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A set of Dual Function Materials (DFMs) was prepared to seize the CO; from a rich feed gas and to in-situ convert
it to methane (synthetic natural gas). Specifically, ruthenium-ceria composite materials were synthesized
through successive impregnation depositions on two high surface area supports, namely Al,O3 and ZSM-5.

rj:::;f;:n Cerium oxide has both the roles of CO, adsorbent and promoter support for ruthenium, which represents the
Ceria active component for methanation. Three different quantities of ceria (10, 20, and 30 wt%) were dispersed onto

ZSM-5 the solid supports, and the adsorption capacities of the ceria-based materials were studied at different temper-
atures (150, 200, and 250 °C) at atmospheric pressure. The samples exhibiting the best results in terms of COy
adsorption (30 wt% CeO3/Al>03 and 30 wt% CeO2/ZSM-5) were subsequently impregnated to obtain ruthenium-
loaded catalysts (2 wt% Ru). These functionalized materials were characterized by XRD, N3 physisorption at —
196 °C, TPDRO, ICP-MS, XPS, FESEM, HRTEM, and FT-IR. Then, cyclic experiments of CO, adsorption and
methanation were performed, simulating a real use of the catalysts at 250 °C and atmospheric pressure. The
deposition of ruthenium-ceria on a high surface area support was found to be crucial for maintaining the
methanation activity of this catalytic system under cyclic CO; adsorption-hydrogenation conditions. The AlyOs-
supported ruthenium-ceria catalyst adsorbed a lower amount of CO (ca. 200 pmol g1 per each cycle) with
respect to the zeolite-supported sample (ca. 300 pmol g’l); nevertheless, the former material presented the best
methanation performances, thanks to an intermediate ruthenium-ceria interaction, yielding a maximum of 51%
of CO, converted and producing up to 111 pmol g~* of CHg.

Alumina

1. Introduction lenge that humankind is facing [4]. In parallel with the traditional

carbon dioxide capture and storage systems (CCS), COy capture, and

The growth of the world population, urbanization, modernization,
and industrialization has produced the increment in global energy de-
mand in recent years. Fossil fuels such as crude oil, coal, and natural gas
are the most essential energy carries, providing almost 85% of the
world’s primary energy. Due to a massive exploitation of fossil fuels, a
huge quantity of anthropogenic greenhouse gases (GHGs) is released
into the atmosphere, mostly in the form of carbon dioxide (CO5). This
policy has resulted in global warming, climate change, and various other
associated environmental trouble, as well as acid rains, extreme weather
events, imbalanced food distribution, and mass migration of birds and
other animals [1-3].

These environmental mutations are expected to become irreversible,
unless a concrete action is undertaken to reach a carbon-neutral society
by 2050; hence, reducing greenhouse gas emissions is an urgent chal-

utilization systems (CCUs) have recently developed since they allow to
valorise CO», by converting the captured gas into products with market
value. These capture and conversion approaches allow for the reduction
of emissions and, at the same time, the generation of chemicals from
non-fossil energy carries. The captured CO; is used as a reagent to
mainly obtain two categories of products, i.e., synthetic fuels or chem-
ical intermediates, which can be employed as building blocks in the
chemical industry. From the point of view of the carbon balance, CCU
systems do not involve a permanent sequestration of carbon dioxide (as
occurs in the case of storage in deposits), but allow the conservation of
resources, since the use of the conversion products will avoid the
emission of new CO,, coming from traditional fossil sources [5,6]. In
recent years, research has investigated different systems for the hydro-
genative conversion of CO, to produce valuable products, such as
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methane (CHy4) [3], carbon monoxide (CO) [7], light olefines (C,Hap)
[8], hydrocarbons (HC) [9,10], formic acid (HCOOH) [11], formalde-
hyde (HCHO) [12], dimethyl ether (DME) [13,14], methanol (CH3OH)
[15], and higher alcohols (C2 OH) [16]. Among the different conversion
alternatives, the methanation of CO, is the most favoured reaction ac-
cording to thermodynamics [3]. In this case, the sequestered carbon
dioxide is made to react with a stream of Hj to produce synthetic natural
gas (SNG) following Sabatier’s reaction, Eq. (1):

CO, +4H,—»CH, +2H,0 AH = —165.0kJ/mol @

where the enthalpy change (AH) value is referred to T =25 °C and
P =0.1 MPa.

Many catalysts with different formulations have been prepared,
characterized and tested for this reaction, such as transition metals (Fe,
Ru, Co, Rh, Ir, Ni, Pd, Pt) dispersed on several oxide supports, including
Si0,, TiOy, AlyO3, ZrO,, CeO,, or mixed oxides [17-19]. It has been
observed that composite systems are able to enhance the conversion
capabilities of catalysts, and several studies emphasized the synergistic
effects between surface area, electronic/redox properties, structural
characteristics, acidity/basicity, metal-support interactions, oxygen va-
cancies, and reducibility during catalytic activity [14,20-22]. Dual
Function Materials (DFMs) have been developed to convert CO5 to
methane through a gas storage and direct conversion without the
requirement for energy intensive CO purification thermal processes.
Typically, a DFM is composed by three components: a COy sorption
phase, a catalytically active metal (e.g., Ni, Ru, Rh)[23-25], and a high
surface area support (such as Al;O3 or ZrO,). After the first publication
of a study about the use of DFMs by Duyar et al., several methanation
catalysts containing alkaline and alkaline-earth metals were investi-
gated [21,26]. The features of all phases are chosen so that the capture
and the catalytic conversion can occur at the same temperature and
pressure, thanks to the combination of the metal site, the adsorbent
material, and the support features.

There is scientific evidence that the presence of metal oxides phases
in composite catalysts improve catalytic performance thanks to the ox-
ygen storage capacities (OSC), which can enhance active metal disper-
sion and participate in surface carbon conversion. Among the other
oxides, CeO2 has presently become a ubiquitous component in many
catalytic systems thanks to its well-studied capability to work as oxygen
buffer, storing/realising oxygen via the Ce®>*/Ce*" redox couple.
Moreover, ceria is able to remove the carbon deposited on the catalyst
surface, thereby providing a solution to one of the major issues of cat-
alytic systems [27-29]. The elevated amounts of oxygen vacancies also
have beneficial effect on CO, adsorption/activation, making ceria-based
catalysts highly active and selective to methane formation [30-37].
Along with ceria features, methanation is also favoured by the presence
of reduced noble metal sites that, as well as having a role in the hy-
drogenation step, participate to CO» activation, irrespectively of the
metal type [37-39]. Nickel is one of the most investigated metal phases
used for the preparation of methanation catalysts: it is cost-effective, it
has a great selectivity towards CH4, and it can operate between 300 and
450 °C. However, Ni catalysts suffer from sintering and reverse water
gas-shift reaction (RWGS) at high operating temperatures, which com-
promises CHy selectivity and CO2 conversion [40]. Recently, research
has moved towards the study of noble-metal-based catalysts such as Rh,
Pt, Pd, and Ru [41-43] which exhibit a lower CO5 methanation onset
than Ni (from ca. 180 °C to ca. 250 °C) enabling to carry out catalytic
processes at temperatures where the RWGS is thermodynamically
unfavourable. Particularly, ruthenium has received great attention
because it possesses optimum chemisorption energy, and a greater ca-
pacity to activate CO/CO; during methanation reactions with respect to
the other metals of groups 8-10 [3].

In this work, the CO, adsorption capacity of ceria-based materials
was investigated, exploring the possibility of developing a novel COy
sorbent material effective at temperatures that would be challenging for
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pristine CeOo, zeolite and alumina. To increase CeO, surface area, the
cerium precursor was impregnated on high surface area supports, Al,03
and H-ZSM-5 zeolite. Before this work, other authors studied ceria-
supported materials, for instance Rh/CeO5/SiO as catalyst for cellu-
lose gasification [44] and CeO,-doped Ni/Al,O3 [45] for the CO
methanation. Tada et al. focused their research on CO, continuous
methanation and developed a Ru/Ce0O3-Al;03 composite catalyst [46],
observing the useful effect of the support on cerium oxide. Indeed, the
oxide dispersion is expected to improve CO, adsorption per unit of
catalyst weight and increase the number of utilizable oxygen vacancies
for higher capture temperatures [46,47]. Ru-containing CeO3 catalysts
are usually recognized among the most active materials in the hydro-
genation of CO, to methane thanks to their fundamental
physico-chemical properties (vide supra). However, these systems need
a continuous flow of CO, and Hj to the catalytic phase. Thus, conversely
to traditional Ru/CeOs catalysis, this work explored the possibility to
develop new composite Dual Function Materials for a stepwise conver-
sion of CO, to methane. For this purpose, cyclic methanation experi-
ments were performed in order to investigate the capabilities of these
catalysts, pushing the materials to operate under continuous sequences
of adsorption and regeneration at constant temperature and pressure.

2. Materials and experimental methods
2.1. Chemicals

Six ceria-based materials with different amounts of CeO5 (10, 20, and
30 wt%) were dispersed onto aluminium oxide and H-ZSM-5 with Si/Al
ratio of 11.5 through an impregnation method (using 1 g of support).
Cerium (III) nitrate hexahydrate (Ce(NOs3); @ 6H,0 — Sigma Aldrich,
99% trace metals basis) was used as cerium precursor for the prepara-
tion of the materials employed in the adsorption tests. Ammonium ZSM-
5 Zeolite (Sigma Aldrich) and aluminium oxide, gamma-phase, 99.97%
metals basis (Alfa Aesar) were the two supports impregnated. For the
synthesis of the catalysts, ruthenium (III) nitrosyl nitrate solution in
diluted nitric acid (Ru(NO)(NOj3),(OH),,x+y =3 —1,5%Ru ~ Sigma
Aldrich) was selected as ruthenium precursor. Cerium (IV) oxide
(nanopowder, < 25 nm particle size — Sigma Aldrich) was used as
standard materials for the CO,-TPD and H,-TPR analysis.

2.2. Materials preparation

The first part of this study was focused on the valuation of several
materials based on supported cerium oxide for CO, adsorption at high
temperature. All the materials in this work were synthetized through an
impregnation method, adapted from the literature [46,48]. CeO2/ZSM-5
catalysts were prepared by impregnating a 100 mL aqueous solution of
cerium nitrate on 1 g of ZSM-5 powder. This zeolite was previously
calcined at 550 °C in an air atmosphere for 5 h to obtain the protonated
form, in order to make the support more stable to subsequent heat
treatments. The zeolite was suspended in the cerium nitrate solution and
the slurry was heated at 100 °C under stirring until complete water
evaporation. Therefore, the samples were dried at 60 °C overnight and
then calcined at 500 °C for 3 h in air with a heating rate of 2 °C/min.
CeO9/y-Aly03 catalysts were synthesized through the same procedure.
The stoichiometric ratio of the reagents was calculated to obtain a
nominal CeO; concentration of 10, 20, and 30 wt% for both the sup-
ports. Two Ru-base Dual Function Materials were prepared by employ-
ing a water solution of ruthenium (III) nitrosyl nitrate to impregnate
dropwise 30%Ce05/ZSM-5% and 30%CeO,/Al;,03 samples. These ma-
terials were dried at 60 °C and then calcined at 500 °C for 3 h in air. The
nominal Ru loading was 2 wt% for both samples. The following no-
menclatures was assigned to the sorbent materials prepared in this work:
xCA and xCZ, where “x” refers to the nominal ceria percentage loaded on
the two supports (A — alumina; Z — zeolite). The Ru-containing catalysts,
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2%Ru/30%Ce0,/Al;03 and 2%Ru/30%Ce0,/ZSM-5, were hereafter
abbreviated as 2R30CA and 2R30CZ, respectively.

2.3. Sample characterization

Cerium content of the samples was confirmed by using a Thermo
Scientific iCAP RQ ICP-MS device. Powder catalysts were dissolved in a
mixture of hydrofluoric acid, phosphoric acid, and sulfuric acid (2 mL:
4 mL: 4 mL) by the mean of microwave-assisted digestion at 220 °C for
15 min (heating rate 10 °C/min). Afterwards, the digestates were
diluted to obtain the suitable metal concentration for the analysis.

X-Ray Diffraction (XRD) measurements were performed by the
means of X Pert PANalytical diffractometer (Cu Ka radiation) equipped
with a PiX accelerator detector. Powder data were collected on a flat
zero background sample holder. Diffraction intensities were recorded
from 10 to 80 20 (voltage 40 kV; current 40 mA). Data analysis was
carried out using the HighScore Plus® software to identify the phases
characterizing the samples. The mean crystallite size of the phases was
calculated thought Scherrer’s equation (Eq. 2), where K is the shape
factor (0.89), 4 is X-ray wavelength (0.154 nm),  is the line broadening
at half the maximum intensity in radians, and 6 is Bragg angle. A LaBg
standard was used to correct the instrumental peak broadening.

K2

Dinm) = pcosf

(2)

The specific surface areas of the materials were measured through
nitrogen physisorption at 77 K, using a Micromeritics ASAP TRISTAR
3020 instrument. Before being analysed, all the samples underwent a
pretreatment consisting in heating in nitrogen flow at 200 °C for 2 h.
This step is performed in a specifically dedicated system (Micromeritics
FlowPrep 060), to eliminate possible adsorbed components on the ma-
terial. Calculation of specific surface area (SSA) was done using
Brunauer-Emmett-Teller (BET) method with the acquisition of 10 points
(relative pressure range from 0.05 to 0.3), while the pore volume and
pore average size were evaluated by applying the Barrett-Joyner-
Halenda (BJH) algorithm to the desorption branch. The micropore
volume was calculated according to the t-plot method.

X-ray photoelectron spectroscopy (XPS) spectra were collected by
the mean of a XPS PHI 5000 Versa Probe instrument (187.85 eV band-
pass energy, 45° take-off angle, 100.0 um X-ray spot size). Spectra were
charge corrected so that the main line for the carbon 1 s spectrum
(adventitious carbon) was set to 284.8 eV. The XPS bands were decon-
volved through CasaXPS® processing software, version 2.3.25. The
Ce*/Ce*" surface atomic ratio was calculated according to the relative
peak areas in Ce 3d XPS spectra [49]: in particular, four peaks were
associated to Ce>* (v°, v’, u°, u’) while other six peaks were ascribed to
cett (v, v, v, uu, u).

Morphological analysis was performed in a Zeiss Merlin with a
Gemini-II column and an Oxford x-act X-ray detector. The powder was
coated with a 5 nm thick layer of platinum via sputter deposition, before
the analysis. FESEM-EDX mapping images of ruthenium-functionalized
catalysts were collected in order to investigate the dispersion of CeOq
and Ru species onto ZSM-5 and Al;Os3. Furthermore, images were ac-
quired by the mean of high-resolution transmission electron microscopy
(HRTEM) using a Thermo Scientific Talos F200X microscope operated at
200 kV, equipped with a detector for energy dispersive X-ray spectros-
copy (EDX). The sample powder was suspended in high-purity 2-propa-
nol and then dripped on the lacey carbon film of a gold support grid.
EDX maps in scanning-transmission mode (STEM) were collected to
investigate the elemental distribution.

The strength of the basic sites of the prepared samples was deter-
mined by CO2-TPD. The analyses were carried out in an Altamira AMI-
300Lite Chemisorption Analyzer. Approximately 50 mg of catalyst
powder was placed in a quartz reactor, between two quartz wool layers,
and it was pre-treated at 500 °C for 2 h in He flow. Then, the catalyst
surface was saturated by flowing 20 mL/min of pure CO2 at RT for
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30 min. After purging the physisorbed CO5 with a stream of He (30 min
at 50 °C), the desorption step was performed by heating the sample up to
800 °C with a 10 °C/min ramp under a 20 mL/min stream of He. The
same instrument was employed to perform Hy temperature programmed
reduction (H2-TPR) analyses. 50 mg of sample were pre-treated in a He
stream with a heating ramp (500 °C, 10 °C/min). After 60 min at
500 °C, the reactor was cooled in a stream of He. The sample was then
heated from 50 up to 800 °C with a 10 °C/min ramp, while flowing
20 mL/min of 5% H, in He.

Fourier transform infrared spectroscopy (FTIR) was carried out by
using a Bruker Invenio S spectrometer equipped with an MCT detector.
Spectra of Ru-functionalized catalysts were recorded in transmittance
mode in the region ranging from 4000 to 800 cm™ at a spectral reso-
lution of 2 cm™’. The samples were pressed at 5 tons to obtain a thin
tablet and embedded within a quartz IR cell equipped with KBr optical
windows. Firstly, a room-temperature spectrum was acquired; there-
after, each sample was degassed at 10* mbar and treated at 500 °C
(heating ramp 5 °C/min) for 1 h by connecting the IR cell to a high
vacuum line. The material surfaces were reduced dosing 20 mbar of pure
Hjy during the thermal treatment. Subsequently, the system was cooled
to room temperature and spectra were collected at beam temperature
(R.T.) by dosing increasing amounts of COs (from 1.5 %107 to 25.0
mbar equilibrium pressure range) on samples. Since CO, is an acid
probe, this experiment enables to study the basic sites, because of the
formation of carbonate-like species characterized by typical IR bands in
the 1700-1200 cm™ range [50-52].

The CO5 adsorption measurements were performed employing an
experimental set-up consisting of a reactor with a fixed adsorbent bed, a
furnace, and a gas analyzer. In this system, the catalyst was placed in a
quartz U-shape reactor with a sintered glass sector. The reactor located
in a Lenton® Tube Furnace (LTF) was connected to the inlet gas through
a stainless-steel tube with an outer diameter (0O.D.) of 1/4". A HART-
MANN & BRAUN® Advance Optima gas analyzer devoted to measuring
different gas components quantified the CO5 volume fraction expressed
in % v/v in the outlet gas every 10 s. A K-type thermocouple monitored
the reactor temperature during the process. A Bronkhorst® mass flow
controller regulated the gas inlet flow rate.

Adsorption tests were carried out using a mixture of 8 vol% CO3 in
Nj (assuming the flue gas composition) in three temperature conditions
of 150, 200, and 250 °C in order to evaluate the performances of all six
materials incrementing the temperature. Before the adsorption tests,
300 mg of catalyst were pelletized (500-250 pm), crushed, and sieved,
and loaded into the U-shaped reactor. Initially, the materials were pre-
treated at 500 °C for 2 h in N flow, then the system was cooled down
to reach the experimental temperature. The total flow of the gas mixture
used was 40 mL/min. For each adsorption experiment, the materials
were left in an atmosphere of 8% COy/ Ny for 30 min. During the
adsorption experiments, the CO, volume fraction in the outlet gas was
recorded with the gas analyser until the concentration of the analysed
gas at the inlet of the reactor and outlet of the analyser became equal. In
each adsorption experiment the adsorbed amount of CO, was calculated
using the following equation:

Q' P f’f YCO2,in ~YCO2.0ut dt
mRT to+At 1=y€0, 4

Msorbent

3

4COs isorbea (,umol gil) =

where Qy, is the total inlet flow rate, Yco,, representsthe mole fraction
of CO; in the inlet recorded by gas analyser at the beginning of each
experiment, Yco,,, is the mole fraction of the CO; in the outlet, At(s) is
the assumed delay time of gas analyser measurement, and m is the
weight of the sorbent. In this equation, the temperature values are the
following: 150, 200 and 250 °C. The operating pressure is 1 atm. More
details on the derivation of Eq. (3) are given in the supporting infor-
mation file.
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Methanation tests were conducted in a gas implant equipped with an
EMERSON X-STREAM XE gas analyser, provided with the following
channels: a nondispersive infrared detector for CO, CO3, and CHy, a
thermal conductivity detector for Hy, and a paramagnetic sensor for O,.
400 mg of sample were pre-treated in N3 flow (500 °C, 150 mL/min)
and then in a stream of 5% Hs in N5 (500 °C, 150 mL/min) for a total of
2 h. Therefore, the reactor was cooled to 250 °C, temperature chosen for
the subsequent steps, and purged with a stream of N, for 30 min. After
the stabilization of the temperature, a stream of 8% CO; in Ny was sent
to the reactor (250 °C, 150 mL/min, for 30 min), and, after a second
purge with N» (30 min), the CO5 adsorbed was converted to methane by
sending another gas mixture of 5% Hj in Ny to the material (250 °C,
150 mL/min, for 30 min). In order to study the stability of the materials,
cyclic experiments were performed, simulating a continuous work of the
material.

The amount of CO; adsorbed in each methanation test was calculated
with the previous Eq. (3). As regards the quantification of the methane
produced, it was carried out through Eq. (4):

QmRT jr0+Al <]+."(‘H4.mn d

Miorbent

4

fcn, ot (ﬂmol g']) =

where Q;, state for the total inlet flow rate, YcH,,. 1S the mole fraction
of the CHy in the outlet, At(s) is the assumed delay time of gas analyser
measurement, and m is the weight of the catalyst. Further details on the
derivation of Eq. (4) are given in the supporting information file.

The yield of the reaction was estimated through Eq. (5).

pmolen,,,

,leOl COrudsorvea — ﬂmo[cozduwrbml

Yeu, (%) = x 100 5)

In the process yield calculation, the amount of methane produced is
divided by the quantity of COy adsorbed minus the amounts COy
physisorbed, which was desorbed during the purge step and did not take
part in the catalytic reaction.

3. Results and discussion
3.1. Structural, textural, and physico-chemical properties

In order to verify that the synthesis by impregnation was successful,
the cerium and ruthenium contents loaded on the two supports were
determined by ICP-MS. The values obtained are summarised in Table 1
and are in agreement with the nominal quantity calculated to perform
the impregnation. Small discrepancies between nominal and experi-
mental values can be attributed to the instrumental accuracy of the ICP-
MS.

By the mean of X-ray diffraction, it was possible to investigate the
crystalline phases of the catalysts. All the relevant peaks in the dif-
fractograms were identified by using the PDF-2 Release 2004 database.
In Fig. 1, the diffractograms of ceria-based materials impregnated on
Aly03 and ZSM-5 supports are compared with the patterns of bare CeO,,

Table 1
Summary of the materials prepared with the corresponding CeO, and Ru
loading.

Sample Nominal Ru wt% Nominal CeO, wt% CeO, wt%" Ru wt%"
10CzZ - 10 7.6 -
20CZ - 20 18.7 -
30CZ - 30 30.7 -
10CA - 10 8.2 -
20CA - 20 19.4 -
30CA - 30 30.2 -
2R30CZ 2 30 31.0 1.8
2R30CA 2 30 29.4 2.1

? Inductively coupled plasma Mass Spectrometry (ICP-MS)
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Al;03 and ZSM-5, and with those of the two Ru-functionalized catalysts.
Typical fluorite crystal structure characterizes the pattern of pure
cerium oxide, consisting of eight signals [53]. Aluminium oxide support
shows the characteristic pattern of y-phase, while the zeolite support
exhibits the typical MFI framework pattern. All the mixed materials are
characterized by the specific peaks of ceria, namely at 29° (111), 33°
(200), 47° (220), 56° (311), 59° (222), 69° (400), 76° (331) and 79°
(420), while the other reflections refer to the support fingerprints. As
expected, an increase in the intensity of the reflections relative to the
cerium oxide is observed as the percentage of precursor used in the
preparation of the material increases. This suggests a greater coverage of
the supports by the impregnation procedures, confirmed by the decrease
in the intensity of the reflections relative to the two supports. Clearly,
the peaks referred to ceria are more resolved in the regions of the dif-
fractograms uncontaminated by reflection of the two supports, namely
below 35°, from 50° to 65°, and above 70° in the case of Al;O3--
supported materials. Since the MFI pattern of ZSM-5 is rich of peaks, the
presence of ceria is pointed out by asymmetrical and enlarged signals,
which become more intense and evident in the 30% loaded sample. The
diffractograms of 2R30CA and 2R30CZ were collected after a reduction
treatment (performed in a stream of 5% Hy in Nj). It is possible to
observe the more intense crystallographic reflections associated to the
presence of metallic Ru, namely at 38.4° (010) and 44° (011). In Table 2
the mean crystallite sizes of the crystal phases calculated through
Scherrer’s equation are reported. Generally, the cerium oxide crystal-
lites present an average size between 6.0 and 6.8 nm. Ceria phase on
zeolite support is characterized by larger crystallites, depicted by
sharper XRD peaks. Concerning the metallic ruthenium phase, in
2R30CA the distinctive peaks reveal crystallites with an average size
around 15 nm (broad signals), while in 2R30CZ the peaks are sharper,
evidence of larger crystallite sizes (ca. 30 nm).

In Fig. S1 the Ny physisorption plots are reported for all samples.
According to the IUPAC assignation [54], the zeolite-supported mate-
rials show isotherms ascribable to type Ia. This kind of isotherms is
typical of microporous adsorbents; indeed, the extent of coating by
cerium oxide on the support is low and therefore the materials behave
like a pure microporous zeolite. The drop of micropore volume (Table 2)
confirms the coating of the zeolite surface by the cerium phase. The little
hysteresis loop is due to the long-range mesoporous behaviour of the
interparticle voids of the zeolite.

Regarding the other samples (aluminium oxide-supported ones),
their isotherms can be ascribed to type IVa, characteristic of mesoporous
materials. The adsorption behaviour in mesopores is governed by the
adsorbent-adsorbate interactions and by the interactions among the
molecules in the condensed state. The presence of the loop suggests that
capillary condensation is accompanied by hysteresis. These materials
exhibit a hysteresis loop of H3-type, respectively in the 0.45-0.90 p/p°
range for zeolite-supported samples (section A) and the 0.60-0.90 p/p°
range for aluminium oxide-supported samples (section B). Section C
refers to the samples impregnated with ruthenium, 2R30CZ and
2R30CA. The increase in the mass percentage of ceria deposited on the
support leads to a decrease in the specific surface area (Table 2), for both
zeolite and aluminium oxide supports. This fact confirms that cerium
oxide covers the surface of the supports. The specific surface area further
decreases appreciably for both samples impregnated with ruthenium,
even if the Ru percentage by weight is relatively low. Pore width dis-
tributions of supported materials and Ru-ceria supported catalysts are
depicted in Fig. S2 in the supporting information file.

The surface chemistry of the various catalysts was studied by the
mean of XPS. The deconvoluted spectrum of Ce 3d level (Fig. 2, section A
and B) offers two multiplets, namely v and u, that correspond to the spin-
orbit split 3ds/5 and 3d3/; core holes. The intensity ratio I 3ds,2/I 3ds3 2
was fixed to 1.5. The pair of spin-orbit doublets generates ten peaks
which characterize the CeOy XP spectrum in agreement with other au-
thors [55-58]. The w” and v’”’ peaks, corresponding to the highest
binding energy, are located at about 916 and 898 eV and are the result of
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Fig. 1. XRD diffractograms of A) aluminium oxide-supported materials and B) zeolite-supported ones. The patterns of pure y-Al,O3, CeO5 and H-ZSM-5 are also
depicted. Since several reflections are present, the peaks of CeO, (4) and metallic ruthenium (*) are highlighted.

Table 2

Summary of the structural and textural properties of the catalysts derived from XRD, N, adsorption-desorption and XPS analyses.

Sample D (nm)? SSA (m%/ Pore Volume Average pore width Micropore Volume Cerium species Cet/cett Ru species Oxygen species
8’ (em®/g)° (nm)* (em®/g)° %) ratio® 0)° 6)°
H-ZSM- —_— 288 0.16 2.4 0.123 e — —_— 72 (0)
5 28 (0p)
10Cz 6.2 270 0.18 2.7 0.096 56 (4 +) 0.79 —_ 87 (Oy)
44 (3 4) 13 (Op)
20CZ 6.0 267 0.21 2.9 0.090 56 (4 +) 0.79 —_— 75 (0g)
44 (3 4) 25 (Op)
30CZ 6.0 229 0.21 3.6 0.074 57 (4 4) 0.75 —_— 58 (0)
43(3+) 42 (0p)
2R30CZ 30 (Ru) 187 0.17 3.7 0.071 60 (4 +) 0.67 Ru® (37%) 24 (0)
40 (3 4) Ru** (42%) 76 (Op)
Ru™ (21%)

v-Al;03 - 200 0.21 5.4 _— _— _— _— 40 (0
60 (Op)
10CA 6.8 192 0.48 10.5 e 59 (4 4) 0.69 —_— 38 (0)
413 4) 62 (0p)
20CA 6.7 183 0.44 10.0 —_— 60 (4 +) 0.67 —_— 34 (0
40 (3 +) 66 (Op)
30CA 6.3 150 0.34 9.4 — 60 (4 +) 0.67 35 (0
40 (3 +) 65 (Op)
2R30CA 15.3 130 0.29 8.7 e 59 (4 4) 0.69 Ru® (26%) 33 (0
(Ru) 413 4) Ru** (41%) 67 (Op)

Ru™ (33%)

“XRD analysis;

bCalculated according to Brunauer-Emmett-Teller (BET) method;
Calculated according to Barrett-Joyner-Halenda (BJH) algorithm;
dcalculated according to the t-plot method;

€XPS surface measurements.

Ce 3d°4f° 0 2p6 final state. It is possible to ascertain the presence of
tetravalent Ce (Ce** ions) thanks to the characteristic satellite peak u’”’
associated to the Ce 3d3/». The lowest binding energy states u, v, u’’, v’’
(901, 882, 907, and 888 eV) are the result of Ce 3d°4f> O 2p* and Ce
3d°4f! O 2p° final states. After the spectrum deconvolution, the presence
of Ce (III) could be identified thanks to the existence of u’ and v’ peaks,
respectively at about 903 and 885 eV, which are ascribed to the Ce
3d°4f! O 2p® final state. The less intense u® and v° signals, incorporated
in the multiplets at 898.9 and 880.2 eV respectively, are also ascribed to
Ce () [59,60]. The deconvoluted Ce 3d spectra of the
Ru-functionalized catalysts are depicted in Fig. S3.

Ru 3ds/2 and 3dg,/2 peaks, below 284 eV and above 284 eV respec-
tively, were used to study the oxidation states of Ru, despite an over-
lapping with C 1 s signals at 284.8 and 288.8 eV (Fig. 3, section C). The

peaks at around 280, 281, and 282 eV can be assigned to Ruo, Ru**
(crystalline RuO,, or RuO» thin layers), and cationic ruthenium species
(Ru™, with 4 < n <6), respectively, for both the Ru-loaded catalysts
[61]. These latter species, characterized by higher positive charge
density, could be attributed to Ru cations diffused into CeO, lattice,
possibly substituting a Ce*" ion [62]. Guo et al. [63] observed that Ru
species in cerium oxide support exhibit a more intense electronic
interaction compared to metal nanoclusters and nanoparticles. This
condition could produce a peak shift associated to Ru"" in the form of
Ru-0O-Ce bond over the oxide surface or at the RuOy —CeO-, interface via
electron transfer [64].

The semi-quantitative composition of the outer atomic layer of the
composite materials is reported in Table 2. The areas under the peaks of
Ru 3d spectra were quantified in order to calculate approximately the
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Fig. 2. A) Ce 3d XP spectra of zeolite-supported materials and B) alumina-supported ones. C) Ru 3d XP spectra of the two ruthenium functionalized catalysts.
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Fig. 3. CO.-TPD profiles of A) the xCZ and B) xCA materials compared with pure ceria, H-ZSM-5 and Al,03. C) CO»-TPD profiles of Ru-functionalized catalysts.

proportion of ruthenium species and the percentages are summarized in
Table 2. From the semi-quantitative analysis of the areas, 2Ru30CA
seems to possess more Ru™' species, which indicates greater metal
support interaction between Ru and Ce, compared to the zeolite sup-
ported sample.

Information about the surface oxygen species of the catalysts can be
provided analysing the O 1s XP spectra (Fig. S4). All Al,Os-supported
samples show the same broad peak centred at around 531 eV containing
more than one signal arising from the overlapping contribution of the
chemical oxygen species bounded to cerium. Two contributions can be
supposed and distinguished from a deconvolution procedure. The
broader signal could be ascribed to lattice oxygens (~530 eV), namely
0?" ions bounded to cerium (Op), while surface oxygens (O,) and hy-
droxylic groups (~OH) and/or surface adsorbed oxygen molecules (O2)
have their peak at around 531 eV [55,65,66].

Conversely, ceria-zeolite materials exhibit two distinct peaks, one at
528.8 eV, and the second at ca. 531 eV. The one at lower binding en-
ergies could be attributable once more to bulk CeO5 oxygen, while the
signal above 531 eV could be related to the surface oxygen species of the
oxide together with the oxygen species of the zeolite support [49,67].
The intensity of the signal associated to ceria lattice oxygen rises with
the increase in the amount of impregnated Ce.

The quantity and the type of basic sites were investigated by the

mean of CO2-TPD: the recorded profiles are displayed in Fig. 3, while the
quantity of COg released is reported in Table 3. Generally, desorption
peaks at low (< 200 °C), medium (200-500 °C) and high temperature
(> 500 °C) can be ascribed to the presence of weak, moderate, and
strong basic sites, respectively [68,69]. Indeed, metal oxides can adsorb
CO3 on basic sites with various strength thanks to the presence of su-
perficial OH, 0% or cations, entailing the creation of several carbona-
ceous species, i.e., hydrogen carbonates, mono/bi/polydentate

Table 3
Quantitative evaluations determined from the CO5-TPD.

Sample Weak basic sites Medium basic sites Strong basic sites
pmolco,g !
CeOy 230 175 77
Al,O3 47 95 1
ZSM-5 72 40 53
10CZ 144 131 30
20CZ 266 138 43
30Cz 286 133 164
10CA 126 93 46
20CA 243 37 124
30CA 310 17 161
2R30CZ 309 84 199
2R30CA 299 134 48
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carbonates or metal carboxylates [55,70]. In Fig. 3, the intense
desorption peaks below 200 °C are probably due to the decomposition of
several less stable CO, species, such as monodentate carbonates. The
other large bands from 200 °C to 500 °C could be ascribed to the pres-
ence of more stable bidentate and polydentate carbonates. Finally,
carbonates strongly adsorbed on the basic sites contribute to the signals
at higher temperatures [55,68]. As reported in Table 3, the amount of
CO4 desorbed for the as-prepared materials rises as the ceria content
increases. All the samples show a pronounced desorption peak below
150 °C, demonstrating that most of the CO5 chemisorbed on the surface
of the catalysts binds to weak basic sites. This desorption peak can be
clearly observed in commercial cerium oxide, which exhibits a desorp-
tion profile characterised above all by a conspicuous quantity of COy
released below 200 °C. The ZSM-5 and Al,Os3 substrates also exhibit
weak basic sites that contribute to the same desorption peak of the
as-prepared samples. For both supports, the highest desorption values
were achieved by the samples functionalised by 30% CeO,, i.e., 30CZ
and 30CA, which desorbed 583 pmolco2 g’1 and 488 pmolco2 g’1 of
COy, respectively.

Looking at the desorption values of the three different types of sites,
it can be seen that the site strength is linked to the type of support. For
the samples supported on zeolite, the amount of medium and strong
basic sites corresponds to more than 50% of the total number of sites on
the catalysts surface. On the other hand, the same sites are less than half
for the samples supported on alumina. It is possible that the different
interaction between ceria and zeolite may favour the generation of
stronger binding sites, which cause a higher uptake of CO,, as observed
in adsorption tests (Section 3.2.1).

In Fig. 3 C, the CO2-TPD plots of the Ru-loaded samples are depicted.
2R30CZ resulted in a total desorption of 592 pmolcp2 g’l, while 2R30CA
desorbed a total of 481 pmolgoy g~ These values are almost equal to
those of the corresponding 30CZ and 30CA samples, indicating that Ru
addition has no evident effects on CO; adsorption capacity. Even in this
case, the gap between the two catalysts could be ascribed to different
interactions between ceria and the supports which caused distinct dis-
persions, as confirmed by TEM analysis and further discussed in Section
3.2.1.

H,-TPR was carried out on pure ceria, the ceria-based materials, and
the Ru-functionalized catalysts; the collected profiles, in terms of TCD
signal as a function of temperature up to 800 °C, are plotted in Fig. 4.
According to the literature [71-75], cerium oxide is reduced by H; only
at temperatures higher than 400 °C and two reduction peaks correspond
to the reduction of superficial cerium (here at about 480 °C) and bulk
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CeO5 above 800 °C (not visible in Fig. 4). By integrating the TPR signals
between 200 °C and 800 °C, the H, consumption was estimated, and the
values are reported in Table 3. For pure CeO, a Hy uptake of 743 pmoly,
g~ ! was obtained, corresponding to the reduction of 26% of cerium in
the whole sample from the oxidation state 4 + to 3 + . The effect of the
two supports is visible in the shift towards lower temperature of the
reduction peak of ceria surface, together with a higher hydrogen con-
sumption (exceeding the 60% of the theoretical maximum consumption
for 30CZ and 30CA, see Table 3); this indicates that the reduction of
ceria is promoted when it is dispersed over high surface area zeolite
(30CZ) and alumina (30CA). Typically, ZSM-5 zeolite does not exhibit
reduction peaks [76]; however the shift and different shape of the
reduction peak at 399 °C could be also ascribed to the strong interaction
between CeO;3 and ZSM-5 [77]. Similarly, for the sample supported on
alumina, a wide peak centred at 397 °C is observed; in this instance, the
interaction between ceria and the support can lead to the formation of
CeAlQOj3 species, which increase the surface reducibility of CeO, [78].
According to Fig. 4 B, Ru species in the functionalized composite
materials are reduced below 200 °C. The 2R30CZ sample exhibits two
signals: a sharp reduction peak at low temperature, centred at 150 °C
and a weak shoulder at 193 °C. This profile suggests the presence of two
types of Ru species, one more abundant than the other. 2R30CA is
characterized by two sharp peaks at 137 °C and 180 °C, and, again, the
presence of multiple signals could indicate the existence of different
ruthenium species. Some authors indeed observed a correspondence
between lower reduction temperature and well-dispersed RuOy species,
strongly interacting with CeOs surface; instead, RuO, phases with a high
grade of crystallinity could be reduced at a moderately higher temper-
ature, since these species weakly interact with the CeO, support [64,79].
In Fig. 4 B, the typical peak of CeO, surface reduction (around 390 —
400 °C) is also visible for both the Ru-containing catalysts, and it is
centred at the same temperature observed for the composite materials
prior to Ru functionalization. The Hy quantity consumed at low and high
temperature during the TPR was quantified for each catalyst, and the
values are included in Table 4. As demonstrated by the comparison
between the measured observations and the theoretical values, the
hydrogen consumption for 2Ru30CZ at low temperature slightly exceeds
the theoretical pmol g~ of Hy necessary for the complete reduction of
Ru species. This indicates that some neighbouring Ce ions are reduced
concurrently, suggesting that a significant metal-support interaction is
established between ruthenium species and ceria [80,81]. RuOy species
strongly interacting with cerium oxide, once reduced to Ru’, can indeed
enhance Hj dissociation and promote the reduction of CeO, surface at

B

150
180
£
< 2R30CA
© 4+ 0
5; 150 Ru**— Ru
o
(@]
|_
398
193
2R30CZ

rFr rTrrrrTr-
100 200 300 400 500 600 700 800

Temperature (°C)

Fig. 4. H,-TPR profiles of A) the 30CZ and 30CA materials compared with pure ceria. B) H,-TPR profiles of Ru-functionalized catalysts.
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Table 4

Quantitative evaluations determined from the Ho-TPR.
Sample Ru**—Ru’ Ce*t »Ce’ Ru**—Ru’ Ce** »Ce’

pmoly, g
Measured consumption Theoretical consumption

CeOy — 743 — 2907
30CzZ — 528 — 892
30CA — 536 — 878
2R30CZ 348 506 271 901
2R30CA 399 501 315 855

lower temperature [79,82]. Concluding, both 2R30CA and 2R30CZ are
characterized by a molar ratio between consumed Hy and Ru of 2.5 and
2.6, respectively, which are values only slightly higher than the stoi-
chiometric one (i.e., 2). This implies that no significant consumption of
hydrogen for ceria reduction could be expected during cyclic
methanation.

The morphology of the ruthenium-functionalized catalysts was
investigated via electron microscopy, both in scanning and transmission
modes. As shown in Fig. S5, the surfaces of the materials are particularly
disordered and different from each other. 2R30CZ shows a relatively
smooth surface, far away from the coral-like surface exhibited by
2R30CA. These morphologies are the result of the synthetic route used to
prepare the samples; actually, impregnation does not allow the forma-
tion of geometrically organised structures but offers the possibility of
adequate dispersion of the species on the surface of the supports. By the
mean of HRTEM technique, the distribution of cerium oxide and
ruthenium species was observed. In Fig. 5 the STEM images together
with EDX maps for Ce and Ru are depicted. Ceria covers all the support
surface for both 2R30CA (section A) and 2R30CZ (section B). Instead,
due to its low weight percentage, Ru is not evenly dispersed over the
surface, but rather aggregated in small clusters around 10 nm in size, as
shown in the two maps. As depicted in Fig. S6, 2R30CZ possesses areas
where only a well-dispersed ceria phase is present; this feature could
enhance the ceria surface available for the CO adsorption but the
absence of Ru interacting with CeO; could be the reason for this
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catalyst’s lower methanation activity in some areas of the sample (see
Sections 3.2.1 and 3.2.2).

Fig. 6 A reports the FT-IR spectra of the samples outgassed at 500 °C
and then exposed to hydrogen atmosphere (20 mbar) before dosing CO».
To allow a clearer analysis between the two materials, all the depicted
spectra were normalized to the unit specific weight. The two spectra are
characterized by the signals belonging to cerium oxide together with
their respective supports, namely zeolite ZSM-5 and aluminium oxide.
Concerning the zeolite-supported catalyst, in the OH stretching region
(3800-3000 cm™) the signals of the support and the CeO, are over-
lapped. According to the literature, the following peaks can be assigned
to the zeolite support: silanol hydroxyls (~3743 and ~3663 em’D),
Brgnsted acid hydroxyls (~3590 cm™) and the broad band at around
3474 cm™ generally ascribed to hydroxyl nests involving several silanol
groups interacting through extended hydrogen bonding [83,84]. Cerium
oxide hydroxyl signals can be distinguished in the two catalysts as
follow: isolated hydroxyls (3710-3700 cm™), bridging hydroxyls
(3660-3640 cm'l), multiple bonded hydroxyls (3550-3500 cm'l) and
hydrogen bridging hydroxyls (broad band at 3400-3100 cm™) [85]. It is
challenging to distinguish between Ce*™ and Ce3* species without any
probe molecule. Some authors identified the presence of reduced Ce
species due to the weak signal at around 2130 cm™ linked to the 2Fs,; -
2F7 2 electronic transition of reduced ceria in bulk defective sites [50,86,
87]. Furthermore, Badri et al. found that the different oxidation states of
cerium generate two signals with different wavenumbers in the hydroxyl
region, i.e., the former at around 3635 cm! attributable to Ce** and the
latter at around 3647 cm™ ascribable to the presence of Ce3t [88]. At
lower wavenumbers, all spectra exhibit signals at 2930 and 2840 cm’
relating to C-H stretching vibrations of formate species [85]. Moreover,
the bands in the 1800-1000 cm™ range can be readily assigned to C-O
stretching and bending modes of carbonate and formate species. The
zeolite-supported catalyst displays the typical ZSM-5 IR spectral features
[83]. Infrared spectra of the two catalysts were collected at room tem-
perature while dosing increasing pressures of CO, gas from 1.5 x 1072 to
25 mbar in order to investigate the nature of carbonaceous species
generating by CO; adsorption. Fig. 6 B and C depict the wavenumbers

Fig. 5. STEM images of A) 2R30CA and B) 2R30CZ Ru-functionalized catalysts and associated EDX maps indicative of cerium and ruthenium distribution.



A. Rizzetto et al.

>

Catalysis Today 429 (2024) 114478

2R30CZ

3600 3200 2800 2400 2000 1600

Wavenumber (cm™)

[s
0
o
c
©
£
o
@
Q
<
ke;
0]
N
©
£
<)
Z
| L
50
_2R3OCZ 30 A
o ——after treatment 20
O 40 =|—25 mbar 10
S —degas 1.5x 103
Q2 h 3800 3700 3800 3500 3400)
% 30 -
Q
< J
3
N 20 —
© J
£
S 10 —
Z
0 -
! | ! I ! | ! I
2100 1950 1800 1650 1500

Wavenumber (cm™)

Normalized Absorbance

C

25
2R30CA fz
1—atter treatment 10
20 ={—25 mbar s
—degas 1.5x 107 .
1 3800 3700 3600 3500 3400
15 —
10 —
5 —
=

LI L L
2000 1800 1600 1400 1200

Wavenumber (cm™)

Fig. 6. In situ FT-IR spectra of CO, adsorbed at increasing equilibrium pressure (from 1.5 x10° to 25 mbar). A) FT-IR spectra of 2R30CZ and 2R30CA after the
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treatment (black), at a CO, equilibrium pressure corresponding to ca. 25 mbar (red) and after subsequently degassing at 1.5 x 10> mbar (blue). The inset shows

enlarged hydroxyl spectral region.

range 2200-1200 cm™ along with the hydroxyl stretching region re-
ported in the inset. For the sake of clarity, the types of species observed
in the infrared spectra are shown with their corresponding wavenumber
assignments in Scheme 1. At 25 mbar equilibrium pressure (red line)
different types of carbonates and bicarbonates are formed in the region
1640-1550 cm. The signal centred at ~1590 cm™! can be ascribed to
bidentate carbonates; the wide shoulder comprised between 1610 and
1550 cm™! can be readily assigned to carboxylate species [85,89]. An
outgassing procedure up tol.5 x 10~3 was performed at the end of the
entire FT-IR experiment (obtaining the blue spectra shown in Fig. 6).
Generally, it is possible to notice that the contribution of carboxylate
species decreases while a new signal centred at around 1490 cm™ rises.
This behaviour could be related to the disappearance of less stable ionic
species (carboxylates) and the appearance of more stable polydentate
species. The spectra in the range 3800-3400 cm™ portrayed in the insert
show a meaningful rise of the OH stretching signals linked to several
typologies of carbonates species [90,91]. The range 2200-1200 cm™ of
2R30CA (section C) is characterized by several overlapped contribu-
tions: bridge bidentate carbonate species (~1710 and ~1294 em™),
bidentate chelate carbonates (~1645 cm'l), polydentate carbonates
(~1480 cm™!), monodentate carbonates (~1440 and 1230 em’)) [85].
The shoulder at 1298 cm™ could indicate the presence of different

configurations of linkage such as bridge bidentate carbonate and/or
bidentate chelate carbonate [46,90,91]. The broad spectral feature
noted in the range 2100-1900 cm which is characterized by a
maximum at 2010 cm™ and an asymmetric tail at lower frequencies,
may contain contributions from several adsorbed CO species due to
activated adsorption of CO on Ru [92-94]. Panagiotopoulou et al.
attributed this band to mono carbonyl species adsorbed on partially
oxidized Ru sites (Ru""-CO, with n < 4). The low-frequency tail of this
signal suggests the existence of (CeO2)-Ru-CO species at the
metal-support interface [95]. The latter signal disappears through the
outgassing step because of its weakness. This procedure results in a
slight modification of the final spectrum which keeps on being featured
by several carbonaceous species. The spectra in the range
3800-3400 cm’! depicted in the insert do not display meaningful sig-
nals. The peak at ~3672 cm! can be associated with the v(OH) modes of
newly formed hydroxyl groups of the bicarbonates. The intensity of
these groups correlates with the rise of the signal of monodentate bi-
carbonates; whereas the peak at 3611 cm™ could be ascribed to the
bidentate chelate bicarbonate. Lastly, the broad features below
3580 cm’! could be owing to the interaction between the hydroxyl
groups of the formed bicarbonates [90]. Then, it is possible to confirm
the results obtained from the CO; desorption profiles (Table 3),



A. Rizzetto et al.

I
c c. |
7/ N\ AN
0) o) e} (0]
\ /
M n+ M n+
Formate Carboxylate

1605-1540 cm™! v, (COO)

1605-1540 cm! v, (COO)
1370-1345 cm! v (COO")

1370-1345 cm! v (COO)

o
Q\é'/o [
. C
| /7 '\
o) o” Yo
IM n+ IM n+ IM n+

Monodentate carbonate Bidentate bridge carbonate
1730-1640 cm™ v (C=0)
1285-1280 cm! v (COO)
1020-1000 cm! v (COO)

1530-1470 cm™! v, (CO4Y)
1370-1345 cm! v (CO,2)
1080-1040 cm! v (C-0)

Catalysis Today 429 (2024) 114478

I il
C
7/ \ / C:\
(@) @] O (@)
\/
M n+ M n+
Chelate carbonate Bicarbonate (mondentate!
- bidentate?)
1670-1530 cm™' v (C=0) 3670-3650 cm™' v (OH)!
1270-1220 cm' v, (COO) 3640-3600 cm! v (OH)?
1030-980 cm! v4 (COO)
mm
(0]
|
C
7\
(0] O Ru—CO
I!,,n#- I‘I/1n+

Polydentate carbonate Linear CO adsorption

1470-1460 cm™ v (CO5Y)  2020-2003 cm™ v (C-0)
1090-1020 cm! v, (CO5)
950-840 cm™ v (C-0)

Scheme 1. Types and wavenumber assignments of formate and carbonate-carboxylate species on ruthenium-ceria-zeolite/alumina catalysts.

observing the formation of carbonyl species strongly linked to the basic

sites of ceria.

3.2. Adsorption and catalytic results

3.2.1. Adsorption breakthrough curves
Several studies have been focused on the interaction of COy with

cerium oxide surface and the employment of CeO; as support and/or
promoter in many catalytic reactions. However, not many authors
investigated and quantified the adsorption capacity extensively,
comparing materials with growing content of adsorbent phase and
different supports (AlpOs and ZSM-5) at three distinct temperatures.
Previously, Yoshikawa et al published some works on the CO2

A B

adsorption capacity of three different CeOy powders mixed with other
CO, adsorbents materials, namely SiO, AloO3 and ZrOy [96,97]. The
results of their experiments highlighted the key role of the chemical
adsorption sites for CO; together with other parameters such as
morphology, particle size, porosity, and specific surface area, which
could modify not only the number of adsorption sites available for the
CO3 chemical adsorption, but also the accessibility of these sites to CO4
molecules [98]. Furthermore, Yoshikawa et al. observed that SiO, was
characterized by a high surface area, but it exhibited the lowest amount
of CO4 adsorbed in comparison with the other selected oxides. On the
other hand, the authors demonstrated that cerium oxide-based materials

exhibit the largest amount of gas adsorbed.
In the present work, CO adsorption experiments were performed at
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Fig. 7. Adsorption breakthrough curves of CO, for A) 30CA and B) 30CZ. C) CO, adsorption uptakes of the six samples derived from their corresponding experiment
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three different temperatures (150, 200, and 250 °C) at atmospheric
pressure, evaluating the disparities in gas uptake to study a possible new
material employable in the adsorption and reduction of CO,. Subse-
quently, the materials that showed the best results were selected for the
functionalization with ruthenium to produce active catalysts for CO5
methanation. To better understand the effects of temperature and
cerium oxide loading, the breakthrough curves (BTCs) of 30CA and
30CZ are depicted in Fig. 7, along with a bar graph summarising the
uptakes obtained from the adsorption experiments. The CO, adsorption
uptake followed this trend for all three temperatures, considering the
cerium oxide percentage loading: 10% < 20% < 30%. Another essential
difference could be observed looking at the uptakes reached by the six
materials. The decrease in adsorption capacity with increasing temper-
ature revealed that the adsorption is an exothermic phenomenon, as
expected for physical adsorption. Interestingly, the Al,Os-supported
materials adsorbed lower quantities of CO2 than the zeolite-supported
ones (Table 5). The gap between adsorption capacities of xCA and xCZ
does not seem associated with the actual content of ceria, since it is
similar to the nominal one for both the sets of samples; instead, this
property is likely linked to the dispersion role acted by the two supports,
e.g., considering their different specific surface areas. For instance, the
zeolite with 288 m?/: g (Table 2) favoured the formation not only of areas
in which ceria was more abundant, but also of small CeO5 spots of
around 10 nm (not observed for Al,O3-supported materials), that could
increase the surface sites able to adsorb and activate COy (Fig. S6).
Considering the role of the support, aluminium oxide is one of the most
widely used supports for inorganic catalysts; nevertheless, to the best of
our knowledge, only spectroscopic studies about interaction of CO5 with
Al;03 were reported in the literature, without any effective quantitative
data about CO; adsorption [99,100]. On the other hand, zeolite ZSM-5
featured a lower average pore size and a rich microporous structure,
which allowed for the efficient physisorption of CO; via van der Waals
forces and/or hydrogen bonding [101,102]. The longer breakthrough
times for the 30CZ samples could be explained by considering the slower
formation of more stable carbonate species along with a different mass
transfer resistance between the two samples taking into account the
individual pore sizes (Table 2). Having the highest adsorption capacity,
30CA and 30CZ were selected as composite materials for the subsequent

Table 5

Adsorption capacities of the composite materials tested for CO, capture at
ambient pressure and at different temperatures. The two pure supports (Al,O3
and ZSM-5) were tested in the same conditions as a comparison.

Samples Adsorption CO, Uptakes CO, Uptakes
Temperature (°C) (pmolco, g.1) (mmolco, gcloy)
H-ZSM- 150 120
5 200 80 —
250 100
10CZ 150 299 3.9
200 240 3.2
250 156 2.1
20CzZ 150 525 2.8
200 281 1.5
250 209 1.1
30Cz 150 581 1.9
200 390 1.3
250 276 0.9
y-Aly03 150 159
200 110 —
250 88
10CA 150 263 3.2
200 199 2.4
250 120 1.5
20CA 150 396 2.0
200 282 1.5
250 179 0.9
30CA 150 486 1.6
200 370 1.2
250 245 0.8
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impregnation step to synthetise ruthenium-loaded catalyst for the CO5
conversion to methane.

For comparison purposes, the CO5 uptake values of some materials
used for COy capture proposed in the literature were collected in
Table S1. As stated before, examples of zeolite- and alumina-based
materials used for applications at temperatures similar to those
explored in this work can be scarcely found since, if not functionalised/
doped, their adsorption capacity drops rapidly with increasing temper-
ature. Considering ceria, there are not many studies examining the
adsorptive capacity of this oxide at temperatures above 100 °C. In their
work, Barroso Bogeat et al. prepared ceria-based nanomaterials coated
with yttria (Y2O3) in order to modulate the surface acid-base and redox
features and enhance CO, adsorption and activation properties. Using
CO»-TPD analysis, they observed that as-prepared materials were able to
retain approximately 30 pmol g of CO after saturation at 25 °C (Pgoz
= 1 atm) [103]. Therefore, the as-prepared composite materials in the
present work greatly increased the CO, adsorption capacity of pure ceria
and were also effective at temperatures that can be considered high for
zeolites and aluminium oxides. Materials based on alkaline and alkaline
earth metal oxides, i.e., layered double hydroxides/oxides (LDH/LDO)
[104], demonstrate better performances at high temperatures due to
their pronounced basicity. However, the operating temperature ranges
typical of these materials are much higher (350-450 °C) with respect to
the mild-temperature applications envisaged in this work.

3.2.2. Catalytic activity

CO, methanation experiments were performed with the ruthenium-
impregned catalysts in the same fixed-bed reactor used for the carbon
dioxide adsorption experiments. The gases time evolution profile is
depicted in Fig. S7 in the supporting information file. As expected, all
ruthenium-loaded catalysts were active for CO, methanation, with
100% selectivity to CH4. Thermodynamically, CO2 methanation is a
spontaneous reaction for the formation of methane with water as a
byproduct. The reaction is governed by a stoichiometric molar ratio of
the reacting gases (Hy: CO3 = 4: 1), according to Eq. (1) and can occur at
a relatively low temperature (200-250 °C) and at atmospheric pressure.

As a whole, the conversion tests were carried out at 250 °C in order
to simulate a realistic temperature of exhaust flue gases, keeping the
same temperature used in the adsorption tests. Moreover, relative low
process temperature were investigated to avoiding further disadvan-
taged the CO, adsorption process and preventing the production of the
CO by-product (RWGS; Hy + CO2,—CO + H,0), that may occur at higher
temperature [105]. Indeed, the conversion of CO5 to methane is strongly
exothermic (AH = — 165.0kJ/mol), therefore it is penalised at elevated
reaction temperatures [105-107].

The methanation experiments were performed following the pro-
cedure explained in Materials and methods, by testing the catalysts in
cyclic experiments. First of all, the catalysts were reduced by a stream of
5% Hy/Nj; at the beginning of test campaign, and this reduction step was
then cyclically repeated after each CO, adsorption phase. The first hy-
drogenation allowed to reduce both the RuO5 phase and a small part of
the surface of cerium oxide, entailing the formation of metallic Ru and
ceria superficial oxygen vacancies. It was observed that this first
reductive treatment, which was not performed prior to the CO5-TPD and
adsorption experiments, is critical for methane yield. In experiments
conducted without this first reduction (not reported in this paper), no
methane production was observed. Wang et al. and Lopez-Rodriguez
et al. discovered that Ru generates new activation and conversion sites
for CO, when it is in its reduced state [25,40]. The adsorption of CO,
occurs on Ru in a dissociative form, forming weak poly-bonded carbonyl
groups with Ru species. Conversely, CO5 strongly adsorbed as carbon-
ates on ceria surface oxygen sites (as observed in the spectra shown in
Fig. 6) or as carboxylates (CO»-8) at the oxygen vacancies of reduced
ceria, resulting in the reoxidation of ceria. These carbonates could
evolve into CO which served as a reaction intermediate during the hy-
drogenation stage, cooperating to the overall CO5 methanation process
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[40]. After the adsorption step, the subsequent hydrogenative treatment
was fundamental both for the catalytic conversion of the activated COy
molecules to methane and for the regeneration of ceria oxygen vacancies
necessary for the following adsorption steps. Five consecutive cycles
were conducted on 2R30CZ and 2R30CA and the results are reported
through bar graphs in Fig. 8 and numerically in Table 6.

The zeolite-supported catalyst (section A) adsorbed ca. 100 pmolcoz
g~ ! more CO, than the Al,03-supported material, achieving a maximum
value of 316 pmolgoy g~} in cycle C2. However, only a small fraction of
the adsorbed gas was effectively converted to methane, whose value
exceeded a hundred of pmolcys g’1 only in the last cycle (108 pmolcp4
g’l). Conversely, 2R30CA (section B) captured approximately the same
amount of CO, in each experiment, from a minimum of 194 pmolgoy g1
in cycle C2 to a maximum of 207 pmolcoz g_1 in cycle C3. The CH4 yield
(in terms of produced CH4 with respect to adsorbed CO5) was charac-
terized by an average value of 51% and reached the highest value in the
first cycle (with 55% of adsorbed CO, converted). The amount of Hy
consumed during the catalytic methanation was in agreement with the
stoichiometry of Sabatier’s reaction, since it was in a 4:1 ratio with
respect to CHy4 produced; this clearly confirmed that the redox nature of
ceria did not have detrimental effects on the hydrogen consumption at
mild temperature, in line with the Ho-TPR profiles in Fig. 4.

Methanation results could be interpreted by taking into consider-
ation several outputs of the characterization techniques. ICP analysis
revealed that a slightly higher amount of Ru species is present in the
2R30CA catalyst; nevertheless, if the quantity of CH4 generated is
normalized to the weight of Ru present in the two supported materials
(Fig. S10) the specific activity of the catalyst supported on alumina re-
mains equal or slightly lower than that of the zeolite-supported sample.
Moreover, Hy-TPR analysis revealed that different types of RuOx species
can be found in the two materials. The presence of a signal at lower
temperature in the 2R30CA plot suggests the presence of well-dispersed
particles of RuO2 on ceria, strongly interacting with the adsorbent
support. As reported by Safariamin et al., better Ru-Ce interactions and
effective dispersions of the easily reducible metal on the support
intensify the catalytic properties of the system [108]. Contrariwise,
2R30CZ has a lower Ru content and its Hy-TPR profile reveals a single
reduction peak (with just a small shoulder), that may be attributable to
Ru species with a high grade of crystallinity and weaker interactions
with the ceria phase. XPS analysis revealed the presence of more Ru
species (Ru™") interacting with Ce in 2R30CA (Table 2). TEM analysis
also allowed to detect the presence of areas of 2R30CZ where only ceria
is present while ruthenium is absent (Figs. S6). The partial separation
between the adsorbent phase and the metal phase and the lower inter-
action between them may contribute to the lower catalytic activity of
this catalyst as well. Therefore, the conversion yield was lower, reaching
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Table 6

Summary of the catalytic conversion of CO5 to CHy, in terms of CO, adsorbed, Ho
consumed during the catalytic reaction, CHs produced and the yield in
percentage.

Catalysts No. CO,, adsorbed H, consumed CH4 produced Yield
Test (umol g™1) (umol g1 (umol g™1) (%)
2R30CZ Cl 306 396 99 32
c2 316 385 96 30
C3 306 354 80 26
C4 294 366 85 29
C5 288 388 108 38
2R30CA Cl 202 451 111 55
Cc2 194 444 929 51
C3 207 422 94 45
c4 203 408 105 52
C5 196 429 100 51

the top value in cycle 5 (32%). Even in this case, the stoichiometric ratio
between consumed H, and produced CH4 was kept. In the supporting
information file, the results of cyclic methanation tests conducted on an
unsupported 2Ru/CeO5_rods catalyst are provided for comparison pur-
pose (Fig. S9).

4. Conclusions

This study focused on the investigation of different supported ceria-
based materials, exploring their CO5 adsorption capacities and their
catalytic ability to convert CO5 to methane after ruthenium function-
alization. Six ceria-base materials were tested at three different tem-
peratures (150, 200 and 250 °C) and the uptake results proved that an
increment of the cerium oxide phase led to a greater amount of CO5
adsorbed at the temperature ranges explored. The dynamic adsorption
experiments highlighted the effects of two different supports on ceria
dispersion and how the subsequent physico-chemical characteristics
influenced the final results. In particular, the surface areas of the two
supports affected the dispersion of the adsorbent phase, for example
allowing the formation of nanometric ceria-spots on zeolite surface,
which enhanced the performances of these materials. These findings
demonstrate that these ceria-based composite materials can be effec-
tively applied for carbon dioxide capture at temperatures that would be
challenging for pristine CeO, zeolite or alumina. 30CA and 30CZ were
subsequently impregned with ruthenium and the two DFMs were
engaged in cyclic methanation tests. The results demonstrated that
2R30CA and 2R30CZ catalysts are highly selective towards methane and
effective at ambient pressure, at temperatures lower than those reported
in the literature for typical alkali- and alkali-earth based DFMs. 2R30CA
exhibited the best performances in terms of COy activation and
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Fig. 8. Bar charts illustrating the methanation results obtained in five cyclic tests by A) 2R30CZ, B) 2R30CA, in terms of adsorbed CO,, consumed H, during the

catalytic reaction, produced CHy, and the final yield in percentage.
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conversion, thanks to a better metal-support interaction between
ruthenium and cerium oxide, as confirmed by Hy-TPR and XPS. From
these outcomes, it is possible to conclude that supported Ru-CeO, ma-
terials are promising suitable catalysts for the stepwise capture and
conversion of CO; at mild temperatures and atmospheric pressure. The
employment of such DFMs in the treatment of industrial flue gases
relatively rich in CO, has great potential and could help in reducing
greenhouse gases emissions and fighting climate change.
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