The CO, capture increases as the Na:
Ru ratio increases up to a maximum of 330 umol g ' for a
10:1 Na:Ru ratio, and then it decreases for higher Na
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loadings. The lowest efficiency for the highest loading of
NaRu (14.6:1) can be attributed to the aggregation of Na,
which entails incomplete regeneration at 200 °C. Moreover,
the presence of humidity in the air had a beneficial effect on
the CO, capture and regeneration, in contrast to other
capture materials in the literature. Finally, the DFMs were
successfully  incorporated into alumina washcoated
monoliths, showing similar efficiency to the powder catalyst
but imparting a lower pressure drop to the flow of air, paving
the way to practical applications in renewable energy.

4 Experimental
4.1 Preparation of the DFM

Both the monolith alumina coating layer and the alumina
particles in powder form were prepared from the same
colloidal sol prepared from pseudoboehmite (AIOOH, Pural
from Sasol) according to a previously described procedure.*
Pseudoboehmite at neutral pH forms a colloidal sol that can
be easily coated on a substrate such as a monolith, and it
becomes a solid after gelation and drying. This solid, which
can be in the form of a monolith coating layer or ground into
unsupported particles, is transformed to mesoporous
alumina by calcination as described below.

4.1.1 Synthesis of DFMs supported on powdered alumina.
The mesoporous alumina support was prepared from
pseudoboehmite, urea, and 0.3 M nitric acid in a weight ratio
of 2:1:5. The sol was gelled and calcined at 600 °C in airata 1
°C min™" heating rate. The calcined y-Al,0; was ground and
sieved into particles smaller than 100 um. A calculated amount
of NaNOj; (Merck) was weighed to achieve the desired final Na:
Ru ratio and diluted in the water volume needed to impregnate
the alumina powder by incipient wetness impregnation. The
powder was dried at room temperature for 12 h and calcined in
N, at 500 °C (1 °C min™", 1 h dwell time). Subsequently, 3 wt%
of Ru with respect to the alumina weight was impregnated by
incipient wetness impregnation using Ru nitrosyl nitrate
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Fig. 9 Layout of the experimental set-up.
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(Johnson Matthey) as a precursor. The impregnated powder
was dried at room temperature for 12 h, calcined in N, at 500
°C (1 °C min™', 1 h dwell time), reduced in H, under the same
conditions, and reserved for testing. Five Na contents were
impregnated, keeping constant Ru loading (3 wt%). The Na to
Ru ratios prepared were 2.5, 3.7, 7.4, 10 and 14.6.

4.1.2 Preparation of the DFM on alumina washcoated
cordierite monolith. Cordierite monoliths were washcoated
with alumina according to a procedure described previously.*"
In brief, cordierite honeycomb blocks (30 x 30 cm, 400 cpsi, 165
pm wall thickness) were supplied by Corning. Cylindrical
cordierite monolith probes (1 cm diameter x 6.5 cm length)
were carved from the 30 x 30 cm block. A sol was prepared as
explained in the previous section for powdered alumina. The
monolith was dipped in the sol for 5 min, and the excess liquid
inside the channels was drained by flushing with pressurized
air. The sol coating on the monolith was gellified by drying it at
room temperature for 24 h while continuously rotating around
its axis. The alumina loading was calculated by the difference
in weight between the monoliths before washcoating and after
calcination at 600 °C. Subsequently, a NaNO; solution was
prepared containing a 10 wt% Na with respect to the alumina
weight. The Na was loaded on the alumina washcoating by
flowing through the monolith the NaNO; solution
continuously overnight as described previously.*” The
impregnated monolith was subsequently dried and heat-
treated under N, at 500 °C. Finally, a solution containing the
amount of Ru precursor to give a 3 wt% over the weight of
alumina washcoating was flown through the monolith, which
was subsequently calcined in N, and reduced in H, at 500 °C.
The actual Na and Ru content was measured by ICP-OES.

4.2 Characterization and testing in cycles of CO, capture and
methanation

The layout of the experimental set up is shown in Fig. 9. The
CO, capture/methanation experiments for the powdered DFM

% GC

mass
spectrometer
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were carried out by mixing 70 mg of DFM powder with the
same amount of SiC and placed on top of quartz wool fixed
in the middle of a cylindrical quartz reactor (6 mm OD-4
mm ID) inside a vertical furnace equipped and connected to
stainless steel tubing. A thermocouple was introduced inside
the catalytic bed and connected to a temperature controller
(Eurotherm). The gas flow rates were controlled using a
Bronkhorst flow meter. Prior to each catalytic test, the
catalyst was prereduced in H, (60 mL min™") at 500 °C for 1 h
using a heating rate of 10 °C min™". The experiment consists
of the following steps:

1. CO, capture step: 60 mL min ' (STP) of a simulated air
containing 400 ppm CO,, 21% O, in Ar was fed to the
reactor, kept at a constant set-point temperature of 40 °C for
30 min. In the experiments with humid air, the air was
saturated with water by bubbling it through a humidifier
kept at a constant temperature of 30 °C, leading to a H,O
partial pressure of ~3%.

2. Sweeping with Ar: after the breakthrough of CO,, the
reactor was flushed with 60 mL min™" of Ar to remove weakly
physisorbed species (CO,, H,0) for 30 min.

3. Methanation/regeneration: this was carried out by
heating at different temperatures, following two different
methodologies. Method A: heating to the setpoint
temperature under Ar and then feeding 60 mL min™" of 20%
H, in Ar; method B: feeding 60 mL min~' of 20% H, in Ar
from the beginning of the heating ramp. In both methods,
the total time of regeneration was maintained for 60 min.
Three setpoint temperatures were used: 150 °C, 200 °C and
300 °C, finally leaving 200 °C as the standard for all samples.
Diluted H, was used instead of 100% H, because of the
limitations of the mass spectrometer for high H,
concentrations. However, it was verified experimentally that
the H, concentration did not affect the methanation
temperature by varying the H, concentration from 10 to 60%.

The monolithic DFM was tested in a reactor of 1.2 cm
internal diameter. The 1 ¢cm diameter monolith was fitted to
the walls with quartz strips. Due to the larger diameter of the
reactor compared to the packed bed experiments, the flow
rate was increased up to 147 mL min " to keep the same gas
linear velocity of 20 cm min™" in both reactors.

In all the steps, the outlet gas was analyzed with a Pfeiffer
vacuum mass spectrometer. The main m/z signals monitored
in the mass spectrometer were 2 (H,), 15 (CH,), 18 (H,0), 28
(CO), 40 (Ar) and 44 (CO,). All the m/z signals were corrected by
the baseline of argon. The concentrations of CO, and CH, were
calculated by calibrating the m/z = 44 and m/z = 15, respectively.
To calculate the CO concentration, the contribution of CO, was
subtracted from m/z = 28. The correct calibration of the mass
spectrometer was double-checked by analyzing the gases with a
gas chromatograph (ARNEL CLARUS 690). The CO, capture
capacity (in mmol g ') was calculated by integrating the CO,
breakthrough curve.

The DFM with different Na loadings was characterised by N,
adsorption at 77 K (BET). This was performed using a
Micromeritics ASAP 2020 apparatus, after outgassing for 4 h at
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473 K. From the physisorption measurements with N,, the
surface area (Sy,) was calculated by the BET (Brunauer, Emmet,
and Teller) theory in the relative pressure range 0.05-0.30. Pore
volume was calculated from the amount of N, adsorbed at a
relative pressure of 0.99. The pore-size distribution was obtained
from the desorption branch of the N, isotherm according to the
BJH method (Barrett-Joyner-Halenda) using the DataMaster
V4.0 software and assuming slit pore geometry. The model fitted
quite well to the isotherm with a standard deviation of ~0.05
em® g™ STP. The micropore surface area (Sp;.) was calculated by
the t-plot method, and the external surface area (Spes) was
obtained by subtraction from the total surface area.

The structural properties of the DFM were studied by
powder X-ray diffraction (XRD) using a Polycristal X'Pert Pro
Panalytical diffractometer employing Cu Ka radiation (1 =
1.54 A). XRD patterns were recorded with a step size of
0.04° s™', covering a 26 range between 4° and 90°. High-
resolution transmission microscopy (TEM) images were
obtained on a JEOL JEM-2100 microscope with a field
emission gun operated at 200 kV. The reduced samples were
ground, ultrasonically dispersed in ethanol and deposited
on carbon-coated Cu grids. The statistical treatment of the
recorded images was carried out by measuring a minimum
of 200 particles, using the following equation to calculate
the mean diameter: d, = Xn;-di/2n;, where n; refers to the
number of particles with a d; averaged diameter, along with
the standard deviation of the values used. Additionally, local
elemental analysis of selected zones was carried out by
energy dispersive X-ray analysis (EDS) in scanning
transmission mode with an x-Max80 detector (Oxford
Instruments) using a spot size of 1 nm.
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