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Abstract. In this work, we joined highly Ni-loaded y-AlO3 composites, straightforwardly prepared

by impregnation methods, with an induction heating setup suited to control, almost in real-time, any
temperature swing at the catalyst sites (""hot spots” ignition) caused by an exothermic reaction at the
heart of the Power-to-Gas (P2G) chain: CO2, methanation. We have shown how the combination of a
poor thermal conductor (y-Al2.O3) as support for large and highly interconnected nickel aggregates
together with a fast heat control of the temperature at the catalytic bed allow part of the extra-heat
generated by the reaction exothermicity to be reused for maintaining the catalyst under virtual
isothermal conditions, hence reducing the reactor power supply. Most importantly, a highly efficient
methanation scheme for SNG production (Xco2 up 98% with > 99% Schsa) under operative

temperatures (150-230 °C) much lower than those commonly required with traditional heating setup
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has been proposed. As for as sustainable and environmental issues are concerned, this approach re-
evaluates industrially attractive composites (and their large-scale preparation methods) for
application to key processes at the heart of P2G chain while providing robust catalysts for which risks

associated to nano-objects leaching phenomena are markedly reduced if not definitively suppressed.

Introduction

The worldwide consumption of fossil fuels linked to anthropogenic activities produces an
uncontrollable increase of CO2 concentration in the atmosphere. As a matter of fact, global climate
change and environmental impact caused by an uncontrolled C-footprint growing are becoming
urgent challenges that our modern society must face with. To this aim, renewable energies (REs) are
gaining great importance because they can boost a real transition towards technically and
economically feasible decarbonization strategies as to meet the ambitious European Commission
objective for a reduction of 80-95% greenhouse gas emissions by 2050.1 Nonetheless, carbon-neutral
solutions - alternative to current industrial technologies - remain scarce and costly; large efforts are
still necessary to overcome limits related to the decentralized and intermittent nature of RE supplies
and safety issuesl? related to their distribution in the existing energy grids.®! The development of
integrated chemical strategies for energy conversion and storage such as the Power-to-Gas (P2G)
chain is a concrete step forward in the direction of a truly renewable energy-based future.l In P2G
technology, surplus of electricity from RE and CO.-free energy suppliers (i.e. wind, hydraulic, solar)
is converted into Hy via water electrolysis. H> can be reacted in turn with CO> to give methane (CHa)
as substitute natural gas (SNG) via methanation reaction (Sabatier process).’! The as-obtained
methane as carbon-neutral fuel may be employed in different practical contexts: redistribution in the
existing gas infrastructures, chemical storage of RE, use as reagent in industrial chemical processes

or as an energy vector for power generation both in industrial and private sectors. 5 6l



Although CO, methanation is a thermodynamically favorable transformation (AG® = -114 kJ mol
b, it suffers from severe kinetic limitations because of the high CO, chemical inertness.[] Thus,
metal-based catalysts and medium operating temperatures (typically between 300 and 450 °C) are
required to run the process efficiently. Too high operating temperatures are generally not
recommended because of thermodynamic limitations that lead to a significant decrease of CO2
conversion, besides affecting the catalyst lifetime. On the other hand, methanation is a highly
exothermic reaction (AH® = -165 kJ mol™) responsible for the generation of local temperature
gradients (hot-spots). Hot-spots do not simply impact (detrimentally) on the catalyst performance and
its long-term stability on stream but they often pose serious security issues in packed-bed large scale
reactors. Hence, costly and energy consuming solutions to remove the heat surplus are required for
classical methanation schemes. To date, great efforts have been devoted to the development of
efficient and selective catalysts for the process (including engineered core-shell systems featured by
excellent performance when operating under less conventional heating schemes)® whereas much less
attention has been paid towards energy-saving solutions based on a more effective heat management
and temperature control within the reactor. Adiabatic fixed-bed reactors, fluidized-bed or structured
three-phase reactors have been used to handle the excess of local heat produced by the reaction
exothermicity as to limit its negative impact on the catalyst performance and its stability on run.t!
Similarly, microstructured catalysts!*®! based on thermally conductive (metallict** or non-metallic*?)
supports and featured by enhanced heat/mass transfer properties have provided valuable solutions to
an efficient control/dissipation of the exceeding heat generated at the catalytic bed.*!

Recent progresses in the field of radiofrequency (RF) heated (or inductively heated - IH)
catalytic processes have spotlighted on the unique potentiality of this 'non-contact"
technology for the heat management in highly exo- and endothermic reactions.®! The ability
of IH to deliver heat directly where it is needed by means of magnetic or electrically

conductive targets (susceptors) with minor energy losses towards catalyst’s surrounding,*4



has overcome several transfer limitations of classical heating schemes (contact heaters). The
almost instantaneous "on/off switching™ of the heat supplied at the catalytic bed and the much
faster heating/cooling rates of the catalyst active phase (compared to those achievable within
more classical heating schemes), allow IH to control the ignition of potentially harmful “hot-
spots”. Consequently, energy wastes are reduced and catalysts can operate under virtually
isothermal conditions, with an improved lifecycle.®l Some of these key-features have
recently been exploited with success in CO2 methanation using magnetic nanoparticles (NPs)
with high heating powerf® %51 including NPs-decorated electrically conductive susceptors
operating under severe and dynamic conditions.[*?a From an engineering viewpoint, several
applications have recently contributed to strengthen the IH technology in related areas of
sustainable catalysis. Rebrov and co-workers proposed a RF-heated scheme to accomplish in
a highly efficient and energy saving manner CO> adsorption-desorption cycles on a CaO-
based sorbent.[*8] The same team also showed how a multi zone RF-heated reactor can be
straightforwardly conceived and realized in order to perform consecutive catalytic processes,
each under optimal reaction conditions and continuous operation mode.[*"]

To date, a very large combination of late-transition metals (including those of Pt-group)
supported on metal(s)-oxides, silica, carbons or zeolites have been systematically scrutinized
while searching for the optimal catalyst for the process.l® 8 |n spite of that, catalytic
materials prepared from cheap and commercially available components, selected
(preferentially) among non-critical raw materials and prepared through easy and costless
industrial synthetic strategies, are mandatory features for the development of any sustainable
catalytic technology. Accordingly, nickel (as active phase) and Al>Os (as support) remain the
preferred choice for the methanation reaction also considering the distinct catalytic properties
of the former and the use of the latter as support across many industrially relevant

heterogeneous transformations.



Literature lists a high number of reports on the synthesis of Ni@AI.O3 catalysts for COx (x = 1, 2)
methanation. Only a few studies though have been focused on highly nickel-loaded Al,O3-based
catalysts, because poorly metal dispersed systems featured by oversized (and undesired) Ni particles
are typically formed.[*®] Despite several attempts to correlate structural features of Ni@Al.O3
composites (i.e. Ni-loading, particle size and shape; properties of Al.O3 supports and Ni/Al2O3
interface interactions; pre-catalysts calcination/reduction treatments and methods for Ni NPs
deposition) with their methanation performance, the matter remains rather controversial. In a recent
report, Beierlein and Traa have demonstrated how CO2 conversion in methanation reactions promoted
by highly Ni-loaded Al,O3-based composites is “insensitive” to the structure of the metal active
phase.l? Their findings have contributed to reassess more traditional catalyst technologies based on
less sophisticated synthetic strategies for the metal active phase grown at the surface of classical
metal-oxide-based support.

In this contribution, we describe a RF-heated methanation scheme based on straightforwardly
prepared Ni/y-AloO3 composites featured by a relatively high nickel content (up to 40 wt.%). The
metal is present in the form of large and highly interconnected metal crystallites that cover part of y-
Al>O3 surface, acting as electrically conductive/magnetic susceptor for the electromagnetic energy
conversion into heat (induction heating) while serving as robust, catalytically active sites for the
methanation process to occur.

In addition, the poor thermal conductivity of y-Al2Os together with the fast heat control at the
catalyst bed (ensured by the IH setup) allow for the harvesting of part of the surplus of energy (heat)
generated by the reaction exothermicity. This extra-heat is then reused to keep the catalyst under
isothermal conditions while reducing the reactor power supply. The rational heat management within
the proposed methanation setup has ensured a highly efficient protocol for SNG production (Xco2 up

98% with > 99% Schas) already under low operative temperatures (210-230 °C).



Results and discussion

Highly Ni-loaded »Al,0Os composites: synthesis and characterization. Highly metal-loaded “Ni/y-
Al>,O3 composites (k = 30 or 40 wt.%) were straightforwardly prepared by wet impregnation followed
by conventional thermal calcination/reduction steps (see Experimental Section, Materials and
Methods for procedure details). Reduction of calcined samples was performed at 350 °C under a pure
stream of Hz (100 mL min™) for 3 h as to convert KNiO/y-Al,Os pre-catalysts into their “Ni/y-Al,O3
counterparts. All composites were fully characterized by H>-TPR (Figure S1), XRD (Figure S2),
TEM/STEM-EDS (Figures 1A-D and Figures S3A-D), N»-physisorption (Figure S4) and Ho-
chemisorption (Table 1). A full account on materials characterization is given, although discussion
on more conventional details and analyses is moved to Supporting Information for the sake of

shortness (see details in the captions of the respective figures/schemes).

Scanning transmission electron microscopy (STEM) combined with energy-dispersive X-ray
spectroscopy (EDS) was used to monitor metal dispersion, showing pretty good and homogeneous
distributions all over the scanned areas (Figure 1 and Figure S3). As expected, the higher the nickel
loading the lower the catalyst metal dispersion and the larger the size of nickel aggregates.[*% 20-211
The nickel surface area (Sni, m? gni * and m? geart), metal dispersion (D, %) and average Ni particles
sizes (dP, nm) were determined for each composite by H> chemisorption analysis (Table 1). Ni
particle size steadily increases with the metal content[??l while Ni exposed surface area and dispersion

decrease accordingly.



Figure 1. (A-D) Compositional elemental mapping of the most representative sample for catalysis
application (*°Ni/y-Al;Os3, vide infra) A) Transmission electron microscopy (TEM) image of the
composite where y-Al,O3 domains can be observed. B-D) Scanning TEM energy-dispersive X-ray
spectroscopy elemental mapping of Al-K, Ni-K and Ni/Al-K ionization edges. Ni-K indicates a
homogeneously metal distribution in the sample along with the generation of large and highly
interconnected aggregates. E) Temperature of the RF-heated Ni-susceptors on y-Al,O3 as measured by
a laser pyrometer (< laser beam: ~ 500 um, power < 1 mW) located at ~ 30 cm from the catalyst. A
standard calibration procedure?® has been used to fix the emissivity factor for each Ni-based catalyst

used in the study.

Table 1. BET surface areas, BJH total pore volumes and H, chemisorption data of y-Al.Oz and its composites

kNi/y-Al,Os at variable Ni loading (k = 30-40 wt.%)

~ Pyrometer

pyrometer

mean surface
temp. value

laser diam. 0.5 mm

RF-heating

N

RF-heating

v

s il

Ni/y-Al2Os

Induction heater coils

Entry | Sample? S Ni dispers.” ;)Aa\r/t?:;?g zizNeIb S§Acl Vp§°‘a_'id
(m? gni'h) (Mm? gear®) (D, %) (dP, nm) (m*g™) | (m°g™)
1 | 4-ALO; - ] - - 279 | 0.951
ONi/y-Al,03 42.6 12.4 6.4 15.8 183 0.491
3 “ONi/y-Al,03 37.3 14.5 5.6 18.1 160 0.426
4¢ “ONi/y-Al,03 35.3 14.1 5.1 18.8 n.d. n.d.

@ Except for the plain y-Al,Os, all nickel composites underwent reduction at 350 °C for 3 hin
a constant stream of pure Hz (100 mL-min™). ® Measured by H. chemisorption analysis. ©
Brunauer-Emmett-Teller (BET) specific surface area (SSA) measured at T = 77 K.
pore volume determined by using the adsorption branch of N, isotherm at p/po = 0.98. © “°Ni/y-
Al>,O3 recovered after 60 h methanation reaction [catalysis conditions: IH at 210 °C; catalyst
weight = 0.4 g, GHSV (STP) = 20,000 mL gca*h?, [CO2] = 20%, [H:] = 80%, H,-to-CO, v/v
ratio = 4].

Total



RF-heated methanation operated at low temperatures. Highly Ni-loaded y-Al>O3 catalysts
were selected for operating methanation under low temperature conditions by joining the
inherent magnetic/conductive and catalytic properties of the metal active phase with a RF-
heating scheme. An induction heating setup equipped with a PID-interfaced (Proportional
Integral Derivative controller) laser pyrometer directly shot over the catalyst composites
(Figure S5), was used to control the average catalyst temperature by finely tuning the applied
IH power supply. This heating scheme allowed for an almost real-time control on the catalyst
"hot spots” ignition throughout the exothermic catalytic runs, hence avoiding undesired
temperature swings. In a typical methanation run, 0.4 g of “Ni/y-Al,O3 catalyst (k = 30-40
wt.%) were charged in a quartz tubular reactor housed inside the inductor coils and a H2/CO:
mixture (4 v/v ratio) was streamed downward through the catalyst bed at ambient pressure (1
atm) and at GHSVs comprised between 10,000 and 30,000 mL gcart 2.

Both composites showed good hyperthermic efficiency (i.e. their capacity to act as heat
mediators!® 241 once immerged in an AC magnetic field), allowing rapid heating/cooling
ramps (60-80 °C mint) in a relatively wide temperature range (150-230 °C for *°Ni/y-Al.Os
and 150-270 °C for “°Ni/y-Al,O3). Although the investigation on the nature of the
electromagnetic dissipation phenomena at work in these highly metal-loaded composites is
out of the scope of the present contribution, eddy currents (or Foucault currents)?®! flowing
through the electrical resistance of the large nickel aggregates (susceptor) are likely the main
contribution responsible for the particles heating. However, given the nickel magnetic
properties?>26l and its relatively high T. value (Tc: Curie Temperature, 628 K),[?® a
contribution to particles heating from electromagnetic energy dissipation via hysteresis loss[’]
cannot be definitively ruled out.

CO: conversion (Xcoz) and methane selectivity (Scha) were initially measured in the 150 - 240

°C temperature range at ambient pressure, using a H2/COx ratio of 4 (v/v) at a GHSV = 20,000 mL



geart %, Catalysts performance (Xcoz and Scra of *Ni/y-Al,0s and “°Ni/y-Al,Os) along with the
current (I, A) supplied by the induction heater to keep the catalyst temperature constant at the target

value are outlined in Figure 2A.
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Figure 2 (A) CO, methanation runs with Ni/y-Al,O; (k = 30 and 40 wt.%) as catalysts operated under
induction heating (IH) at variable reaction temperatures. Other reaction conditions: catalyst weight = 0.4 g,
GHSV (STP) = 20,000 mL geath?, [CO2] = 20%, [H2] = 80%, H,-to-CO, v/v ratio = 4. (B) CO, methanation
runs with ¥Ni/y-Al,O3 (k = 30 and 40 wt.%) as catalysts operated under IH, at variable GHSVs while keeping
constant the catalyst temperature to 230 °C. Other reaction conditions: catalyst weight = 0.4 g (corresponding
to 0.11 and 0.14 g of Ni for *Ni/y-Al,O3 and “°Ni/y-Al,O3; samples, respectively), GHSVs (STP) = 10,000-
30,000 mL gearth?, [CO2] = 20%, [H2] = 80%, H,-to-CO, v/v ratio = 4. (C) CO, methanation run with “°Ni/y-
Al,Os as catalyst operated under IH at variable H,-to-CO, v/v ratio from 4 to 8, reaction temperature: 230 °C.
Xco2 and Scha given in Figures 2A-C refer to the catalyst steady-state-conditions after 4-6 h on run. (D) Long-
term methanation reaction with “°Ni/y-Al,Os as catalyst operated under IH at 210 °C. Other reaction conditions:
catalyst weight = 0.4 g, GHSV (STP) = 20,000 mL gcarth?, [CO2] = 20%, [H2] = 80%, H.-to-CO, v/v ratio =
4. Symbols: CO, conversion (Xco2): -M- for ©“Ni/y-Al,Os; -®- for *Ni/y-Al,Os; CH4 selectivity (Scna): -0- for
Ni/y-Al,Os; -O- for *Ni/y-Al,Os; Applied current (I, A) at constant frequency (260 KHz), flowing the
inductor coils and required to generate an electromagnetic field (B) necessary to heat “°Ni/y-Al,Os (- B-) or
ONi/y-Al05 (-(B-), respectively, at the target (+ 1 °C) temperature value.



Under these conditions, both catalysts show increasing Xco2 values while increasing the
catalyst temperature and rapidly approach high conversions (Xcoz > 80% for “°Ni/y-Al203)
with quantitative methane selectivity (Schs > 99% for both Ni-samples) already under
moderate operative temperatures (210 °C).

The catalyst temperature [as measured by the laser pyrometer (& laser beam: ~ 500 um, power <
1mW)] is an average value given by the temperature of the metal-oxide (support) and that of the
radiofrequency excited nickel particles on a relatively large section of the catalyst surface (Figure
1E). Although the real temperature of radio-frequency heated nano-objects remains a challenging
matter to be addressed,® 281 |iterature precedents for RF-heated transformations lead to suppose that
the temperature of the nickel aggregates at the y-Al.O3 surface (see Figure 1C) is reasonably higher
than the average temperature value measured by the pyrometer.[°]

Any temperature swing registered by the laser pyrometer at the catalyst bed (originated from the
reaction exothermicity - particularly when methanation is operated under a discontinuous reagents
supply) is suddenly and automatically compensated by the PID system through a fine tuning of the
IH power supply. Such an accurate and rapid heat management directly at the catalytic sites brings
important benefits to the process. It boosts the catalytic process to the bounds of its inherent
kineticst®! (while keeping the overall reactor temperature at lower values) and it allows part of the
endogenous heat produced by the reaction to be harvested and conveyed for running the process itself
instead of being totally wasted through dissipation (vide infra). In addition, the heat raised directly at
the catalyst bed (from the nickel susceptor) implies the generation of a thermal gradient between the
catalyst surface and the surrounding gaseous reagents and products. Such a thermal gradient, not
present in classical joule-heated reactors, fosters a reduction of the steam partial pressure at the
catalyst bed by favoring water condensation at the “cold-reactor"?®! and thus shifting the
thermodynamic equilibrium towards the target product: methane (see Eq. 1 in Experimental Section).

This effect is likely at the origin of the highly efficient methanation scheme proposed.

10



The alternating current (I, A) supplied to the IH setup and required to keep the temperature at the
surface of the two composites at its target value (Figure 2A — orange dashed lines), highlights the
different hyperthermic efficiency of the two samples at variable Ni-loading. The higher the Ni-
loading the higher the catalyst hyperthermic response and hence the lower the current (I, A) flowing
through the inductor coil to reach and maintain the desired temperature at the catalytic bed.

Accordingly, the current (I, A) supplied to the IH setup to heat “°Ni/y-Al,O3 up to a given
temperature value is systematically lower than that provided for its 30 wt.% Ni-loaded
counterpart (*°Ni/y-Al203) (Figure 2A). In addition, mean temperature values as high as 240
°C were reached and stably maintained on “°Ni/y-Al.Os, whereas only temperatures up to a
maximum of 230 °C can be stably reached with *°Ni/y-Al>Os. The effect of reagents” GHSV
on the methanation performance of RF-heated “Ni/y-Al2Os (k = 30 or 40 wt.%) catalysts was
determined at 230 °C under constant Hz-to-CO- ratio of 4 v/v (Figure 2B). Results show how
increased GHSVs (from 10,000 to 30,000 mL gear* h™t) moderately decrease CO2 conversions
(from 91 to 82 % for “°Ni/y-Al,O3 and from 87 to 78 % for *Ni/y-Al,O3), whereas Scha is
constantly 100 %, whatever the gas rate and catalyst used. Notably, the current (I, A — orange
dashed lines) supplied to the IH setup and required to maintain the catalyst at its operative
temperature (230 = 1 °C) decreases appreciably while GHSVs increase (from 614 to 275 A
for “°Ni/y-Al203 and from 625 to 390 A for *°Ni/y-Al.Os). Such an | trends can be explained
by assuming that the surplus of energy (heat) originated at the catalyst sites from the reaction
exothermicity is not dissipated through the reactor walls but it is rather harvested (in part at
least) and conveyed to run the process itself, maintaining the catalyst temperature unchanged.
Indeed, the higher the GHSV the higher the heat produced by the “controlled ignition” of local
temperature gradients or “hot-spots” and then the lower the current (I, A) supplied to the
induction heater and needed to keep the catalyst under isothermal conditions. This is an

example of a non-adiabatic system where the surplus of heat generated by the exothermicity
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of a catalytic process is deliberately gathered at the surfacel®: 39 of catalysts/susceptors and
managed to run the process itself with an overall positive energy balance. This optimal heat
(and energy) management is made possible by the IH setup that conjugates an almost real-
time temperature monitoring at the catalyst bed (laser pyrometer) with the intensity of current
(I, A) supplied to its coils. In addition, the poor thermal conductivity of the y-Al.Oz fosters
the extra-heat harvesting at the catalytic sites by reducing energy waste phenomena due to
heat dissipation.

When methanation is operated at 230 + 1 °C and constant GHSV (20,000 mL gcar* hl), an
increase of H»-to-CO- ratio (from 4 to 8 v/v) increases Xco2 (from Xco2 = 85% for Ho-to-CO»
= 4 t0 Xcoz2 = 98% for Hz-to-CO> = 8). However, the steadily reduced CO> concentration in
the stream mirrors with a reduction of heat produced by the reaction exothermicity per unit
mass of catalyst. Such a heat reduction is automatically compensated by an increase of the
current (I, A) flowing the inductor coils (from 358 to 419 A) to maintain the catalyst under
isothermal conditions (Figure 2C). The increase of the current (I, A) supplied is an indirect
evidence of the role claimed above for the extra-heat generated by the reaction exothermicity
(for methanation operated at increasing GHSVs — Figure 2B) and conveyed to run the
methanation process. Overall, the proposed reaction scheme offers a more sustainable and
radically different vision on how extra-heat produced by highly exothermic transformations
can be handled. It allows to re-think the role of local temperature gradients (hot-spots): from
undesired phenomena responsible for energy waste to energy (heat) reservoirs for running the
catalytic process more sustainably. Remarkably, the proposed scheme also provides a highly
efficient and selective system for the methanation reaction with the possibility to operate the
process already under relatively low temperatures.

Low-temperature operative conditions along with a fine control on temperature swings at

the catalyst bed are important features that positively impact on the catalyst stability, its

12



lifetime and hence on the process performance. Deactivation of heterogeneous catalysts is an
ubiquitous problem that often causes loss of catalytic rate (particularly in the case of fixed-
bed reactors operated under high-temperature conditions) and it generally requires costly and
energy-consuming procedures for the catalyst regeneration if not for its complete
substitution.%

In particular, Ni-based catalysts for CO2 methanation suffer from high-temperature induced
deactivation phenomena such as "coking” and metal-particle sintering that may decline their
performance over time.[*8 32 |n a model catalytic run (Figure 2D), “°Ni/y-Al.O3 was used at 210 °C
(average recorded temperature) at 20,000 mL g h't as GHSV (H2/CO2 = 4) while keeping constant
its initial performance (Xco2 = 83%; Schna = 100%) without any appreciable deactivation even after
60 h on stream. Such a catalyst stability accounts for negligible deactivation phenomena related to
undesired catalyst fouling (coking) or metal particle sintering. Fouling due to the formation of carbon
deposits was determined on the used “°Ni/y-Al,O3 catalysts by thermogravimetric analysis (TGA) in
air (100 mL min't) while Hz-chemisorption was used to address any catalyst active phase alteration
in terms of nickel surface area (Sni), percentage of metal dispersion (D) and average crystallite size
(dP) (Table 1, entry 3 vs. 4).

TG curves of the reduced catalyst before and after 60 h on methanation run are outlined in Figure
S6. The TG analysis of the simply calcined “°NiO/y-Al,Os catalyst is also reported at comparison for
the sake of completeness. Both fresh and used “°Ni/y-Al,O3 present largely superimposable profiles
with only minor deviations in the 150-350 °C temperature range. This result confirms only negligible
weight loss differences in the used sample respect to its pristine counterpart. H>-chemisorption on the
used “°Ni/y-Al,Os3 finally accounts for moderately decreased Sni and metal dispersion (D), whereas
the mean size value of metal crystallites (dP) slightly increases with respect to the pristine sample
(Table 1, entry 4 vs. 3). Moderate increase (3.9 %) of crystallite sizes in the used catalyst can be

attributed to the migration of smallest particles featuring with reduced support interactions (see Ho-
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TPR in Figure S1) and their subsequent coalescence during the first hours on stream[! with only
minor alterations (decrease) of the exposed nickel surface area. This control on the catalyst
morphology and stability is also ensured by the presence of large particles aggregates in the highly
Ni-loaded composites that reduced metal particles surface mobility. Accordingly, alterations of the
catalyst active phase are deeply mitigated, its performance is preserved over long term runs and
environmental risks associated to nano-objects leaching phenomena are markedly reduced.3

For the sake of completeness and with the aim at validating the achievements coming from the
implementation of the proposed catalyst technology in combination with an IH setup, the “°Ni/y-
Al>O3 catalyst was tested under identical reaction conditions using a more traditional heating setup:
an oven (Joule heating, JH). To this aim, 0.4 g of “°Ni/y-Al,O3 were charged in a quartz tubular
reactor and the system was housed inside the electrical oven. For these trials, the temperature of the
system was monitored by two independent thermocouples, one in the oven (T1) and a further one
located inside the catalyst bed (T2) for the oven temperature regulation. Before operating each
catalytic run, the catalyst was allowed to reach the target temperature and stabilize under a pure stream
of He (see Experimental section for details). As Figure 3 shows, when catalysis was operated at low-
medium temperature values (150- 220 °C) Xco2 measured with the Joule-heated system was markedly
lower compared to conversions given under IH. Most importantly, the conversion values we
appreciated under JH modality (always negligible below 200 °C) were more than 15 times lower than
those measured under a IH regime (i.e. Xco2 = 5% under JH vs. 77% under IH at the formal
temperature of 210 °C + 3 °C). Under low operative temperatures, the oven (T1) and the catalyst (T2)
temperatures remained almost identical when the catalyst came in contact with the reactants mixture.
On the other hand, when the oven (and catalyst) temperature increased to 230 °C and the catalyst met
the reagents mixture, the average temperature measured at the catalytic bed (T2) increased suddenly
over 270 °C and Xco2 grew up to 86%. A further increase of the oven temperature (up to 250 °C) just

led to an increase of the temperature catalyst bed, without any appreciable change in Xco.. Such a
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result suggests that nickel sites temperature goes beyond the mean value measured by the internal
regulation thermocouple (T2). Given the technical limits in measuring the effective temperature of
nano-objects (whatever the heating setup used), it can be inferred that that of nickel sites ranges
between that mean measured by the thermocouple (T2; 270 °C) and that at the thermodynamic
equilibrium of a process operated at ambient pressure with a H2/CO- of 4 for which a maximum Xco2
~ 86% is provided (= 400 °C).* A similar conclusion applies to the temperature of nickel sites under
IH setup. However, the “contactless” induction heater besides ensuring a more rapid heat switch
on/off directly at the catalytic sites, reduces markedly the thermal inertia required to re-stablish the

setting temperature compared to any traditional conduction/convection/radiation heating scheme

(oven - JH).
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Figure 3. CO, methanation runs with “°Ni/y-Al,Oz as catalysts operated at variable
reaction temperatures under either induction heating (IH) or Joule-heating (JH) with an
external oven. Other reaction conditions common to both reactor schemes: catalyst weight
= 0.4 g, GHSV (STP) = 20,000 mL gearth?, [CO2] = 20%, [H2] = 80%, H-to-CO, v/v
ratio = 4, ambient pressure. Green dashed line refers to the thermodynamic equilibrium
for a methanation process operated at ambient pressure and H-to-CO, v/v ratio = 4.3
Values in light-blue square brackets are the setting temperatures measured by
thermocouple T (= 1 °C) located inside the oven.
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The higher temperature control at the catalytic sites ensured by IH is finally witnessed by a
progressive Xco2 increase while increasing the catalyst temperature in the scrutinized temperature
range (150-230 °C). The reactivity gap between the two reactors at comparison deserves to be
considered in light of the “cold catalysis” concept t0o.[?8°] Cold catalysis (that applies to IH) implies
that energy is supplied directly to a responding susceptor (catalytic sites) suitable at the same time to
catalyze the process while the external reactor walls are kept cold ("cold reactor”) and the thermal
decomposition of gaseous reagents is significantly reduced.l® 81 As discussed above, this feature
holds important effects from the viewpoint of the underlying catalytic mechanism at work, the catalyst

performance and its lifetime on stream.

Although these authors are aware that any comparison with related heterogeneous systems from
the state-of-the-art is hard to be exhaustively addressed due to different conditions used (catalyst
synthesis, operational conditions and reactor setup), a careful analysis of literature results unveils the
unique performance (Xco2 and Scha) of our catalytic/reactor scheme. There are no doubts that
radiofrequency heated catalysts are largely limited by the process kinetics rather than by heat transfer
phenomena as typically occurs with more traditionally-heated (Joule-heated) reactors.® CO;
methanation performance with “°Ni/y-Al,O; as catalyst (Xcoz, Scrsa and catalyst productivity
expressed as molcra-gni™t-h™) is summarized in Table 2 and compared with the most representative
Ni-based/y-Al.O3z catalysts reported so far as methanation systems to be operated under low-medium

temperature conditions (typically in the 200-275 °C temperature range).

From these data it can be argued that the RF-heated “°Ni/y-Al,O3 largely outperforms all
benchmark systems based on classical Ni@y-Al.O3 catalysts operated under conventional heating
schemes (Table 2, entries 1-10 vs. 17, 32-33, 43-44, 51-52 and 57-58), including all various Zr/Ce-
promoted counterparts as well as engineered systems prepared from costly, sophisticated and less
sustainable synthetic procedures (Table 2). Noteworthy, the proposed methanation scheme gives

from pretty good to excellent performance already for temperature values (150-230 °C) largely below
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those commonly required to run the reaction efficiently. Given the relatively high flow-rates admitted
in our reactor scheme (from 133 to 200 mL min), Xcoz, Scrs and productivity (L) are markedly
higher (for similar or identical H>-to-CO3 ratio) than those claimed for methanation systems of the
state-of-the-art and expressly conceived to operate the process under low temperature values (Table
2, entries 5 and 9 vs. 14-16, 36-37, 45, 49-50 and 68-69). For the sake of completeness, Figure 4
provides a snapshot of the performance recorded with our methanation protocol at comparison with
literature outcomes (at least for processes carried out under low-medium temperature conditions and

for those references where productivities are provided or catalytic details are given for the relative A

calculation).
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Figure 4 CO, methanation performance of the radiofrequency heated “°Ni/y-Al,O;
composite at comparison with traditionally heated (promoted or unpromoted) Ni-based/y-

Al,Os catalysts of the state-of-the-art operating in the 150-275 °C temperature range. For
numbers in the figure, refer to references quoted on Table 2.
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Table 2. Catalyst performance (Xcoz and Scrs) and productivity values expressed in terms of mol¢y, . gni.h~1 for Ni/Al,Os composites from the literature prepared
under variable conditions, using variable metal loadings and catalysts’ promoters and selected among the systems for operating methanation under unconventional
low-temperature conditions (typically in the 200-275 °C temperature range).

g- o~ . : Productivit%/ (X)l)
Ni wt.%) @ & _ BE Gas mixture S = molcy,.gni-h™
Entry ngtalyst na?neb 59 =z E  COz:H:Inert 8 S GLH_S%/_l G':_?V X(;oz SOC/H“ : Ref.
[charged cat., mg] © 57 2% (mLmin) T (mbg=h™) (07 %) (%) STYS
g = {molcy,.L™*.h71}
1 (34.4) “Nify-Al,05 [400] 133.35 26.7:106.7:0 4 20,000 17,700 32 100 (0.17)* {50.6}
2 (34.4) “Nify-Al,05 [400] 133.35 26.7:106.7:0 4 20,000 17,700 47 100 (0.24)* {74.2}
3 (34.4) “Niky-AlLO; [400] 13335 267:1067:0 4 20,000 17,700 625 100  (0.32)* {98.7}
4 (34.4) “Nify-Al,05 [400] 133.35 26.7:106.7:0 4 20,000 17,700 77 100 (0.40)* {121.6}
5 (34.4) “Nily-Al,O;3 [400] 13335 26.7:106.7:0 4 20,000 17,700 825 100  (0.43)* {1303}  This
6 (34.4) “Nify-Al,03 [400] 133.35 19.1:1143:0 6 20,000 17,700 95 100 (0.35)* {107.4} work
7 (34.4) “Nify-Al,O5 [400] 13335 26.7:1067:0 4 20,000 17,700 85 100  (0.44)* {134.3}
8  (34.4) “Niky-AlO; [400] 13335 14.8:1037:0 8 20,000 17,700 98 100  (0.28)* {85.8}
9 (34.4) “Nily-Al,Os [400] 200 40:160: 0 4 30,000 26550 82 100  (0.64)* {194.1}
10 (34.4) “Nify-AL,Os [400] 200 28.6:171.4:0 6 30,000 26550 91 100  (0.51)* {154.0}
11 100 1:50:49 50 60,000 - 4 98 (0.01)
12 (10) Ni/y-Al,0s [100] 100 1:50:49 50 60,000 - 7 98 (0.02) [36]
13 100 1:50:49 50 60,000 - 13 98 (0.03)
14 200 50 10:40:0 4 6,000 - 8 100 (0.05)
15 (7.9) Ni/Al,0s-ZrO,-1.0 [500] 50 10:40: 0 4 6,000 - 26 100 (0.18) [37]
16 50 10:40:0 4 6,000 - 42 100 (0.28)
17 (7.3) Nily-AlLOs [500] 50 10:40: 0 4 6,000 - 7 100 (0.05)
18 . 80 48:19.2:56 4 54,420 - 4 100 0.04
19 (13.6) Nil4LA [88.2] 80 48:19.2:56 4 54,420 - 14 100 50.153 [38]
20°  (20) Nily-Al,0;[88.2] 80  48:192:56 4 54,420 - 42 100 (0.03)
21 . 100 20:80:0 4 60,000 - <1 100 -
2o (15) NI/ALOs-S [100] 100 20:80:0 4 60,000 - 9 100 (0.32) [39]
23 . 100 20:80:0 4 60,000 - <1 100 -
o4 (15 NVALOsP [100] 100 20:80: 0 4 60,000 : <1 100 !
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25 . 300 40:.200.60 5 36,000 y T 98 .
26 (109 NI/ALOs [500] 300  40:200:60 5 36000 : 7 98 (0.13) (401
27 . 300 40:200:60 5 36,000 : 2 o8 (0.02)

og  (18:5) N/AI0s [500] 300  40:200:60 5 36000 : 15 98 (0.17)

29 200 40 62410 2 2.400 i 6 995 (0.01)

30 (20) Ni/H-ALOs [1000] 40 6:24:10 4 2.400 i 50 995 (0.04)

31 40 6:24: 10 4 2400 i 90 995 (0.07) [41]
32 . 200 40 6:24: 10 4 2.400 i 10 995 (0.01)

y0  (20) Nify-Al,Os [1000] 40 6:24:10 4 2.400 : 20 995 (0.02)

34 . 200 300 30:120:150 4 60,000 ; <1 100 ;

35 (16:6) Ni/Alz05 [300] 300 30120150 4 60,000 : 15 975 (0.24) [42]
36 . 200 25 5:20.0 4 15000 : <1 948 ;

37 (10) MA-IONi [100] 25 5:20:0 4 15000 : 8 945 (0.10) [43]
38 ) 200 50 9:36.5 4 75,000 i 5 i ;

39 (78 NI-ALO-HT [40] 50 9:36:5 4 75000 : 21 986 (0.16) [44]
20 50 10:40: 0 2 30,000 : <1 99 ;

41 (12) NiCelAL,Os [100] 50 10:40: 0 4 30000 : > o3 (0.04)

42 50 10:40: 0 4 30000 : 6 95 (0.13) [134]
43" . 50 10:40:0 4 30,000 - <1 - n.d.

agi (12) Nily-Al205 [100] 50 10:40:0 4 30,000 : 2 ; nd.

45 ) 140 20.80:.40 4 56,000 : 2 100 0.06)

a6 (12) NVALOs [150] 140 20:80: 40 4 56,000 - 6 100 (0.18) [45]
47 ) 200 600 30:120.450 4 240,000 i <1 100 ;

g (10)NVALOs [150] 600  30:120:450 4 240,000 : 5 90 (0.24) [46]
29 . 200 40 62410 2 2,800 : 30 100 nd,

50 () Nis-AIMO [500] 40 6:24:10 4 4800 - 894 99 n.d. -
51) . 200 40 6:24: 10 4 4,800 i 4 99 nd.

cok (=) Nily-Al,Os [500] 40 6:24:10 4 4,800 - 8 99 n.d.

53 (13.8) Nil6 [44] nd. nd, 5 ; 52300 1 100 nd, 28]
54 n.d. n.d. 35 8,100 - <1 >99 n.d.

55  (12) NilZA-3 [n.d] nd. nd. 35 8100 : 8  >99 nd.

56 nd. nd. 35 8100 i 25 >09 nd. [49]
57' . n.d. n.d. 35 8,100 - - >99 n.d.

sgn  (12) Nify-Al:0s [n.d] n.d. n.d. 35 8100 : <1 >99 nd.
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59 200 50 10:40:0 4 15,000 - 5 100 (0.04)

(15) Ni-2Ce02/Al03 [200] [50]

60 50 10:40:0 4 15,000 - 22 100 (0.20)

o (CONIALOY (1] S0 nd nd 35 o000 - & 0 na 5
s (O NUALO: (200 S0 %0 eriz3sio a5 oo - & a0 iy 2
65 (12) Ni/ALL,O; [n.d] 100 5:20:75 4 - - 33 98 n.d. [53]
67 (29 NUAIO: (200 S0 %0 arizasio ss o - 5 a0 ooy 1M
o (OOMAINI 0] T 2 nio 4 s - s o iy DS
7 (CONIALO, [520] 00 200100 4 inods  omse s 100 (o2

$ Values in curly brackets refer to the reactor performance expressed as space-time yield (STY; molcya/Veqr (L) X h). The volume of 0.4 g of “°Ni/y-Al,O; is equal
to 0.452 mL (see experimental section for details). * Productivity values are calculated according to the exact catalyst metal loading determined by ICP-OES
analysis on “*Ni/y-Al,O3 (34.4 wt.%). @ wt.% of Ni particles in the catalyst. ® Catalyst acronym. ¢ mg of catalyst used in CO, methanation.  Comparative analysis
between Ni/Al,O3 catalyst synthesized by a single-step epoxide-driven sol-gel method and its ZrO,-promoted counterpart (see entry 15). ®* Comparative analysis
between Ni/Al,O; catalyst synthesized by incipient impregnation method and its La-promoted counterpart (see entry 19). f Comparative analysis between Ni/Al,O3
catalyst synthesized by classical impregnation method and supported Ni nanoparticles on a hierarchical flowerlike Al,O; matrix (see entry 29). 9 Comparative
analysis between Ni/Al,O; catalyst synthesized by classical impregnation method and supported Ni nanoparticles on a hierarchical flowerlike Al.O; matrix (see
entry 31). " Comparative analysis between Ni/Al,O; catalyst synthesized by classical impregnation method and its Ce-promoted counterpart (see entry 41).
Comparative analysis between Ni/Al,Oj3 catalyst synthesized by classical impregnation method and its Ce-promoted counterpart (see entry 42). | Comparative
analysis between Ni/Al,Os catalyst synthesized by classical impregnation method and its Nis-AIMO counterpart prepared by hydrothermal synthesis method (see
entry 49). ¥ Comparative analysis between Ni/Al,O; catalyst synthesized by classical impregnation method and its Nis-AIMO counterpart prepared by hydrothermal
synthesis method (see entry 50). ' Comparative analysis between Ni/Al,O; catalyst synthesized by classical impregnation method and its ZrO,-promoted counterpart
(see entry 54). ™ Comparative analysis between Ni/Al,O; catalyst synthesized by classical impregnation method and its ZrO,-promoted counterpart (see entry 55).
n.d.: “not determined” or “not determinable” on the basis of the data available on the original papers.
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Conclusions

Re-thinking a chemical process in light of straightforwardly prepared and robust catalytic materials
based on abundant and cheap components while minimizing energy waste and ensuring high catalytic
performance under mild operative conditions are key objectives in heterogeneous catalysis. This
contribution combines straightforwardly prepared catalysts based on non-critical raw materials with
a less conventional heating scheme (IH - induction heating). A conceptually new and energy-efficient
handling of the extra-heat produced by a highly exothermic process directly at the catalytic bed has
allowed to setup of an efficient CO> methanation protocol for SNG production (Xco2 up 98% with >
99% Scha) already at operative temperatures (150-230 °C) much lower than those commonly claimed
for related systems in the literature. The heat targeting directly at the nickel susceptor is likely at the
origin of the outstanding performance of the proposed methanation scheme. Indeed, the generation
of a thermal gradient between the hot catalyst surface and its colder gaseous surrounding is supposed
to reduce the partial pressure of steam at the catalyst bed, favoring water condensation at the outlet
of the “cold-reactor” and shifting the thermodynamic equilibrium towards methane.

In addition, this powerful heating tool allows to overcome heat transfer limitations encountered
in classical heating schemes (i.e. flame and resistance heating or traditional furnaces) and deeply
reduces those secondary reaction paths (i.e. "cracking/decomposition/polymerization™) that seriously
compromise the catalyst stability and life-cycle (“catalyst coking™).

The highly Ni-loaded y-Al.O3 composites prepared by wet impregnation and featured by moderate
metal dispersions and large metal aggregates play a dual role in the methanation scheme: they act as
electrically conductive/magnetic susceptor for the electromagnetic energy conversion into heat
(induction heating) and serve as robust and “‘structure insensitive” active sites for the catalytic process
to occur. The poor thermal conductivity of y-Al2O3 support and the fast heat control at the catalyst
bed ensured by the IH setup, finally allow for the recycling of part of the surplus of energy (heat)

generated by the reaction exothermicity to keep the catalyst under virtual isothermal conditions.
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Accordingly, the reactor power supply can be reduced and energy waste due to heat dissipation
paths is limited. These unique features linked to IH technology and its rational implementation to
flow-reactor setup boost the catalytic processes to the bounds of their kinetics while keeping a low
reactor walls temperature.

Such a scheme for the heat management in flow-reactors allows to re-evaluate industrially
attractive composites (and their large-scale preparation methods) for catalytic application to key
processes at the heart of P2G chain. Moreover, the virtual absence of any reactants pre-heating (till
they come in close contact with the catalyst/susceptor) makes this operational mode highly attractive

for other challenging catalytic processes (e.g. methane dehydro-aromatization or methane reforming).

Experimental Section

Materials and Methods

Synthesis of KNi/y#Al,03; composites. In a typical procedure, 1 g of y-Al,03 (Ketjen CK-300B, Akzo
Nobel, Sger = 279 + 10 m? g1) in the form of extruded trilobs (= 1 mm x ~ 4 mm) was finely crushed
and sieved to get a tiny powder (~ 80-140 um) to be impregnated with Ni(NO3)2:6H.O aqueous
solutions at variable salt concentration (0.011 and 0.007 mol of Ni salt precursor for “°Ni/y-Al,Oz and
%Ni/y-Al20s, respectively). For each sample, the volume of Ni saltwater solution was significantly
higher than the total pore volume of y-Al.O3 support. Suspensions were evaporated and samples oven-
dried at 120 °C for 12 h before being calcined in air at 350 °C for 2 h (heating rate for drying and
calcination: 3 °C min™t) as to convert the nickel salt into the corresponding oxide. The as obtained
KNiO/y-Al,O3 pre-catalysts (k = 30 or 40 Ni wt.%) were converted into the Ni/y-Al,O3 counterparts
under a pure Hz flow (100 mL min™) at 350 °C for 3 h immediately before each CO2 methanation

test.
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Characterization methods. Hydrogen Temperature Programmed Reduction (H2-TPR) was
performed on a chemisorption analyzer (Micromeritics® AutoChem 1) coupled with a thermal
conductivity detector (TCD). In a typical experiment, 50 mg of sample were loaded in a quartz tube
and heated at 100 °C for 30 min. Afterwards, a 10 % (v/v) H2/Ar gas mixture was flowed (30 mL
mint) through the sample and the temperature increased to 800 °C (heating rate: 5 °C-min™) and H;
consumption was registered throughout the reduction process. Powder X-ray Diffraction (PXRD)
measurements were carried out on a Bruker D-8 Advance diffractometer equipped with a Vantec
detector (Cu Ka radiation) working at 40 kV and 40 mA. X-ray diffractograms were recorded in the
20-80° 26 region at room temperature in air. Transmission Electron Microscopy (TEM) was carried
out on a Titan Themis ETEM G3 (ThermoFisher) microscope working at 300 kV accelerated energy
dispersive X-ray spectroscopy (EDS) was conducted on Ultim Max TEM Silicon Drift Detector
(SDD) (Oxford, 80 mm?) equipped on the microscope. Elemental signals were extracted from the Al-
K, Ni-K and Ni/Al-K ionization edges. For these measurements, samples were dispersed in ethanol,
sonicated for a few minutes before drop-casting the obtained homogeneous suspensions on a copper
grid covered with a holey carbon membrane. The Brunauer-Emmett-Teller (BET) Specific Surface
Areas (SSA) were calculated from N2 physisorption isotherms recorded at 77 K on an ASAP 2020
Micromeritics® instrument. Pore Size Distribution was determined by Barrett-Joyner-Halenda (BJH)
method. All samples were degassed/activated at 250 °C for 6 h prior each measurement. Nickel
surface area (Sni, m? gni Y), metal dispersion (D %) and average Ni particle size (dP, nm) were
determined by Hz, Chemisorption Analyses conducted on an ASAP 2020 Micromeritics® instrument.
Samples were pre-treated in a Ho flow for 3 h at 350 °C and the adsorption isotherms were recorded
at 35 °C. The Ni surface area was determined from the total amount of adsorbed H» extrapolated to
zero pressure after subtracting the contribution of physisorbed H, and assuming a Ni/H = 1
stoichiometry and a 6.49 A? nickel cross-sectional area. Inductively Coupled Plasma Optical

Emission Spectrophotometry (ICP-OES) measurements on mineralized “NiO/y-Al,O3 pre-catalysts
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were accomplished on a Varian 720 ES ICP-OES instrument. The effective nickel charges for *°Ni/y-
Al,03 and “°Ni/y-Al,O3 were then fixed to 27.5 and 34.4 wt.%, respectively. Thermogravimetric
analyses (TGA) were run under air (100 mL min™t) on an EXSTAR thermogravimetric analyzer

(TG/DTA) Seiko 6200.

Induction Heating setup. The induction heating setup (EasyHeat® 8310, 10kW, Ambrell Ltd) is
constituted by a spiral 6-turn induction coil (length = 1.05 m, pure coil resistance = 2.066x1073 Q),
cooled by means of an external chiller with recirculated water/glycerol (10%) mixture. In a typical
experiment, the quartz reactor containing the catalyst was housed inside the induction heater coils
and temperature real-time control/regulation was ensured by a PID system (Proportional Integral
Derivative controller, Eurotherm model 3504) connected to a laser pyrometer (Optris®, & laser beam:
~ 500 um, power < ImW, located at ~ 30 cm from the catalyst) shot up on the catalyst bed and
working in the 150 - 1000 °C range (accuracy + 1°C). The heating/cooling rate allowed for the system

is 60-80 °C mint in the 150-300 °C temperature range.

Joule Heating setup (electrical oven). Methanation trials under classical heating setup were carried
out using an external furnace (please add here technical details of the furnace). *°Ni/y-Al,O3 charged
in a quartz tubular reactor was housed inside the oven. The temperature of the system was monitored
by two type-K thermocouples, one for regulating the oven temperature (T1) and an additional one
located inside the catalytic bed (T2) for measuring the temperature swings throughout the process.
For these trials, we used thermocouples of Zep. 0.5 mm, very close to the dimension of the laser
pyrometer spot in IH. Before each catalytic run, catalyst was allowed to reach and stabilize (30-45
min) at the target temperature under a pure stream of He (max temperature deviation recorded

between T1 and T» after stabilization = + 3 °C).

Catalytic tests. CO2 methanation reaction (Eq. 1) was conducted at atmospheric pressure in a fixed-

bed quartz tubular reactor [@ip = 12 mm, length = 400 mm] charged with 0.4 g of “Ni/y-Al.Os catalyst
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(k = 30-40 wt.%),>"1 equipped with an advanced EasyHeat® 8310 induction heating setup or a

classical external furnace.
CO2 + 4H, —» CHs + 2H0 AH=-165kImol* (Eg. 1)

Whatever the heating system used, prior of each methanation test, the pre-catalyst was reduced
under a stream of pure hydrogen (100 mL min™) for 3 h at 350 °C. Heat for the reduction step was
provided by an external electric furnace. In a typical procedure, a H2/CO; gas mixture (from 4 to 8
v/v) at variable GHSVs obtained by a series of calibrated Mass Flow Controllers (Brookhorst®) was
continuously fed through the catalytic bed maintained at the target temperature. Gases at the reactor
outlet are passed through a trap filled with silicon carbide pellets where water is condensed before
reaching the gas chromatograph. Reactants and products were analysed on-line by a CP-3800 gas
chromatograph (GC) equipped with a thermal conductivity (TCD) and flame ionization (FID)
detectors. All reactor exit lines were maintained at 110 °C by external heating tapes as to avoid
condensation of residual water in the feed. CO> conversion (Xco2) and CH4 selectivity (Scha) were

calculated according to the following equations (Egs. 2 and 3):

Xco, (%) = sz(;n;;’z 02210 1100 (Eq. 2)
2(n
Fcu (out)
04) = 4
Schy (%) FcHy(out)ytFco(out) *100 (Ea.3)

where Figinouty (ML min) is the flow rate of each component in the gas feed at the reactor inlet or

outlet.
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