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Low-Content Ru Catalysts for Efficient CO, Methanation

Andrea Rizzetto',[®! Marco Pietro Mezzapesa®,'?! Fabrizio Celoria®,[?! Fabio Salomone,*!
Enrico Sartoretti,*[? Marco Piumetti 1@ Raffaele Pirone,!? and Samir Bensaid*[e!

A series of low-content Ru-based catalysts supported on Al,O;,
TiO,, CeO,, MgO, and ZrO, were synthesized via incipient
wetness impregnation and evaluated for CO, methanation.
Among them, Ru/TiO, exhibited the highest activity in terms
of turnover frequency (TOF = 3.35 s7') and selectivity toward
CH,4 (> 95%). To elucidate the underlying reaction mechanism,
operando Diffuse Reflectance Infrared Fourier Transform Spec-
troscopy (DRIFTS) analyses were performed, revealing the pres-
ence of key surface intermediates. Based on these observations,
several power-law and Langmuir-Hinshelwood-Hougen-Watson
(LHHW) kinetic models were formulated and fitted to exper-
imental data. A detailed comparison of different mechanistic

1. Introduction

The Sabatier reaction has gathered growing attention as a
promising route to valorize CO, and renewable H, to produce
synthetic natural gas as sustainable energy carrier to reduce
society’s dependency on fossil fuels. The three main reactions

hypotheses was conducted, highlighting the role of CO, dis-
sociation and stepwise hydrogenation pathways. A two active
site model that considers CO, adsorption on the basic sites of
the support and the continuation of the reaction by hydrogen
spillover from Ru nanoparticles provided the best agreement
with experimental results. Overall, the combination of catalytic
testing, operando spectroscopy, and kinetic modeling offers a
comprehensive understanding of the CO, methanation path-
way over Ru/TiO, and provides a reliable basis for catalyst
comparison and reactor design to effectively manage thermal
issues.

involved in the process are the hydrogenation of CO, and CO to
CH,4 (Equations 1 and 2) and the RWGS reaction (Equation 3).

COz(g) +4 Hz(g) = CH4(9) + 2 HZO(g)

W = 1
AHYgg = —165 kJ/molA,GYge = —114 kJ/mol M
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Abbreviations: BET, Brunauer-Emmett-Teller; BJH, Barrett-Joyner-Halenda; DFT,
Density Functional Theory; DRIFTS, Diffuse Reflectance Infrared Fourier
Transform Spectroscopy; EDS, Energy-Dispersive X-ray Spectroscopy; FESEM,
Field-Emission Scanning Electron Microscope; FTIR, Fourier-Transform Infrared;
GHSV, Gas Hourly Space Velocity (h~'); HAADF, High-Angle Annular Dark-Field;
HR, High Resolution; LHHW, Langmuir-Hinshelwood—-Hougen-Watson,; LK-WI,
Lunde-Kester Water Inhibition kinetic model; MCT, Mercury Cadmium Telluride;
NDIR, Non-Dispersive Infrared; OF, Objective Function; PDF, Powder Diffraction
File; PL, Power-Law kinetic model; RWGS, Reverse Water Gas Shift; STEM,
Scanning Transmission Electron Microscopy; TCD, Thermal Conductivity
Detector; TEM, Transmission Electron Microscopy; TOF, Turnover frequency (s~');
TPD, Temperature-Programmed Desorption; TPR, Temperature-Programmed
Reduction; XRD, X-Ray Diffraction; YSZ, Yttria-Stabilized Zirconia; ¢y g, Molar
specific heat capacity of the gas mixture (J mol~" K~); Dy, Ruthenium
dispersion (dimensionless); dy;, Internal tube diameter (0.0525 m); dv,, External
tube diameter (0.0603 m); Ep, Activation energy (J mol~"); k, Arrhenius’ kinetic
constant; Keq, Equilibrium constant of the CO, methanation (bar—2); K;, Van't
Hoff adsorption term; K; 1,, Pre-exponential factor of the i-th van't Hoff term at
To; k,, Pre-exponential factor of the Arrhenius’ kinetic term at Ty; L, Total
length of the catalytic bed (m); Lgy/7i0,, Length of the Ru/TiO, catalytic bed (m);
m, Coefficient of the water inhibition term in the LK-WI model (bar~"); M;,
Molecular weight of the i-th species (kg mol~"); mgy, Ru mass loading (nominal
value = 0.0025 kg Ru kg~'); n, Exponent in the LK-WI model (dimensionless); N,
Total number of components; nco,, Exponent of the partial pressure for the CO,
in the PL model (dimensionless); Ne, Total number of experiments; ny,, Exponent
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of the partial pressure for the H, in the PL model (dimensionless); n; i, Inlet
molar flowrate of the i-th species (mol s~'); n; oy, Outlet molar flowrate of the
i-th species (mol s~'); N,, Total number of reactions (= 1, only CO,
methanation); nry/co, Ru-CO stoichiometric coefficient during CO chemisorption
(= 1); pi, Partial pressure of the i-th component (bar); Q, Reaction quotient of
the CO, methanation (bar~2); R, Ideal gas constant (8.314 J mol~" K~'); r;, Molar
reaction rate of the i-th component (mol kg=' s™'); T, Temperature (K); T,
Temperature of the coolant medium (K); T, Reference temperature (598.15 K); U,
Overall heat transfer coefficient (W m=2 K~'); i, Standard molar volume of the
gas (0.022414 m?> mol~'); Vags, Adsorbed volume of gas (m* kg~'); v,, Superficial
gas velocity along the axial coordinate z (m s™'); wgy, Mass fraction of Ru in the
catalyst (g Ru gear™); yfjp , Experimental molar fraction of the i-th species for the
j-th experiment (dimensionless); y;f}"d, Modeled molar fraction of the i-th species
for the j-th experiment (dimensionless); z, Axial coordinate (m); A,G—S%K, Molar
Gibbs’ free energy variation of the reaction at 25 °C and 1 bar (kJ mol™'); AH;,
Adsorption enthalpy of the i-th component (J mol~'); AH,, Molar enthalpy of
reaction of the key component of the a-th reaction (J mol~'); A HSg,, Molar
enthalpy variation of the reaction at 25 °C and 1 bar (k) mol~'); ey, Bed void
fraction of the catalytic bed (dimensionless); e, Total void fraction of the reactor
(dimensionless); {co,, CO, conversion (dimensionless); ncy,, CHy yield
(dimensionless); vi,, Stoichiometric coefficient of the i-th component for the
a-th reaction (dimensionless); pgy, Density of the gas mixture (kg m=3); pi,
Density of the i-th chemical species (kg m~3); ps, Apparent skeletal density of the
catalyst in the diluted catalytic bed (kg m=3); o, Selectivity of the i-th species.

['] These authors contributed equally to this work.
3 Supporting information for this article is available on the WWW under
https://doi.org/10.1002/cctc.202501275
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CO(Q) +3 Hz(g) = Cl:|4(g) + HZO(g)
AHgg = —206 kJ/molA,GSyg = —142 kJ/mol

COy(g) + Hyg) = COg) +HaOq) 3)
AHgeq = 41 kJ/mol A,GYge¢ = 29 kJ/mol
The overall process is strongly exothermic due to the high
enthalpy of reaction and equilibrium conversion, and its thermal
management is critical due to the fast reaction rates. Transi-
tional metals of groups VIII-X are commonly employed for CO,
hydrogenation and, more specifically, Ru-based and Ni-based
catalysts are the most studied systems. Although Ni-based cat-
alysts exhibit good activity and are cheaper than Ru-based
catalysts, the latter demonstrate extremely high activity at low
temperatures and lower energies of activation, that could be
exploited to thermally manage the methanation reaction.

The performance of supported Ru catalysts strictly depends
on the physicochemical properties of the support, that mod-
ulates metal dispersion, particle morphology, electronic and
acid-base properties, reducibility, and metal-support interac-
tions. In 1981, Solymosi et alll were among the first to inves-
tigate the effects of different supports during CO, methana-
tion, revealing that Ru/TiO, showed the highest CO, uptake,
followed by Ru/MgO and Ru/Al,O;, while Ru/SiO, exhibited
negligible uptake, suggesting weak metal-support interactions
and low activity. Its limited activity has been later con-
firmed by Panagiotopoulou et al.?’ while other systems (i.e,
Ru/TiO,, Ru/Ce0,/Al,0; and Ru/YSZ) have outperformed the
SiO,-supported Ru catalyst.?! Supports like CeO, and MnO,,
studied by Dreyer et al.'®! displayed amphoteric properties and
high reducibility, enhancing H, activation via spillover.®) An
excessive reducibility could however weaken the CO interactions,
as observed for ZnO and CeO, supports, shifting the product
yield from CH, to CO via RWGS reaction.! Other authors have
pointed out that Ru loading should be optimized because too
little Ru limits CO, adsorption, while excess loading worsens the
hydrogenation process.!*]

A recurring theme across literature is the role of TiO, as
support for Ru-based catalysts. It was first identified as the most
active and selective toward CH, in mild conditions (200-250
°C)."* Then, more recent studies showed the effect of different
TiO, crystal phases and metal dispersion. Li et al.™ have revealed
that shifting from rutile-TiO, to anatase-TiO, could invert the
selectivity from CH, to CO. This phenomenon was ascribed to
a phase-dependent hydrogen spillover that most likely changes
the adsorption and activation of the CO intermediate.l”! Subse-
quently, Zhao et al.!®! and Zhou et al.l”? further revealed that Ru
preferentially grows on rutile-TiO, crystal domains forming flat
anchored Ru particles showing enhanced CH, yield, while Ru
forms more spherical clusters on anatase-TiO, interface resulting
in poor activity. More recently, Yang et al!®! have confirmed
the structural shape-selective activity of Ru facets: planar (0001)
surfaces exhibit higher activity than corrugated (1011) facets.
Lastly, Cimino et al.!”! have shown that mixed TiO, phases (i.e.,
anatase and brookite) boosted the reaction rates improving Ru
dispersion.l’!
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All those insights into support effects should ultimately con-
verge into a coherent reaction mechanism able to rationalize
how structural and electronic properties at the metal-support
interface govern the performance and the kinetic behavior of
the catalysts. In 1973, Lunde and Kester'™ developed a pio-
neering power-law kinetic model to describe CO, methanation
under a wide range of operative conditions on 0.5 wt.% Ru/Al,O;.
The role of surface intermediates remained unclear without
mechanistic study, and over the decades, several authors would
opt for a simplified power-law kinetic model.™ However, eight
years later, Solymosi et al carried out a groundbreaking IR
spectroscopic study on four supported Ru-based catalysts (i.e.,
Ru/Al,03, Ru/MgO, Ru/SiO, and Ru/TiO,) paving the way for
further advancements. They have identified the formation of
formate (HCOO*) species during H-assisted CO, adsorption and
have proposed its further hydrogenation into carbonyl (CO¥)
species. As the metal-carbon bond is stronger than the carbon-
oxygen bond they have proposed a dissociative carbon mech-
anism, that was supported by the works of Weatherbee and
Bartholomew in the next three years.”"! In 1994, Marwood
et al™ employed transient DRIFTS measurements to build a
microkinetic CO, methanation model and identify the reaction
pathway on 2 wt.% Ru/TiO,. They demonstrated the forma-
tion of bicarbonate (HOCO,*) species, that are further converted
into formates (HCOO¥*) only in the presence of both H, and
Ru."™! This finding implied that H, is necessary for activating key
intermediates, with CO* formation emerging as rate-determining
step (RDS).™ Later, in 2018, Falbo et al™ have confirmed that
water inhibits the overall CO, methanation, while H, favors the
formation of CO* species on a 0.5 wt.% Ru/Al,O; catalyst, rein-
forcing the competitive adsorption phenomena suggested by
Marwood et al™ Those observations have laid the conceptual
foundation to discriminate between reactive intermediate and
spectator species. Two years earlier, Wang et al.®! have indeed
thoroughly investigated the CO, methanation on 0.5 wt.% and
5 wt.% Ru/Al,0s, proposing an associative CO, adsorption mech-
anism followed by two possible reaction pathways: a dissociative
carbon mechanism or a dissociative formyl route. In the for-
mer one, CO, is sequentially hydrogenated to form HCOO*,
formyl (HCO*), CO*, carbon (C*), and eventually carbyne (CH¥*)
species.” While, in the second route, CO, forms HOCO,* that
are successively hydrogenated into HCOO* HCO* CO* and
ultimately CH* species.™ Those two pathways bridged earlier
kinetics with different CO, activation routes, raising questions
about the role of OH* species and the effect of support.

In 2020, Raghu and Kaisare!™! reinforced the idea of a disso-
ciative carbon route (CO,* — CO* — C* — CH*) for the CO,
methanation over Ru/TiO, catalyst, classifying HCOO* as spec-
tators. They have provided theoretical justifications for previous
observations, helping to contextualize divergent experimental
results. At the same time, Quindimil et al."”! have suggested that
the catalytic activity of Ru-based catalysts is not exclusively a
function of metal dispersion, but also of the acid-base properties
of the support. More recently, Yang et al!®! have instead pro-
posed a reaction pathway involving HCOO* and HCO* species,
followed by the formation of hydroxy-carbene (CH,0%) and its
decomposition into carbene (CH,*), identifying C* and CH* as
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potential deactivating species,!®! consistent with DFT studies.
Finally, Oliveira Cabral et al."®! have performed an in-depth study
comparing three LHHW kinetic models for the CO, methana-
tion over 0.6 wt.% Ru/SiO,. They have identified the dissociative
formyl route (CO,* — CO* — HCO* — CH¥*) as the most con-
sistent with experimental observations.'® DRIFTS measurements
confirmed the presence of HOCO,* and HCOO* on the surface,
echoing previous results,"! though considering those species
most likely as spectators.!™ In conclusion, when considered
together, those studies seem to suggest that the mechanism of
CO, hydrogenation to CH, varies depending on the acid-base
properties of the support.

This work aims to compare a series of low-loaded Ru-
based catalysts supported on different oxides (TiO,, Al,O;, CeO,,
MgO, ZrO,) for CO, methanation, to identify the most active,
selective, and stable formulation. After catalytic screening, the
best-performing catalyst was selected for an in-depth physic-
ochemical and kinetic investigation supported by operando
DRIFTS analyses. The study further aims to integrate the derived
kinetic model into a real-case reactor scenario, demonstrat-
ing the potential of Ru-based catalysts for improved thermal
management in CO, methanation processes.

2. Methodology
2.1. Catalysts Synthesis

The materials employed for the synthesis of the five catalysts,
as well as the applied methodology, are detailed below. Ruthe-
nium(lll) nitrosyl nitrate (RU(NO)(NOs)x(OH),, with x +y = 3 -
1.5 wt% Ru, Sigma-Aldrich), diluted in nitric acid, was used as
the ruthenium precursor for all samples. The selected supports
included y-phase alumina (99.97% metals basis, Alfa Aesar),
magnesium oxide (REMAG AC), cerium(lV) oxide (nanopowder,
<25 nm particle size, SEM, Sigma-Aldrich), titanium(IV) oxide
(nanopowder, 21 nm primary particle size, TEM, >99.5% trace
metals basis, Sigma-Aldrich), and zirconium(lV) oxide (powder, 5
pum, 99% trace metals basis, Sigma-Aldrich).

All catalysts were synthesized via the incipient wetness
impregnation method. In each case, 1 g of the support mate-
rial was evenly dispersed to form a monolayer of particles. The
ruthenium precursor, previously diluted in ultrapure water to
achieve a nominal Ru loading of 0.25 wt.%, was then added
dropwise periodically mixing the solid to ensure uniform distri-
bution onto the support. Following impregnation, the samples
underwent a two-step thermal treatment in a muffle furnace.
Initially, they were heated to 120 °C at a rate of 2 °C/min and
maintained at this temperature for 4 h to remove residual mois-
ture. Subsequently, the temperature was increased to 500 °C at
a rate of 5 °C/min and held for 5 h to promote calcination.

2.2, Catalysts Characterization

Crystallographic analysis was performed using an X'Pert PANalyt-
ical diffractometer equipped with a Cu anode radiation source
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(K = 15418 A) and a PiXcel detector. Powder samples were
mounted on a flat zero-background sample holder, and diffrac-
tion patterns were recorded over a 26 range of 10° to 80°,
employing Bragg-Brentano geometry. The operating conditions
were set at 40 kV and 40 mA. Phase identification was carried
out using the HighScore Plus software.

Nitrogen physisorption measurements at — 196 °C were
conducted using a Micromeritics ASAP TRISTAR 3020 instrument.
Before analysis, the catalyst samples underwent thermal pre-
treatment at 200 °C for 2 h in a dedicated system (Micromeritics
FlowPrep 060) to remove any adsorbed species from the surface.
The specific surface area (Sger) was determined using the BET
method within a relative pressure (P/P,) range of 0.05 to 0.3.
Additionally, pore volume and average pore size were calculated
using the BJH method, applied to the desorption branch of the
isotherm.

Morphological analysis was performed using a Zeiss Merlin
FESEM equipped with a Gemini-ll column and an Oxford X-act
energy-dispersive X-ray detector to perform EDS analyses. Ele-
mental composition and distribution were further investigated
through EDS mapping. Before the analysis, a 5 nm-thick layer of
platinum was deposited on the sample powders by sputter coat-
ing to enhance conductivity. Moreover, TEM measurements were
carried out employing a Thermo Scientific Talos F200X micro-
scope working at 200 kV, equipped with an EDS detector for
measuring the elemental composition in STEM mode. The ana-
lyzed samples were suspended in high-purity propan-2-ol and
then dripped on a holey carbon film of a copper grid support.

CO,-TPD analysis was conducted using an Altamira AMI-
300Lite chemisorption analyzer. Approximately 100 mg of cat-
alyst powder was loaded into a quartz reactor and secured
between two quartz wool plugs. Before analysis, the sample
underwent thermal pretreatment under a He flow at 500 °C for
2 h. Following this step, the reactor was cooled to 50 °C, and CO,
adsorption was carried out by exposing the sample to a flow of
pure CO, (30 mL/min) for 60 min to ensure surface saturation.
Subsequently, weakly bound CO, species were removed by purg-
ing the system with helium at 50 °C for 30 min. Desorption was
then performed by heating the sample to 500 °C at a rate of
10 °C/min under a continuous helium flow of 30 mL/min.

H,-TPR experiments were also performed using the same
setup. For this analysis, 50 mg of the catalyst were first precondi-
tioned in a He stream by heating to 500 °C at a rate of 10 °C/min
and maintaining this temperature for 1 h. The system was then
cooled under He, and the reduction profile was recorded by
increasing the temperature from 50 °C to 500 °C at a rate of
10 °C/min under a flow of 5% H, in Ar (30 mL/min).

CO chemisorption measurements were performed using the
same Altamira AMI-300Lite instrument. Approximately 50 mg of
catalyst were initially subjected to a reduction treatment under
a flow of 5% H,/Ar, by heating the sample to 300 °C at a rate of
10 °C/min and maintaining this temperature for 2 h. After reduc-
tion, the reactor was cooled to 30 °C under a He atmosphere.
Subsequently, small pulses of 10% CO/He were introduced into
the system via a calibrated loop (524 pL) at 30 °C. CO dosing con-
tinued until saturation of the catalyst surface was achieved, as
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indicated by the stabilization of the signal. The dispersion of Ru
(Dgy) was then calculated based on the amount of chemisorbed
CO using Equation (4), assuming a spherical shape of the Ru par-
ticles and that CO adsorbs on Ru atoms in linear configuration
(NRuco = 1).

Vads MRu
Dry = Npyjco - — - —
\Y MRy

2.3. Operando and In Situ DRIFTS and In Situ FTIR
Investigations

DRIFTS experiments were conducted using a Praying Mantis
Diffuse Reflectance Accessory, equipped with Praying Mantis
High-Temperature Reaction Chambers. The measurements were
performed using a Bruker Invenio S spectrometer, featuring a
liquid N,-cooled MCT detector. Downstream of the Praying Man-
tis cell, two analyzers were connected in series: a Hiden QGA
quadrupole mass spectrometer and an ABB gas analyzer. The
ABB system was equipped with the following detection chan-
nels: NDIR detectors for CO, CO,, and CH4, and a TCD for H,.
IR spectra were acquired with a resolution of 2 cm™, using
32 scans over the spectral range of 400-4000 cm~'. The ref-
erence background spectrum was recorded over KBr powder
previously dried under a 3 NL h™" N, flow at 110 °C and atmo-
spheric pressure. The DRIFTS measurements were performed
using an internal standard approach, which is shown in Sec-
tion 1 of the Supporting Information.”2" CaCO; was employed
as the internal standard and physically mixed with each sample
in an approximate maximum amount of 5 wt.%. Approximately
20 mg of the resulting catalyst-CaCOs; mixture was loaded into
the DRIFTS cell for each test. Finally, operando DRIFTS analyses
were carried out only on the catalyst that exhibited the highest
performance in the catalytic tests.

The catalyst was pretreated in a 10 vol.% H,/N, flow (6 NL
h™") at 360 °C, using a heating rate of 10 °C/min, and maintained
at this temperature for 2 h. Subsequently, the cell was cooled
to 200 °C, at which point the measurements were carried out.
Different types of experiments were performed on the sample.
Operando DRIFTS experiments were performed using H,/CO,/N,
mixtures (total flow: 3 NL h™") with either a stoichiometric ratio
(4/115) or an Hy-rich ratio (14/2/9), at atmospheric pressure and
temperatures between 200 and 350 °C. A schematic representa-
tion of the operando DRIFTS experimental procedure is provided
in Figure S1. Additionally, a CO, adsorption DRIFTS experiment
was performed at 200 °C, 100 °C, and 50 °C under ambient pres-
sure, using a 60 vol.% CO,/N, mixture (total flow: 3 NL h~"). A CO
adsorption experiment was also carried out at 50 °C, feeding a
7 vol.% CO/He-N, mixture at a total flow rate of 3 NL h~".

In situ FTIR measurements were performed using a Bruker
Invenio S spectrometer equipped with a liquid N,-cooled MCT
detector. Spectra of the best-performing catalyst were recorded
in transmittance mode over the 400-4000 cm™~' spectral range,
with a resolution of 2 cm™ and 64 scans per measurement.
The sample was prepared by pressing the catalyst powder into
a self-supported disk (pressed at 4 tons) using a Specac man-
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ual hydraulic press. The resulting disk was then placed inside a
quartz FTIR cell fitted with KBr windows. Initially, a spectrum was
acquired under ambient conditions. The sample was then sub-
jected to a thermal treatment at 400 °C (heating rate: 5 °C/min,
1 h) under vacuum. At the same temperature, the catalyst was
exposed to 20 mbar of H, for 1 h to promote Ru reduction. After
this treatment, vacuum conditions were re-established, and the
cell was allowed to cool to room temperature. An FTIR spectrum
was then collected under vacuum. Subsequently, CO, was intro-
duced into the cell at room temperature by gradually increasing
the pressure up to 100 mbar. Finally, desorption was monitored
by progressively decreasing the CO, pressure.

2.4. Catalytic Tests

The catalytic tests were performed in the test bench schematized
in Figure S2. The experiments were carried out in a quartz tube
reactor (i.d. 4 mm, o.d. 6 mm) jacketed in a stainless-steel tube
(i.d. 10 mm, o.d. 12 mm) equipped with a coaxial thermocouple
(0.d. Tmm) and heated by an electric oven. The reactor can oper-
ate from ambient conditions to 30 bar and 500 °C and several
gases can be fed (i.e., N,, H,, CO,, CH; and CO). The gas exit-
ing the reactor is condensed at 5 °C and then it is analyzed by
using a gas-chromatographer equipped with two columns and
two detectors. In parallel, a gas analyzer monitors continuously
the concentration of H,, CO,, CO and CHj,. In brief, each cata-
lyst load (particle range size: 250 — 500 um) was pre-treated at
2 bar and 450 °C (+5 °C/min) flowing 96 NL g..: ' h~' of 5 vol.%
H,/N, for 2 h. After that, each sample was stabilized for 18 h at
5 bar, 425 °C flowing 240 NL g ' h™! of gas (H,/CO,/N, equal
to 4/1/25). Then after stabilization, the activity of all supported
Ru-based catalysts was investigated flowing 240 NL g~ h™" of
gas (H,/CO,/N, equal to 4/1/25) at 5 bar ranging the temperature
from 220 °C to 400 °C.

After the preliminary screening, the 0.25 wt.% Ru/TiO, cat-
alyst was selected as the most suitable for the kinetic tests.
Each catalyst load was pre-treated and stabilized as previously
described. Then after stabilization, kinetic tests were performed
selecting one of the conditions among those reported in Table
S1. The catalyst load was substituted after each temperature
ramp of the kinetic tests to avoid catalyst deactivation.

The catalytic performance of each test was evaluated in
terms of CO, conversion, CH, selectivity and CH, yield according
to Equations (5), (6), and (7), respectively.

Nco,.out (hCH4.out - hcm,m) + (hCO,out — hCO.in)
lco, =1— = = : (5)
Nco,.in Nco,.in

(hCH4.out - r:]CH4,in) 6)

ocH, =1 —0co = -
§co,  Nco,.in

(nCH4,out - ncm.m)
NeH, = 8o, "OcH, = ——
Nco,.in
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Lastly, the turnover frequency (TOF, s~') was evaluated
according to Equation (8).1%

8

2.5. Kinetic Modelling

Alongside the experimental campaign, the reactor was modelled
in MATLAB environment as a stationary, isothermal, isobaric,
pseudo-homogeneous, 1D plug flow reactor with negligible axial
dispersion.?*] The continuity mass balance of a generic i-th
component is described by Equation (9).

Ny

= =) p- ) (M- via-r) ©)

a=1

. dn

Ep dz

Thermodynamic and transport properties were estimated
according to the correlations reported in the literature!?32>-30!
(see Sections 3 of the Supporting Information); both intraparticle
and interparticle mass and heat transport criteria were verified
to avoid conditions affected by transport limitations!?3'32! (see
Section 4 of the Supporting Information).

Two power-law kinetic expressions were considered for
describing the CO, methanation process. The first one, reported
in Equation (10), depends on the partial pressure of the reac-
tants and on the distance from the equilibrium.”! The second
one, stated in Equation (11), was proposed by Falbo et all™ in
2018 modifying the model proposed by Lunde and Kester! to
consider the inhibitory effect of water.

ren, = k- Peg? - Pry” - (1 - Kg) PL model (10)
eq
k- p? . pin
pco2 sz Q
ey = 7——— | 1—

—) } LK — WI model ()]
T+m- PH,0 Keq

Then, seven LHHW kinetic models were derived considering
the elementary reaction steps listed in Table 1. Kinetic mod-
els M1 - M3 are those proposed by Oliveira Cabral et al.:™® (i)
model M1 represents the dissociative formyl route, (ii) model M2
represents the H-assisted formate-formyl route, and (iii) model
M3 represents the bicarbonate-formate-formyl route. The other
three models have instead some modifications. More in detail,
kinetic model M4 considers the formation of a hydroxy-carbonyl
species (*COH) on the surface and its dissociation into C* and
HO* as suggested by Wang et al.™ Model M5 is analogous to
model M1, but all elementary steps are considered as reversible
reactions; it represents the dissociative formyl route. Model M6
considers the dissociation of the carbonyl species (CO*) into C*
and O%, so it represents the dissociative carbon route as hinted
by Raghu and Kasaire.l™! Lastly, Model M7, proposed by Onrubia-
Calvo et al,! considers the influence of two different active
sites. CO, is adsorbed on the basic sites of the support near
the metal interface, while the adsorption and dissociation of
hydrogen molecules occurs on the ruthenium. Model M7 repre-
sents the H-assisted formate-formyl route, similar to model M2,

ChemCatChem 2026, 18, 01275 (5 of 16)

and the reaction proceeds via hydrogen spillover from the metal
particles.

All models were derived assuming the formation of a
monomolecular adsorbed layer with negligible interactions
between adsorbates, the validity of the mass action law, the uni-
formity of the active sites, and the hypothesis reported in Table 1.
The kinetic expressions related to the models are given in Table 2
and their complete derivation is reported in Section 5 of the
Supporting Information.

The equilibrium constant for the CO, methanation reaction
is described by the Equation (17),°! the Arrhenius’ term and
the van't Hoff-type adsorption terms are evaluated according to
Equations (18) and (19), respectively, and the reaction quotient is
evaluated according to Equation (20).

28183 17430 3
Keq = exp| 5 + ——— —8.25365-In(T) + 2.80322 10> - T+ 33.165
(17)
E, /1 1
k=kr,-exp|— —-|=— = 18
o p|: R <T To)] 1
AH (1 1
Ki = Kir, - exp |:— TI : (f - ﬂ)] (19)
Q= PcH, - Pﬁzo 20)
Pco, 'pﬁz

The kinetic parameters of the models were obtained by min-
imizing the objective function reported in Equation (21). The
minimization was performed employing first a genetic algo-
rithm and then a non-linear fitting routine to refine the solution.
Among all observations, outliers were excluded considering a
Cook’s distance greater than 4/N. !

Ne Nc

oF= Y3 (57 )’ an

j=1 i=1

2.6. Reactor Modelling

The last part of this work focuses on the design of an industrial-
scale dual-bed methanation reactor to manage thermally the
methanation reactor, exploiting the advantages of two differ-
ent catalysts: 0.25 wt.% Ru/TiO, and 24 wt.% Ni/Al,O3, the latter
being one of the most widely used catalysts for the methanation
reaction in industrial applications. According to the literature,
a cooled multitube reactor has been considered.'*3¢! Catalytic
particles are loaded within the tubes, while the coolant medium
(i.e., pressurized boiling water) circulates in the shell. This con-
figuration ensures excellent heat transfer between the reactant
mixture inside the tubes and the refrigerant fluid.*®! Thermal
control of the reaction is critical, as temperature peaks can
lead to catalyst deactivation phenomena; hence, the maximum
temperature limit was set at 400 °C. The catalytic bed can be
configured either as a single bed employing only one of the
two catalysts, or as a dual-bed reactor with different catalysts.

© 2026 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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Table 1. Reaction steps considered for the derivation of the seven LHHW models (M1-M?). For the sake of clarity (i) and (r) refer to inert and reactive CO*
species, respectively. Concerning model M7, the symbol (¥) refers to Ru sites for H, dissociation while the symbol (") refers to CO, adsorption on basic site
of the support near Ru/TiO, interface.
Step  Reaction Mmitel Mm2118! Mm3e! M4 M5 M6 M7
1 Hyg) + 2* =2H* Reversible Reversible Reversible Reversible  Reversible Reversible Reversible
) COyg) + 2% = Reversible - - Reversible  Reversible Reversible -
COp, + 07
(3) COyg) + 2% = Reversible - - Reversible  Reversible Reversible -
cop, + 0"
(4) COyg) + - Reversible - - - - -
H* =HCOO*
(5) COyg) + OH* = - - Reversible - - - -
HOCO3
(6) COyg+" =COp - - - - - - Reversible
7) COy +H* = - - - - - - Reversible - RDS
HCOO" +
(8) HOCO; + H* = - - Reversible - - - -
HCOO* + HO*
9) HCOO* + x = - Reversible Reversible - - - -
COp) + HO*
(10 HCOO* + % = - Reversible Reversible - - - -
€O}y + HO*
(1) HCOO" + % = - - - - - - Reversible
CO" 4+ HO*
(122 O +H = Irreversible — RDS Irreversible — RDS Irreversible - RDS Reversible  Reversible - RDS - -
HCO* +
(13) COT,) +x = - - - - - Reversible - RDS -
40"
(14) COM+H* = - - - - - - Reversible
HCO™ +
(15) HCO* + H*=CH* Irreversible - RDS Irreversible - RDS Irreversible - RDS - Reversible - -
+ HO*
(16) HCO* + * =C* 4+ - - - Irreversible - - -
HO* - RDS
(17) HCOM + H* = - - - - - - Reversible
CH" 4+ HO*
(18) C* 4+ H*=CH* + - - - Irreversible - Reversible -
* - RDS
(19) CH* + H* = Reversible Reversible Reversible Reversible  Reversible Reversible -
CH3 + *
(200 CHM+H* = - - - - - - Reversible
CHy + *
(21 CH; +H* = Reversible Reversible Reversible Reversible  Reversible Reversible -
CH; + *
(22) CHy + H* = - - - - - - Reversible
CH} + %
(23) CH; + H* = Irreversible Irreversible Irreversible Irreversible Reversible Reversible -
CH4(g) + 2%
(24) CHy + H* = - - - - - - Reversible
CHp + =
(25)  CHp = CHyg+" - - - - - - Reversible
(26) O* + H*=HO* 4+ Reversible - - Reversible  Reversible Reversible -
*
(27) HO* + H*=H,0( Irreversible Irreversible Irreversible Irreversible Reversible Reversible -
+ 2*
(28) HO* + H*=H,0* - - - - - - Reversible
+ *
(29) H,0*=H,0¢) + * - - - - - - Reversible
ChemCatChem 2026, 18, 01275 (6 of 16) © 2026 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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Table 2. Reaction rate expression of the seven LHHW models (M1-M7).
Model Reaction rate expression Assumption Equations
M1, M4 fepcs, oy’ The RDS d to either step (12) or (15) i )
rew, = m rr n ither r in
' e K 3+ P23, Py Ko PR, P N ay correspond to elther step {15 o
2 2 2 model M1, and to either step (16) or (18) in model M4.
k-3, Py . .
M2, M3 IcH, = 22 The RDS may correspond to either step (12) or (15) in 13
CHy (1+KH'P2;+KHCOO'PCOZ'P%;-FKmrx‘ngz‘Pﬂzzs)z Y P p (12 (15) 13
both model M2 and model M3.
k-pco, -Pji; Py o-(1-Q/Keq)
M5 IcH, = 02 Py PO : — The RDS corresponds to step (12). 14)
(1+KH'P%ZS+KHD'pH20‘pHZ +Knix-Pcoy Py *Phyo)
k-pco, -Pry P o (1—Q/Keq)
M6 IcH, = 02 P g0 : —— The RDS corresponds to step (13). (15)
(1+KH'P%ZS+KHD'pH20‘pHZ +Knix-Pco, P, *Phyo)
_ k‘Pcozvﬂ‘;(WfQ/Kgq)
M7 IcH, = (T Reoy oy M1 +Hor PR HHoo Pryo i) The RDS corresponds to step (7) (16)
100 T RWALO, ® RUTIO, * Rz, (a) 1007 (b)
90] v Ru/CeO, 4 Ru/MgO — Equilibrium 001
- Lol
80 801 =
R 704 X 707 & RwALO, ® RWTIO, ¢ RuZzrO,
8 60 > 601 v Ru/CeO, Ru/MgO — Equilibrium
» o =
o000es =
§ 50 o oot g 50
5 ®
8 405, ® 40
N I"‘ L
8 30 " memmanumagapLLrT: O 3097,
1] vV
20 204 Ty,
Vvv
107 104 VVWMWW
; .
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Figure 1. Time-on stream profiles of the (a) CO, conversion and of the (b) CH,4 selectivity during the stabilization (Reaction conditions: 5 bar, 425 °C, 60

NL/h with H,/CO,/N; equal to 4/1/25).

Regarding Ru/TiO, catalyst the LK-WI power-law kinetic expres-
sion derived in this work has been adopted (Equation 10); while
the power-law expression (PL-CO,) derived by Celoria et al. has
been used for the Ni/Al,O; catalyst.! The same simplifying
assumptions presented in the previous section were also con-
sidered in this simulation. Besides the continuity mass-balance,
reported in Equation (9), the heat-balance for the gaseous
mixture (Equation 22) was also considered. The heat transfer
coefficient was evaluated according to the correlation reported
by Schlereth and Hinrichsen!#3%31 as reported in Section 6 of
the Supporting Information. The main assumptions and the
geometry of the reactor are reported in Table S13.

Ny

pg dT . U
e gz = o (=) pe D (- Arfla) =4 g (T =T

a=1

Vs pg-
(22)

3. Results and Discussion

3.1. Catalytic Screening and Characterization of the Catalysts

The five supported Ru-based catalysts were tested to deter-

mine their performance. Figure 1 shows the CO, conversion and

CH, selectivity profiles during the stabilization test at 425 °C.
What stands out from these tests is that the metal-support

ChemCatChem 2026, 18, 01275 (7 of 16)

interactions have a significant impact on the activity of Ru
when varying the support. Ru/ZrO, and Ru/MgO samples exhib-
ited the lowest activity and CH, selectivity, mainly promoting
the RWGS reaction. Ru/Al,O; and Ru/CeO, showed comparable
activity, but completely different CH, selectivity: Ru/Al,Os pro-
motes CO, methanation, whilst Ru/CeO, promotes the RWGS
reaction. Lastly, the Ru/TiO, sample exhibited the best per-
formance in CO, methanation. According to the evaluation
of the turnover frequency, reported in Table 3, the catalytic
activity resulted in the following performance of the supports:
TiO; > ALO; > CeO, > MgO > ZrO,.

All the catalysts exhibited progressive deactivation during
the stabilization process; in particular, the Ru/CeO, sample
showed the worst performance in these terms due to a signifi-
cant decrease of both the CO, conversion and the CH, selectivity
during the initial part of the endurance test. The other four cat-
alysts had comparable performance in terms of stability. After
stabilization, the performance of the samples was also evaluated
by varying the reaction temperature from 220 °C to 400 °C and
the results are illustrated in Figure S3.

To rationalize the results of the catalytic tests, textural and
structural properties of the reduced catalysts were investigated.
As reported in Figure S4, the XRD pattern of the Ru/MgO cat-
alyst is characterized by the typical reflections of the cubic
periclase phase (PDF 01-074-1225); similarly, both the supports
of the Ru/CeO, and Ru/y-Al,O; catalysts exhibit a cubic crys-

© 2026 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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Table 3. Results of the characterization of the catalysts.

Sample Nominal Ru loading  BET specific surface Total pore volume  Ru dispersion (%) TOF (s7") CO,-TPD (mmol/g H,-TPR (mmol/g
(Wt.%) area (m?/q) (cm/q) CO,) H,)

Ru/ZrO, 0.25 5 0.03 122 0.49 42 0.58

Ru/MgO 0.25 89 0.37 135 173 50.4 0.58

Ru/CeO, 0.25 48 0.12 337 21 125 0.68

Ru/Al,03 0.25 124 0.55 18.4 270 24.0 0.76

Ru/TiO, 0.25 62 0.27 40.8 3.35 7.2 0.62

tal system (PDF 01-081-0792 and PDF 01-075-0921, respectively).
The titanium oxide used in the preparation of the Ru/TiO, cat-
alyst displays reflections corresponding to a mixture of the
tetragonal anatase (PDF 01-071-1166, 71% from semi-quantitative
analysis) and tetragonal rutile (PDF 01-073-2224, 29% from semi-
quantitative analysis) phases. Finally, a monoclinic crystal system
characterizes the support of the Ru/ZrO, catalyst (PDF 01-083-
0940). In general, reflections attributable to the presence of
metallic Ru were not observed in the XRD patterns, except
in the case of y-Al,0s, as the relatively low intensity of the
diffractogram of this material allows the detection of highly dis-
persed phases. The observable reflection corresponds to the
most intense peak of the metallic Ru phase, located at 44° (101),
as identified by the reference pattern (PDF 01-070-0274). Regard-
ing the TiO,- and CeO,-based catalysts, weak humps indicative
of the presence of metallic Ru may be observed in the same
angular region. The relative intensity of the ZrO, and MgO
diffractograms is such that it prevents any detection of Ru peaks.

Concerning the N, physisorption measurements, all five cat-
alysts exhibit type IV isotherms! (see Figure S5), which are
characteristic of mesoporous materials. The hysteresis loops of
the TiO,~, ALOs;~, MgO~, and CeO,-based catalysts can be clas-
sified as type H1, which is typical of materials with well-defined
cylindrical-like pore channels or agglomerates of approximately
uniform spheres. The ZrO,-based catalyst, on the other hand,
corresponds to type H3, which is typical of non-rigid aggregates
of plate-like particles. The specific surface area values, together
with the total pore volume data, are reported in Table 3.

In the case of catalysts prepared via an impregnation
method, as in the present work, active metal species are gen-
erally expected to accumulate predominantly on the surface of
the support rather than within the bulk matrix. Moreover, these
metal species typically exist as clusters on the support surface;
consequently, only a fraction of the total deposited metal is
exposed and available to participate in the catalytic reaction.
The CO chemisorption technique allows for the direct quantifi-
cation of surface-exposed metal atoms through the selective
adsorption of gas molecules onto the metal phase. In this study,
CO chemisorption was employed to determine the Ru disper-
sion percentage across different supports. Typically, a lower
dispersion value indicates a less uniform distribution of metal
species and the presence of larger metal aggregates on the
surface. Ru/MgO, Ru/ZrO, and Ru/Al,O; exhibited comparable
dispersion values, all below 20%. Higher dispersion percentages
were obtained for Ru/CeO, (33.7%) and Ru/TiO, (40.8%). The

ChemCatChem 2026, 18, 01275 (8 of 16)

observed dispersion trend does not appear to correlate with
the surface area of the support,*®! but rather with the redox
properties of the support materials. Indeed, as shown in the
H,-TPR profiles in Figure S6a, weak interaction between Ru and
the support in Ru/MgO and Ru/ZrO, is evident from the high-
temperature reduction peaks (associated with the RuO, — Ru®
transition), which also appear particularly weak in the case of
MgO. Conversely, Al,O; and CeO, appear to stabilize Ru more
effectively, as indicated by multiple reduction peaks at signifi-
cantly lower temperatures. The presence of multiple reduction
signals may suggest the coexistence of distinct Ru particle pop-
ulations: (i) small and more reactive species corresponding to
low-temperature peaks; and (ii) large and less reactive agglomer-
ates reflected in high-temperature peaks. In the case of Ru/TiO,,
literature widely reports the key role played by the crystalline
structure of the TiO, support in determining the morphology
and distribution of Ru species, and consequently, the catalytic
performance. In particular, Kim et al.l*) have demonstrated that
a Ru/TiO, catalyst composed of 20% rutile and 80% anatase
phases exhibits superior catalytic performance compared to cat-
alysts supported solely on anatase or rutile TiO, In further
work, Kim et al. have reported that high Ru dispersion and parti-
cle stability are ensured through the synergistic action of several
phenomena: (i) the preferential formation of thin RuO, layers
on the rutile phase, which upon reduction are transformed into
highly dispersed Ru nanoparticles;!®! and (ii) the migration of
RuO, nanoparticles from anatase to rutile domains, where they
retain high dispersion. A similar preference of Ru species for the
rutile phase was also observed by Zhao et al.°! Therefore, mixed-
phase TiO, supports, as employed in this work, exhibit optimal
characteristics for Ru dispersion because (i) the rutile phase pro-
motes the formation of finely dispersed Ru nanoparticles, and
(i) the anatase phase serves as a reservoir for Ru species and
hinders the sintering of rutile particles.!*!

The basicity of the catalysts prepared in this study was
investigated using the CO, temperature-programmed desorp-
tion (CO,-TPD) technique. MgO exhibited pronounced basicity, as
confirmed by a broad desorption profile extending from 100 to
350 °C (Figure S6b). This feature highlights the strong tendency
of magnesia to form thermally stable carbonate species. Al,03
and CeO, displayed a more moderate basic character, with the
majority of CO, desorbed below 200 °C. In contrast, ZrO, and
TiO, showed significantly lower basicity. In particular, ZrO, des-
orbed only a minimal amount of CO,, as also evidenced by the
weak signal shown in Figure S6b. On the other hand, TiO, exhib-
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ited some desorption signals at higher temperatures, including a
notable peak around 270 °C. The quantitative data is reported in
Table 3.

The surface morphology of the catalysts was investigated
using Field Emission Scanning Electron Microscopy (FESEM), and
the acquired images are presented in Figure S7. Overall, the
catalysts do not exhibit significant morphological differences.
Ru/MgO (Figure S7a) displays a heterogeneous surface com-
posed of larger compact agglomerates dispersed within a matrix
of smaller particles. This morphological heterogeneity may also
be attributed to the presence of impurities formed during the
synthesis process. As shown in the elemental analysis obtained
by EDS (Table S14), in addition to Ru, Mg, and O, the Ru/MgO
sample also contains Si, Cl, and Ca. The Ru/ZrO, catalyst (Figure
S7b) appears more homogeneous, with geometrically shaped
particles exhibiting sharp-edged surfaces. Overall, the sample
seems to possess low porosity, a characteristic that is consistent
with the results of nitrogen physisorption measurements at —
196 °C, which were used to determine the specific surface area
and porosity. Ru/Al,O; (Figure S7c) is characterized by a mixture
of globular and elongated particles. In contrast, Ru/CeO, and
Ru/TiO, (Figure S7d,e) exhibit more homogeneous morpholo-
gies, predominantly composed of small globular particles, and a
pronounced porosity.

In order to gain deeper insight into the surface structure
of the samples, HR-TEM analysis was performed. The HR-TEM
and HAADF-STEM images of the as-prepared Ru/TiO, catalyst
(labelled as Ru/TiO,_f) and spent Ru/TiO, (Ru/TiO,_s) are pre-
sented in Figure 2, together with the EDS maps showing the
elemental distributions of O, and Ru. As previously reported in
the literature, the calcination step carried out in air promotes
the formation of relatively large RuO, particles.>** This behav-
ior is clearly observed in the higher-magnification micrograph
(Figure 2b) and in the corresponding EDS map (Figure 2c) of the
as-prepared sample. In this case, RuO, appears as plate-like struc-
tures distributed around the titania particles, with an average
agglomerate size ranging between 20 and 30 nm. In contrast,
the spent sample, which underwent a reduction treatment in a
H,-rich atmosphere, exhibits a marked morphological transfor-
mation: the RuO, plates break down into smaller agglomerates
of metallic Ru.[*>%1 For this sample, well-dispersed ensembles of
Ru nanoparticles are observed, as illustrated in Figure 2e and the
associated EDS map (Figure 2f). Particle size analysis reveals an
average Ru particle size in the range of 3 - 4 nm. These find-
ings are consistent with the CO chemisorption analysis, which
indicated a metal dispersion of 40.8%. It can therefore be con-
cluded that ruthenium retained a good degree of dispersion
despite the intense catalytic activity to which the material was
subjected, confirming the structural stability of the system under
demanding operational conditions.

3.2. Operando DRIFTS Investigations on the Ru/TiO, Catalyst
Operando DRIFT experiments for CO, methanation were per-

formed across a temperature range from 200 °C to 350 °C under
various gas feed conditions, with the aim of elucidating the

ChemCatChem 2026, 18, 01275 (9 of 16)

hydrogenation pathway on the most active catalyst: 0.25 wt.%
Ru/TiO,. The first set of experiments under stoichiometric reac-
tion conditions is reported in Figure 3. During the reaction,
spectral bands attributed to gaseous CO, (2400-2250 cm~") and
to the symmetric and asymmetric O—C-O stretching modes of
surface carbonate species were clearly detected in the 1800-
1200 cm™" range. Initially, the Ru/TiO, catalyst surface was char-
acterized by the presence of bidentate carbonate species, with
distinct bands at 1555 and 1361 cm™', corresponding respectively
to the asymmetric (v45m O-C-0O) and symmetric (v, O-C-O)
stretching vibrations, separated by Av; =188 cm™.

A weak shoulder at 1624 cm~' was also observed during the
early stages of the reaction at 200 °C, potentially indicating the
formation of bicarbonate (HOCO,*) species. However, the other
characteristic bicarbonate signals at 1400 and 1200 cm~" were not
detected.*8] As the reaction progressed, the intensity of the
1624 cm™' band gradually diminished, becoming nearly unde-
tectable at 250 °C. This suggests that hydroxyl (HO*) groups,
not entirely removed during the catalyst pre-treatment at 400 °C
under H,, remained on the TiO, surface and reacted with CO,
to form bicarbonate (HOCO,*) intermediates. These intermedi-
ates were then progressively converted into carbonyl species,
contributing to CH, formation.[*! Supporting this interpretation,
a weak band emerged at approximately 1991 cm~, assignable
to bridge-bonded CO* species.*>*3! which likely originates from
the transformation of surface bicarbonates. Notably, the intensity
of these carbonyl signals increased as the bicarbonate feature
at 1624 cm™' disappeared, particularly evident in the spectra
recorded at 250 °C.

To further investigate the effect of reaction conditions, the
same catalyst was tested using an over-stoichiometric gas com-
position halving the total flow rate. Operando DRIFTS spectra,
displayed in Figure 4a, were collected from 200 °C to 350 °C,
with corresponding catalytic data reported in Figure 4b,c. Once
again, at both 200 °C and 250 °C, bands at 1562 and 1360 cm™,
indicative of bidentate carbonate species, were observed. Under
these more reducing conditions, however, the characteristic car-
bonyl band was no longer visible. This finding is consistent with
previous studies by Panagiotopoulou et al.®* which reported
a decrease in carbonyl band intensity with increasing H, con-
tent in the feed. The suppression of Ru"*(CO), formation was
ascribed to the presence of hydrogen atoms adsorbed near Ru
sites, which influence the electronic environment and reduce
CO adsorption.[>*! Increased electron density on Ru due to co-
adsorbed hydrogen or carbon species enhances back-donation
to CO molecules, thereby altering their adsorption behavior.

Despite the reduced accumulation of surface CO, the reaction
proceeded efficiently, as confirmed by CH, formation detected
via mass spectrometry. At 200 °C and 250 °C, CO, conver-
sion increased from approximately 5% to nearly 7%, with CH,
selectivity exceeding 99%, as shown in Figure 4b,c. At 300 °C,
carbonate-related bands disappeared entirely, while a new band
emerged at 3017 cm~!, corresponding to the V3,asym C—H stretch-
ing mode of gaseous methane. This observation points to a rapid
turnover of surface intermediates into methane under these con-
ditions. CO, conversion rose sharply, surpassing 12% with CH,4
selectivity still above 99%.
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Figure 2. HR-TEM and HAADF-STEM images and STEM-EDS maps of the as-prepared Ru/TiO, catalyst (a — ¢) and of the spent Ru/TiO, sample (d-f).
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Figure 3. Operando DRIFTS spectra under stoichiometric reactive conditions
(Reaction conditions: 1 bar, 6 NL/h with H,/CO,/N, equal to 4/1/15) obtained
by subtracting the reference spectrum collected on the sample prior to the
introduction of the reactive gas mixture (3.75 wt.% of CaCOs). The
temperature was set equal to 200 °C during the acquisition of spectra from
(a) to (h); then it was increased to 250 °C before the acquisition of the
spectra (i) and (j).

At higher temperatures, 325 °C and 350 °C, the intensity of
the 3017 cm™' band continued to increase, accompanied by a
weak signal at 1307 cm™, attributed to the bending mode of

ChemCatChem 2026, 18, €01275 (10 of 16)

C-H bonds in methane. These features correlated directly with
enhanced CH, production, reaching a CO, conversion of over
24% at 350 °C, with a CH, selectivity of 98.8% and a CO selec-
tivity of just 1.2%. Importantly, these results were achieved using
only 20 mg of catalyst, including a 3.75 wt.% of CaCOs, highlight-
ing the exceptional intrinsic activity of Ru/TiO, and confirming
its excellent performance under practical reaction conditions.

To explore the reversibility and nature of the surface species
formed during reaction, the catalyst was cooled and subjected to
a new feed consisting of 60 vol.% CO, in N, without H,. Spectra
were collected at 200, 100, and 50 °C, as displayed in Figure 5a.
At 200 °C, no carbonate-related bands were observed, but upon
cooling to 100 and 50 °C, several peaks appeared at 1670, 1581,
and 1242 cm™'. The 1581 cm~' band (vaym OCO) is once again
consistent with bidentate carbonate species.[’8! Previous litera-
ture reports that CO, adsorption on TiO, leads to the formation
of bidentate (bands at 1243 and 1670 cm™") and monodentate
species (1320-1370 cm~).1*”! More recent studies have attributed
the bands at 1250 and 1670 cm™ to carboxylate species adsorbed
on Ti** centers, formed via charge transfer processes.[*%8]

To gain further insight into the formation of those surface
species, an in situ FTIR experiment was conducted. As afore-
mentioned, the Ru/TiO, sample underwent thermal activation
under vacuum and H,, followed by CO, dosing at increasing
pressures up to 100 mbar. The resulting spectra (Figure 5b)
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reactive gas mixture (3.75 wt.% of CaCOs). (b) CO, conversion and (c) CH4 and CO selectivity in the DRIFTS cell under reactive conditions varying the
temperature from 200 °C to 350 °C (Reaction conditions: 1 bar, 3 NL/h with H,/CO,/N, equal to 14/2/9).
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Figure 5. (a) Difference in situ DRIFTS spectra during CO, saturation at different temperatures (Operative conditions: 1 bar, 3 NL/h with 60 vol.% CO,/N,).

(b) In situ FTIR spectra during CO, saturation at ambient temperature.

revealed a progressive emergence and intensification of vibra-
tional features. Bands at 1690 and 1243 cm~' were assigned to
carboxylate species on Ti®* sites, indicative of charge transfer
interactions.[*°8>°1 Signals at 1625, 1411, and 1221 cm~' confirmed
the presence of bicarbonate species, corresponding to vagym
0OCO, vgm OCO, and bending 8oy vibrations. Additional bands
at 1575 and 1368 cm™' were consistent with bidentate carbon-
ate formation.[#8! These in situ FTIR findings align well with
the in situ DRIFTS results, supporting the conclusion that biden-
tate carbonates are the primary surface species formed during
CO, interaction with TiO,. This behavior is characteristic of oxides
with Lewis acid surfaces.’®%%! In contrast, bicarbonates and car-
boxylates seem to appear to be intermediate species, which do
not accumulate significantly during reaction but are detectable
under controlled IR conditions, such as those used in this study.

ChemCatChem 2026, 18, 01275 (11 of 16)

To further examine the surface state of Ru sites, an in
situ DRIFTS experiment was performed using CO as a probe
molecule. The resulting spectra (Figure S8) were dominated by
gaseous CO contributions, with an additional feature in the 1900-
2100 cm~' range corresponding to adsorbed CO. Notably, a peak
assigned to carbonyl species appeared only after 30 min of CO
exposure, showing maximum intensity at t3, before stabilizing.
The signal at 2058 cm™ is attributed to linearly bonded CO
arising from dissociative CO, adsorption on Ru.’®’ As hypoth-
esized earlier, such species are not visible under operando
DRIFTS conditions but are revealed under CO-rich environments
(7 vol.% CO). These results reinforce the notion that such species
are intermediates that form during the catalytic process but
do not accumulate on the surface under steady-state reaction
conditions.
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Table 4. Fitted kinetic parameters of the power-law kinetic models assuming the reactor isothermal (T, = 325 °C).

Parameter Unit PL model LK-WI model

kr, mol kg s~ bar(nco, 1) (3.05 & 0.03) - 1072 (3.97 + 0.04) - 1072

En kJ mol™! 46.92 £+ 0.38 56.80 4+ 0.36

nco, - (127 4+ 0.48) - 102 -

Ny, - 0.298 + 0.007 -

n - - (838 £ 0.12) - 102

m bar™ - 0.97 + 0.04

3.3. Kinetic Modeling for the Ru/TiO, Catalyst

As aforementioned, an in-depth investigation into the influ-
ence of different parameters was carried out to obtain a kinetic
model of the 0.25 wt.% Ru/TiO, catalyst. Figure S9 compares the
behavior of the catalyst varying different parameters: H, par-
tial pressure, flowrate, catalyst loading and CO, partial pressure.
It is worth noting that the CO, conversion and the CH, yield
increase with the H,/CO, ratio, rising from 4 to 10. On the con-
trary, CO selectivity decreases as the H,/CO, ratio rises, while it
increases with temperature, because the RWGS reaction is ther-
modynamically favored at higher temperatures. However, the CO
yield remained constantly below 1%. A decrease in residence
time reduced both the CO, conversion and the CH, yield, while
CH, and CO selectivity remained nearly unaffected. Although the
GHSV was kept constant, deviations from ideal plug-flow behav-
ior in the experimental setup led to a slight increase in CH, yield
when increasing the catalyst loading in the reactor. This fact can
be ascribed to the exothermic nature of the reaction: while the
generated heat approximately doubled, the overall heat transfer
coefficient increased less than a factor of two. Lastly, doubling
the CO, partial pressure resulted in an approximately halved CH,
yield, likely due to the low order of reaction with respect to CO,.

Moving now to the regression of the kinetic parameters, the
fitted parameters of the power-law kinetic models (i.e, PL and
LK-WI) are reported in Table 4. Both models lead to comparable
values of the pre-exponential factors and energies of activation.
More in detail, the activation energy of the LK-WI model for the
Ru/TiO, sample is 56.8 kJ/mol, which is lower than 75.3 kJ/mol
reported by Falbo et al.'™ for a Ru/AlO; catalyst. This finding
is consistent with the higher activity observed for the Ru/TiO,
catalyst compared to Ru/Al,O; during the catalytic screening. In
addition, the exponent n and the coefficient m in the denomina-
tor of the LK-WI model align well with those reported by Falbo
et al!" indicating that water inhibition also plays a role in the
Ru/TiO, system.

Concerning the fitting, the sum of squared residuals is 0.0263
for the PL model and 0.0249 for the LK-WI model, suggesting a
slightly better performance of the latter. In both cases, 15 out
of 194 observations were excluded from the regression due to
excessively high Cook’s distance, indicating potential outliers or
influential points. The parity plots of the CH, yield for both
models are presented in Figure S10.

Turning now to the LHHW-type models (M1 - M7), the esti-
mated kinetic parameters of the models are summarized in

ChemCatChem 2026, 18, 01275 (12 of 16)

Table 5. Models M1 and M4 share the same reaction rate expres-
sion despite different elementary steps: M1 assumes the RDS to
be the hydrogenation of CO* to HCO* (step 12) or the further
hydrogenation to CH* (step 15); whereas M4 considers the dis-
sociation of HCO* or C* hydrogenation (steps 16 or 18) as RDS.
Similarly, models M2 and M3 are based on the same equation
but arise from different mechanistic assumptions involving for-
mate and bicarbonate as intermediate species. Examining the
results of the fitting algorithm, models M1 and M4 provide a
good fit to the experimental data with a total squared residual of
0.0243 and 13 outliers. Models M2 and M3 led instead to a slightly
worse fit with 16 excluded points and a total squared residual
of 0.0284. These results are consistent with the work of Oliveira
Cabral et al.l’®]

On the other hand, models M5 and M6 consider all elemen-
tary steps as reversible reactions including the thermodynamic
driving force of the reaction but assuming different elementary
steps as RDS: the CO* hydrogenation to HCO* in model M5 and
the CO* dissociation into C* and O* in model M6. Both mod-
els showed a slightly higher total squared residuals (0.0307 for
model M5 and 0.0301 for model M6) and a greater number of
outliers (19 for model M5 and 18 for model M6). Unlike all other
models, model M7 assumes that CO, and H, adsorption occurs
on two different active sites of the catalyst and considers the
hydrogenation of CO,* to HCOO* as RDS. M7 provides the best
fit for experimental data, with the lowest value of the objective
function (0.022) and only 9 outliers. The parity plots of the CH,
yield obtained for models M1 - M7 are illustrated in Figure S10.

In summary, although multiple mechanistic reaction path-
ways, model M7 emerged as the most robust and accurate
representation of the CO, methanation kinetics on Ru/TiO,,
balancing mechanistic features and statistical performance. It
supports the idea that CO, hydrogenation occurs via dissociative
formyl route.

3.4. Industrial-Scale Dual-Bed Reactor

Although Ru-based catalysts are extremely expensive and gen-
erally considered less advantageous than Ni-based catalysts,
they exhibit lower activation energy and offer better tem-
perature control within the methanation reactor. This allows
near-equilibrium CO, conversion (approximately 98-99%) to be
reached without the need for CO, staging or gas recircula-
tion through membrane separation as generally reported in the
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Table 5. Fitted kinetic parameters of the LHHW kinetic models (M1 - M7) assuming the reactor isothermal (T, = 325 °C).

Parameter Unit Models M1, M4 Models M2, M3 Model M5 Model M6 Model M7
kr, mol kg, s~'bar 1% 0.201 + 0.001 0.106 + 0.001 - - -

kr, mol kg s~ 'bar~' - - (47 £03) - 1072 - 0.43 + 0.02
kr, mol kg s~"bar™! - - - 3.9+ 01) 1073 -

En kJ mol~! 44.47 + 0.07 33.90 + 0.09 747 £ 11 89.2 + 05 5245 + 2.00
Keopts bar™ - - - - 9.02 + 077
AHco, kJ mol~! - - - - —2.81 + 025
Kk, 7o bar=%> (80417 -103 0.208 + 0.003 252 + 0.03 0.223 + 0.013 0.194 + 0.008
AHy, kJ mol™ —5.0 £ 05 —16.47 £+ 0.06 —4.26 + 035 —8.87 £ 0.41 —6.53 + 0.44
Ko, bar°% (2.5 £ 03) - 1072 - - - -

AHo kJ mol™ -89+ 14 - - - -

Krcoo.T, bar—'» - 0.540 + 0.001 - - -

AHucoo kJ mol™! - —16.79 + 0.06 - - -

Kho, bar%> - - 552 + 0.27 1.09 + 0.04 4.69 + 0.21
AHHo kJ mol™ - - —191£13 —823 £+ 0.28 —122 £ 0.23
Kmix.To bar=97 1735 + 0.008 23+ 02 -10°8 - - -

Kmix.To bar2 - - 33+02-102 (26+01-1073 -

AHpmix kJ mol™ —3.15 £ 0.05 —2.25 £+ 0.02 424 £+ 0.89 —3.21 £ 0.18 -

literature.[34-366-641 To prevent excessive catalyst deactivation,
the reactor temperature was limited to 400 °C. As aforemen-
tioned, a single-stage reactor with Ni/Al,O5 catalyst, having cur-
rent tubular geometry and associated heat transfer coefficients,
cannot be thermally managed since very high temperatures are
reached along the reactor varying either the superficial velocity
of the gas (Figure S11) or the apparent density of the Ni-based
catalyst (Figure S12); otherwise, the CO, conversion is incomplete.
Hence, when using only Ni-based catalysts with a stoichiomet-
ric (H,/CO, = 4) feed, the light-off is followed by a quick ramp
of the temperature that can hardly be kept within safe limits
with a conventional tubular geometry and current heat transfer
coefficient.[36626566] Therefore, a dual-bed reactor was adopted,
with 0.25 wt.% Ru/TiO, in the first part to start-up the reaction at
low temperature still employing a limited Ru amount, followed
by a 24 wt.% Ni/Al,0s for cost-efficiency and stability.

The considered dual-bed reactor consists of 1 in (sched-
ule 40) tubes, and the inlet gas superficial velocity was set
to (0.26 + 0.01) m/s to avoid exceeding the temperature limit,
assuming 250 °C for the coolant temperature and undiluted
Ru/TiO,. Sensitivity analysis (Figure S13) shows that under these
conditions, a Ru/TiO, bed length of 0.9 m is required to reject
the reaction heat effectively and convert approximately 58% of
the CO,. It means that each tube could treat approximately 2.05
Nm3/h of feed gas (H,/CO, = 4), producing about 0.4 Nm3/h of
CH,. After that, a sensitivity analysis on the apparent bed den-
sity of the Ni/Al,O; section (Figure S14) indicated that, to avoid
hotspots, a catalyst-to-inert ratio of 17 is required. The analysis
showed that an apparent density of (156 £ 4) kg/m? is necessary
to reject the reaction heat, approach thermodynamic equilib-
rium conversion, and keep the maximum temperature below
400 °C. Lastly, a sensitivity analysis on the coolant temperature
(Figure S15) was performed to assess its influence on the ther-
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mal profiles. The results highlight that a coolant temperature of
(250 £ 1) °C is required to prevent hotspots and to avoid temper-
ature peak shifts in the second catalytic bed. Such a requirement
can be easily reached with a shell side coolant operating with
saturated boiling water at 250 °C and 38 bar.

Although several alternative reactor configurations could be
considered depending on specific process requirements, the
proposed scenario exemplifies the effective integration of a
Ru-based catalyst with a Ni-based one to reduce costs while
ensuring proper thermal management at the same time. Figure 6
reports the conversion and temperature profiles, accounting for
fluctuations in key parameters: within approximately 2.7 m of
tube length a near-equilibrium CO, conversion is reached, with
1/3 of the catalytic bed length filled with undiluted Ru/TiO,
(0.9 m) and 2/3 using 24 wt.% Ni/Al,O; with a catalyst-to-inert
ratio of 1.7 (1.4 m). The worst scenario, where the tempera-
ture exceeds 400 °C, occurs when both the coolant tempera-
ture and gas residence time increase. However, no significant
hot spots are present in the Ni-based bed. Under nominal
design conditions, the peak temperature in both catalytic beds
is approximately 380 °C. In conclusion, the proposed dual-
bed configuration proves to be a viable and efficient solu-
tion for managing the thermal profile in CO, methanation
reactors.

Lastly, the reactor should ensure a wide rangeability to adapt
to varying operating conditions. Although the reactor geometry,
catalytic beds lengths and densities are fixed during construc-
tion, the coolant temperature and the feed flowrate remain
adjustable operating parameters. This flexibility can be exploited
to offset either catalyst deactivation over time or manage fluctu-
ations of the flowrate. As shown in Figure S16, a clear correlation
exists between the superficial velocity and the coolant tem-
perature required to achieve near-equilibrium CO, conversion,
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Figure 6. (a) CO, conversion and (b) temperature profile along the cooled industrial-scale dual-bed reactor, and (c) temperature-conversion map in the
reactor considering: v, = (026 & 0.01) m - s, ps nijano, = (156 £4) kg -m=3, To = (250 & 1) °C, ps, gu/rio, = 995 kg - M=, Lpy/7io, = 0.9 m, Ly = 4 m, dy,
=335-1072m, dij = 2.66 - 1072 m, Hy/CO, = 4. The kinetic model LK-WI was used for the Ru/TiO; catalyst, the kinetic model PL-CO2 was used for the
Ni/Al,O5 catalyst, the shell-side heat transfer coefficient was assumed equal to 10 kW - m=2 - K, and the tube-side heat transfer coefficient was evaluated

using Schlereth’s correlation.!?’]

remove the produced reaction heat and limit the temperature
peaks below 400 °C, within a rangeability window from 50% to
120% of the nominal gas flowrate, which corresponds to a super-
ficial velocity of 0.26 m/s. The boiling water temperature could
be controlled via its vapor pressure in the reactor shell. In con-
clusion, despite the challenges in thermally managing the strong
exothermic CO, methanation reaction, the dual-bed configura-
tion proved to be a viable alternative to the solutions reported
in the literature ensuring a broad operational rangeability.

4. Conclusion

This study aimed to compare different supported low-content
Ru-based catalysts for CO, methanation, identify and carry out
an in-depth analysis of the most performant one, and employ
it in a real-case scenario. The catalytic screening revealed the
following order of overall performance for the supported Ru-
based catalysts: TiO, > Al,O; > CeO, > MgO > ZrO,. Therefore,
among the five impregnated Ru-based samples, the 0.25 wt.%
Ru/TiO, catalyst exhibited superior performance in terms of sta-
bility, activity and selectivity, keeping the CO, conversion above
50% at 425 °C for at least 18 h with a near-equilibrium CH, selec-
tivity. The characterizations revealed a dispersion of Ru atoms

ChemCatChem 2026, 18, 01275 (14 of 16)

above 40% and a TOF of 3.35 s. In particular, operando DRIFTS
measurements revealed the presence of bidentate carbonate
species at low temperatures (T < 300 °C), that disappeared at
higher temperatures (T > 300 °C), where C-H bands appeared
confirming the production of CH,. Bridge-bonded CO* species
were detectable only in stoichiometric H,/CO, conditions. Those
pieces of information were used to derive different kinetic mod-
els, and the results of the fitting corroborate the idea that the
reaction mechanism follows the dissociative formyl route. Lastly,
the kinetic results were employed in a real-case scenario to
show the advantages of using Ru-based catalyst to manage the
thermal issues of the CO, methanation reactors.
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