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Alumina-supported iron-based catalysts were synthesized with the aim of studying the thermocatalytic pyrolysis
of methane. Two different synthesis techniques, i.e. Wet-Impregnation (WI) and Solution Combustion Synthesis
(SCS), were employed to prepare samples with various formulations (40% Fe;O3 — 60% Aly03, 60% Fep03 — 40%
Al303). The structure, composition, and morphology of these materials were investigated and compared with
several techniques, including inductively coupled plasma-mass spectrometry (ICP-MS), No-physisorption, X-ray
powder diffraction (XRD), temperature programmed reduction (H,-TPR), Raman spectroscopy, transmission and
field emission scanning electron microscopy (TEM and FESEM). Time on stream and kinetic tests were carried
out to evaluate the performance and kinetic parameters of the catalysts during methane decomposition. The
results pointed out a higher activity and stability of the iron-based catalysts synthesized by the SCS technique and
with a higher iron loading, in agreement with the calculated kinetic parameters (activation energy of 133 kJ
mol ! for SCS 60% Fey03 catalyst vs 160 kJ mol ™! for WI 60% Fe,05 catalyst). The superior performance of the
SCS catalysts can be attributed to an improved dispersion of iron on the alumina support. Although the SCS
samples were characterized by a lower surface area, the intimate mixing of iron and alumina achieved through
this technique effectively reduced the sintering of iron particles under the high temperatures encountered during
both the reduction processes and the pyrolysis reaction. Furthermore, all the samples exhibited the formation of
carbon nanotubes (CNTs) with varying degrees of structural order, depending on the synthesis technique and the
iron loading of the catalyst.

Carbon nanotubes

1. Introduction

The combustion of fossil fuels to support today’s energy super-
structure generates large quantities of pollutants and greenhouse gases,
and this issue requires urgent solutions [1]. The main source of energy is
represented by hydrocarbons (71%), while only 29% of energy is
derived from renewable and nuclear sources [2]. The environmental
impact of the indiscriminate use of such products is rather clear, since
global warming and the associated climate change are causing serious
damage to populations and ecosystems. The transition from fossils to
renewable sources could represent a beneficial paradigm shift. However,
due to their intrinsic characteristics, wind and photovoltaic facilities
introduce a misalignment between energy generation and consumption
[3,4]. Consequently, it becomes imperative to substitute the combustion

processes with alternative technologies that ensure a diminution in
carbon emissions and, concurrently, provide programmable energy.

In this sense, hydrogen is one of the most promising energy carriers
and its production represents one of the most challenging processes
needed for the energetic transition towards a new greener economy. In
2022, global hydrogen consumption reached 95 Mt, with a 3% increase
from the previous year. According to the “Net Zero by 2050 scenario”
predicted by the International Energy Agency (IEA) [5], hydrogen use is
projected to grow 6% annually, reaching over 150 Mt by 2030. The 40%
of this rise will derive from new applications (heavy industry, transport,
electricity generation, fuel production, etc.), different from the tradi-
tional ones (like ammonia production, refining, or chemical industry).

In this context, hydrogen exploitation allows energy production
without the emission of greenhouse gases [6]. Steam Methane
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Reforming (SMR) (Eq. (1), coupled with Water Gas Shift (WGS) (Eq. (2),
and coal gasification are the most widespread and economically ad-
vantageous techniques for hydrogen production [7]. However, these
technologies are characterized by a high environmental impact in terms
of global warming potential, due to their associated CO, emissions.

CH4 +H,0—-CO + 3H, (€D)]
CO+H,0—-CO, +H, (2)

The implementation of CO, separation and sequestration processes is
therefore needed [8,9]. Although the integration of carbon capture and
storage (CCS) systems leads to reduced environmental impacts, the
resultant net energy efficiency of the reaction drops from 75% to 60%
[10]. Electrolysis based on renewable sources could represent an alter-
native and greener solution, thanks to the low greenhouse gases emis-
sions. However, the high energy production cost and the strong
dependence on climatic fluctuations make such technology unattractive
in some contexts, at least at the moment [11,12]. Therefore, in the
short/medium-term, it is necessary to develop low-cost techniques
based on the exploitation of fossil fuels, but presenting a low carbon
footprint.

In this sense, thermal methane decomposition (TMD), also referred
to as methane pyrolysis, represents one of the most promising technol-
ogies for hydrogen production. Hydrogen produced through this tech-
nique is commonly called ‘turquoise hydrogen’ [13], having an
intermediate environmental impact between the blue hydrogen ob-
tained through SMR coupled with CCS and the green hydrogen from
electrolysis. Methane decomposition process involves the radical
dissociation mechanism of the methane molecule into hydrogen and
elemental carbon (Eq. (3) [14]:

Despite a halved hydrogen yield with respect to SMR, methane pyrolysis
ensures lower environmental impact given that no CO; is associated
with its production. From an energetic point of view, thermal decom-
position of methane is a moderately endothermic reaction [15]. The
thermal energy necessary to produce a mole of molecular hydrogen is
37.8 kJ mol !, lower than the energy required by the SMR (63 kJ mol 1)
also considering the water vaporization enthalpy (44 kJ mol ! of H,0)
[16]. This means that the methane pyrolysis process is energetically
favored over the SMR reaction. Furthermore, the hydrogen production
cost via TMD on an industrial scale is estimated to be between 2.6 and
3.2 € kg™! (mainly depending on possible profits from the carbon
product). This cost is quite comparable to the approximately 1.8 € kg ™"
of hydrogen produced by SMR [10,17].

Due to the endothermic nature of the methane pyrolysis reaction,
high temperatures (above 1000 °C) are required to achieve sufficient
conversion rates [18]. The reason is ascribed to the high stability of the
C-H bond and to the symmetry of the methane molecular structure [19].
However, the use of proper heterogeneous catalysts ensures an increase
in the kinetics, thereby allowing to reduce the temperature at which the
reaction is conducted [20]. Transition metals, like nickel, cobalt, and
iron, are the most used catalysts for TMD [21,22]. Nickel catalysts are
the most active ones, but they quickly deactivate above 600 °C due to
the coking phenomenon [23,24]. Also, from a thermodynamic point of
view, the maximum conversion at 600 °C is too low (~60%), thus
implying high separation costs for the methane-hydrogen mixture in the
outlet. Cobalt-based materials have similar catalytic performances, but
they present higher toxicity and production costs. Iron catalysts
demonstrate a lower activity compared to previous metals, but they are
easily available and much less expensive. Moreover, they display an
enhanced tolerance to coke-related deactivation and greater stability at
elevated temperatures (700-1000 °C) [25]. This behavior is attributed
to an increased carbon diffusion through the iron lattice with respect to
the other metals [26,27]. A higher diffusion rate limits the deactivation
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of the active sites and increases the catalyst useful life. Therefore, due to
their resistance characteristics, low toxicity and low cost, iron catalysts
are promising candidates for the pyrolysis process on an industrial scale.

Generally, iron-based catalysts are subjected to ex-situ (calcination)
and in-situ (reduction) pretreatments to obtain the methane pyrolysis
active species (i.e. metallic iron). Specifically, calcination, depending on
the operation temperature, can generate iron oxides in different oxida-
tion states (hematite a-FeoO3, magnetite Fe3O4, wustite FeO), that get
reduced to metallic iron through a dedicated reducing pretratment [28].
The catalytic performances do not only depend on the nature of the
metal itself, but also on the possible supports. The physico-chemical
interactions between the metal and the support have a positive effect
on the synthesis of metal particles possessing controlled size and good
dispersion. Different materials can be used as supports, such as titania,
alumina, magnesia, and silica [29-32]. The catalyst-support bond in-
fluences the dispersion and reducibility of the metal species and,
consequently, their catalytic activity. A strong interaction promotes a
homogeneous dispersion of the active species, preserves the surface of
the metal during the reaction, and prevents the sintering of metal par-
ticles, increasing catalyst stability [33]. At the same time, a too strong
interaction hinders the reduction of metal oxide, hindering the forma-
tion of active sites and affecting their catalytic activity. A proper inter-
action between metal species and support ensures the right balance
between dispersion and reducibility of oxides. In some cases, the support
can even have an active role in the catalysis. For example, Tang et al.
studied the beneficial effect of ceria as iron-support on catalyst stability:
they observed that the deactivation of the catalyst caused by carbon
deposition was limited thanks to the partial oxidation of the deposits
produced during methane pyrolysis [34]. However, SiO3 and Al;O3 are
the most common supports adopted for iron catalysts, thanks to a high
thermal and chemical stability and a strong resistance to sintering
[35,36].

In addition to the chemical composition, the synthesis technique can
also influence the properties and performance of a catalyst. Wet
Impregnation (WI) is widely employed for the production of catalysts,
including those for methane pyrolysis: this simple technique allows
precise metal loading on the support surface, but suffers from limited
dispersion and sintering. Instead, different co-synthesis procedures can
improve metal dispersion and stability, by promoting the intimate
growth of the metal and support crystallites [37] or even the formation
of solid solutions [38]. Among the co-synthesis techniques, coprecipi-
tation, fusion and Solution Combustion Synthesis (SCS) are the most
used for catalyst preparation. Co-precipitation is widely employed due
to its simplicity and scalability; nevertheless, Fakeeha et al. have
observed low activity during methane pyrolysis for iron-alumina cata-
lysts obtained with this technique [28]. Fusion involves melting metal
precursors at high temperatures, producing stable but low-surface-area
materials [39]. SCS, on the other hand, relies on a rapid exothermic
reaction between an oxidizer (e.g. metal nitrates) and a fuel (usually an
organic chemical, such as urea, glycine, or citric acid) to generate highly
porous catalysts with enhanced metal dispersion [40,41]. While fusion
offers better thermal stability, SCS often provides superior catalytic
activity due to high surface area and tunable morphology and structure,
also depending on the type and quantity of fuel used during the synthesis
[42,43]. In this regard, Chanoi et al have prepared FeAlOx nano-
composites by SCS using different fuels, iron loading, and heating modes
[42].They found out that the type of fuel has the greatest impact on the
material properties: citric acid leads to larger surface area, but the
higher combustion temperature reached when using glycine allows the
formation of a FeAl,04/Fe304 solid solution, which could be expected to
have better thermal stability. Indeed, the formation of hercynite
(FeAl;04) was also observed by Zhou et al., when preparing Fe-Al,03
materials by fusion [39]: the presence of this phase improved catalyst
stability during TMD, thanks to the strong bonding between the oxide
and the active site, limiting its encapsulation by carbon [39,44]. How-
ever, although iron-alumina materials synthesized by SCS could be
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promising catalysts, their application to methane pyrolysis has not yet
been evaluated.

In this paper, the methane decomposition process over alumina-
supported iron catalysts was investigated. The catalytic performance
and kinetics of catalysts with varying iron loadings and synthesized
using two different techniques (WI and SCS) were evaluated. Time on
stream (TOS) tests at 800 °C were carried out to study the catalytic
behavior of the samples over time. Kinetic tests allowed to assess the
order of reaction and the activation energy of catalytic methane pyrol-
ysis over these iron-alumina samples. Activity and kinetic results were
correlated with the structural, morphological, and chemical character-
istics of the fresh and spent materials, offering a comprehensive per-
formance and characterization comparison between a well-established
synthesis technique (WI) and an innovative one for methane pyrolysis
(SCS).

2. Materials and methods
2.1. Catalyst synthesis

The present study takes into consideration two distinct synthesis
techniques, i.e. Wet Impregnation and Solution Combustion Synthesis,
to produce samples with different iron loadings (40 wt% Fe;03 — 60 wt%
Aly03, 60 wt% Fey03 — 40 wt% Al,03) by using alumina as support. The
catalysts are designated as follows:

e Fe40A160-WI and Fe40A160-SCS refer to the samples consisting of 40
wt% iron oxide and 60 wt% alumina obtained through WI and SCS,
respectively.

e Fe60A140-WI and Fe60A140-SCS refer to the samples consisting of 60
wt% iron oxide and 40 wt% alumina obtained through WI and SCS,
respectively.

Wet-impregnated catalysts were prepared by adding stoichiometric
amounts of Fe(NO3)3-9H20 and y-Al;03 (Sigma-Aldrich) in 50 mL of de-
ionized water [45]. The suspension was constantly stirred at 80 °C for 5
h until complete evaporation of water, with the aim of precipitating iron
on the alumina support. The catalyst was dried at 70 °C for 14 h and
finally calcined at 650 °C for 4 h with a ramp of 10 °C min™".

In the case of Solution Combustion Synthesis, stoichiometric
amounts of metal precursors, i.e. Fe(NO3)3-9H20 and AI(NOs3)3-9H20
(Sigma-Aldrich), and fuel, i.e. glycine (Alfa Aesar), were dissolved in 60
mL of de-ionized water under constant stirring for 10 min at room
temperature (RT). Subsequently the solution was inserted into an oven
and kept at 250 °C for 2 h (heating with a ramp of 5 °C min™?) to co-
synthesize the catalysts. The powder was finally calcined at 650 °C for
4 h with a ramp of 10 °C min .

2.2. Catalyst characterization

Inductively coupled plasma-mass spectrometry (ICP-MS) was used to
identify and accurately quantify the elemental composition of the cat-
alysts. A precise mass (30 mg) of each sample was dissolved in an acid
solution containing 4 mL of HNO3, 4 mL of HySO4, 2 mL of HCl and < 1
mL of HF, using an Anton Paar Multiwave 5000 microwave digestion
system. The analysis was conducted through a Thermo Scientific iCAP
RQ ICP-MS device.

X-ray diffraction (XRD) analysis was carried out with a Philips X’Pert
PW3040 diffractometer, using Cu Ko radiation (A = 1.5418 x 10710 m).
Scherrer’s equation was applied to determine the average crystallite
size, and a LaBg calibration standard was used to adjust for instrumental
peak broadening.

The average pore properties and specific surface area (SSA) were
analyzed using nitrogen physisorption with a Micromeritics Tristar II
3020 instrument, utilizing the Barrett-Joyner-Halenda (BJH) and
Brunauer-Emmett-Teller (BET) methods. Before the analysis, the
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catalyst powder was pretreated at 200 °C for 2 h in a nitrogen (N2) flow.

The morphology of the samples was examined using field emission
scanning electron microscopy (FESEM) with a Zeiss Merlin equipped
with a Gemini-II column. To enhance image quality, the solid powder
was coated with a 5-nm-thick platinum (Pt) layer using sputter deposi-
tion prior to imaging.

The microstructure of the four samples was analyzed using trans-
mission electron microscopy (TEM) with a Thermo Scientific Talos
F200X microscope operating at 200 kV. The specimens were prepared by
suspending the powder in 2-propanol and drop casting it on a copper
grid coated with a lacey carbon film. Energy dispersive X-ray spectros-
copy (EDX) was employed to collect elemental maps in scanning
transmission electron microscopy (STEM) mode.

Temperature programmed reduction with hydrogen (Hy-TPR) was
performed using an Altamira Ami-300Lite instrument equipped with a
thermal conductivity detector (TCD). The sample powder (50 mg) was
first pretreated in helium (He) at 550 °C for 30 min, then heated from 50
to 900 °C under a flow of 5% hydrogen (H3) in argon (Ar), using a ramp
of 10 °C/min.

A Renishaw InVia Raman microscope was employed to collect
Raman spectra of the samples in backscattering configuration, using a 5x
objective, a 514.5 nm excitation wavelength, and a 0.5 mW laser power.
The RT Raman spectra were obtained averaging several spectra acquired
in different regions of each sample, each one collected with a total
exposure time of 225 s. The laser power was carefully adjusted in order
to avoid crystallization or phase changes that may occur during the
Raman measurement due the well-known sensitivity of iron oxides to
laser-induced heating,

2.3. Experimental setup

All the catalytic tests were conducted in a fixed-bed reactor. The
latter consists of a U-shaped quartz tube containing a catalytic bed
prepared by mixing 50 mg of catalyst and 250 mg of SiO; as dilutant. To
support and stabilize the bed, a quartz wool plug was inserted into the
tube. Both the synthesis procedures produced fine powders, which
would cause an increase of pressure drops and analyzer delays. There-
fore, prior to the tests, the samples were pelletized and sieved to
generate particles with controlled dimensions (212-300 pm). The
porosity of the bed was also significantly increased by the presence of
silica, leading to a reduction in pressure drops, which typically increases
by the gradual deposition of solid carbon as the reaction proceeds.
Temperature measurement was conducted using a K-type thermocouple
placed above the catalytic bed, with the tip positioned approximately at
1 -5 mm from it. The gas concentration analysis was performed using an
ABB 2020 analyzer: hydrogen concentration was determined using a
thermal conductivity detector (TCD), oxygen concentration was
measured with a paramagnetic detector, while carbon monoxide, carbon
dioxide and methane concentrations were quantified using an infrared
detector.

Before each experiment, nitrogen was flowed into the reactor to
achieve inert conditions. Prior to introducing methane, a reduction
treatment was conducted. This pretreatment is necessary to reduce iron
oxides, since the active species for pyrolysis is the metallic iron (Fe). The
protocol involved flowing hydrogen (5% in Njy) at a rate of 120 mL
min~! for 130 min. This interval includes a temperature ramp from
ambient to 900 °C at a rate of 10 °C min ™", followed by a hold of 40 min.
After the reduction process, the proper temperature was set, and
methane was introduced into the reactor. Two types of tests were
conducted:

e Time on stream (TOS) tests were performed to assess the catalyst
deactivation over time, by introducing a specific methane concen-
tration (3.5% CHy4 in Ny) into the reactor while maintaining the latter
at a predetermined, constant temperature for several hours (800 °C
for 2.5 h). The flowrate to mass ratio was maintained constant at 131
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NL geth ! throughout all experiments. The residence time calculated
at 800 °C varies from 0.030 to 0.031 s, depending on the bulk density
of the catalyst.

e Kinetic tests were carried out by varying the methane concentration
(from 3.5% to 0.5%) at a fixed temperature. Multiple tests were
performed at different temperatures to evaluate the kinetic param-
eters of the reaction.

The main reaction conditions used during the methane pyrolysis tests
are further detailed in Table 1.

3. Results and discussion

This study focuses on the characterization and performance evalua-
tion of iron-based catalysts. The samples were synthesized with two
different compositions and using two distinct procedures: Wet-
Impregnation (WI) and Solution Combustion Synthesis (SCS). These
methods are widely used, efficient, and cost-effective techniques for
catalyst preparation, due to their simplicity and minimal waste. In WI,
ferric nitrate and y-alumina were combined in deionized water, stirred,
and heated until the solvent is completely evaporated, ensuring the
precipitation of iron onto alumina. The formation of metal oxides occurs
primarily during the calcination phase. Instead, SCS is a co-synthesis
process, involving a redox reaction between metal precursors (i.e. ni-
trates), and an organic fuel (i.e. glycine). The process includes mixing
the precursors and the fuel in water, heating to form a gel, and then
igniting it to achieve a self-propagating combustion. The high temper-
atures generated sustain the reaction between the oxidizer and the
reducing agents, leading to the formation of a porous oxide with uniform
properties.

3.1. Structural and textural properties of the fresh catalysts

Complementary characterization techniques were employed to study
the surface morphology, the intrinsic structural properties, and the
chemical composition of the synthesized catalysts. These properties are
indeed linked to the catalytic activity of the material; hence, their
knowledge enables a rigorous comparison between the various catalyst
types. Preliminary studies focused on the quality of the synthesis, by
evaluating the actual elemental composition of the produced samples
through ICP-MS. Table 2 shows the real iron loadings of the catalysts
(Feo03 wt%), which are close to the nominal values.

Nitrogen physisorption and the BET method were used to determine
the specific surface area of the catalysts [46], a key parameter which is
linked to the density of available active sites. The average pore diameter
and total pore volume were also measured, using the BJH algorithm.
Fig. 1 shows the nitrogen adsorption isotherms of all the fresh catalysts,
while Table 2 presents the textural characterization results. Analysis of
data obtained from nitrogen physisorption reveals significant differ-
ences in the specific surface area of the samples, depending on the
composition and on the synthesis technique used. Catalysts synthesized
via impregnation show higher SSA, tending to the high surface area of

Table 1
Process parameters adopted during activity and stability tests performed over
the synthesized catalysts.

Step Temperature Pressure Gas Flow- Time
concentration rate
°C bar - mL min
min~?
Pretreatment 900 1 5% Hy 120 40
Time on 800 1 3.5% CH4/Ny 120 150
stream

Kinetics 640-720 1 0.5-3.5% CHy4/ 120 60

N
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Table 2

Textural properties of the fresh iron-based catalysts.
Catalyst Fe,05" SsA® \A D, "

wit% m? g’1 cm® g’1 nm

Fe40A160 — WI 37.7 91.8 0.18 8.0
Fe60A140 — WI 62.6 57.3 0.13 10.1
Fe40Al60 — SCS 40.6 46.5 0.11 9.9
Fe60A140 — SCS 58.1 23.8 0.08 249
Al,O3 - 151 0.21 5.6

# The actual Fe,O3 content was evaluated through ICP-MS.
b The specific surface area (SSA), total pore volume (Vp) and average pore
diameter (D;,) were measured using Np-physisorption.

140 :
__ [F—Fesonie0-wi
o FeB0AI40 - WI
b5 120 Fe40AI60 - SCS
o Fe60AI40 - SCS
“E 1004
O
D 801
=
?
© 60 -
<
Z
£ 40+
(]
=
O 20
0 T T T T
0.0 02 0.4 06 0.8 1.0

Relative Pressure (p/p°)

Fig. 1. Nitrogen adsorption isotherms of the fresh iron-based catalysts.

the alumina used as porous support (ca. 150 m? g~1). Instead, the cat-
alysts produced via SCS, originating from iron and aluminum pre-
cursors, are characterized by lower surface area. The iron loading also
significantly influences the structural characteristics of the sample.
Specifically, the higher the iron loading, the lower the surface area and
the pore volume. This result indicates that improved structural charac-
teristics, in terms of surface area and porosity, can be attributed to the
presence of alumina. In both WI and SCS preparation processes, the
deposition of iron oxide within the cavities of alumina increases pore
obstruction. This leads to a reduction in both the specific surface area
and pore volume.

X-ray diffraction was employed to investigate the structure of the
synthesized materials. Fig. 2a shows the XRD patterns of the fresh cat-
alysts and of alumina. Analysis of the Fe40Al60 — WI and Fe60A140 — WI
profiles shows that the most intense peaks (20 = 24.3°; 33.3°; 35.7°; 41°;
49.6°; 54.2°; 57.7°; 62.6°; 64.1°; 72.3°; 75.6°) appear in the same po-
sitions and are associated with iron oxide (a-Fe;O3) [47,48]. The SCS
samples, and especially Fe40Al60 — SCS, exhibit a markedly different
pattern from the previous ones, displaying the presence of more intense
alumina peaks (in the same positions of WI fresh catalysts). Notably, this
synthesis led to the formation of a mixed iron-aluminum oxide
(AlFeQy), with peaks observed at 20 = 31.6°, 35.7°, 58.9°, and 64.2°
[49]. Furthermore, the diffractogram associated with the Fe40A160 —
SCS catalyst is less intense compared to the others, likely due to the
smaller crystallite size and a more amorphous structure.

XRD analysis has also been conducted on pretreated catalysts in
order to evaluate the influence of reduction on the sample composition
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Fig. 2. Diffractograms of fresh (a) and pretreated (b) alumina-supported iron catalysts.

and structure (Fig. 2b). The formation of metallic iron as a result of the
reduction process is clearly indicated by the peak at 44.6°, observed in
all the diffractograms [50]. However, the Aly,FeO4 mixed phase was still
present in the SCS co-synthesized samples, even after reduction at
900 °C. Table 3 reports the crystallite size of Fe;O3 and metallic iron
before and after the pretreatment for all the specimens. Generally,
smaller crystallites were obtained through SCS synthesis. However, the
crystallite diameter significantly increased after the pretreatment step,
due to the coalescence of the metallic iron particles induced by the high
temperature. Impregnated catalysts show not only a higher crystallite
size but also a more pronounced increase. This effect can be likely
attributed to a weaker interaction of iron particles with the alumina
support. Conversely, the improved contact intimacy between iron and
alumina in the SCS samples, which even leads to the formation of a
mixed phase, helps to inhibit sintering and maintain a good iron
distribution.

The structure and composition of the samples were further studied by
Raman spectroscopy. Fig. 3 shows Raman spectra of the fresh iron-based
catalysts. For all the analyzed samples, the detection of peaks associated
with alumina is more challenging due to its relatively low degree of
crystallinity. The presence of a-Fe;O3 (hematite) is revealed by peaks at
low Raman shift values, ascribed to A;g (228 cm ! and 498 cm™ 1) and
E1g modes (297 cm_l, 414 cm_l, and 612 cm_l) [51-53]. The broad
peak at 1350 cm ! is also related to the presence of hematite [54]. A
weak peak at 664 cm ! suggests the existence of some Fe30, (magnetite)
in the sample [55], or of structural distortion linked to the presence of
defects [54]. Raman signals are particularly evident in the spectra of all
the specimens except for Fe40A160 — SCS, where peaks attributable to
the main crystalline phases of iron oxide are instead absent. This is
consistent with the higher degree of amorphousness exhibited by this

Table 3
Average size of Fe,O3 crystallites in fresh samples and Fe crystallites in pre-
reduced catalysts, estimated from XRD data using Scherrer’s equation.

Catalyst Average crystallite size”
Fe,03 (fresh) Fe (pretreated)
nm nm

Fe40Al60 — WI 27 99

Fe60A140 — WI 55 139

Fe40Al60 — SCS 5 13

Fe60Al40 — SCS 29 49

# The average size of Fe,O3 crystallites in fresh samples was evaluated using
the peaks at 24.3°, 33.3°, 35.7°, 41°, 49.6°, 54.2°, 62.6°, and 64.1°, while for Fe
crystallites in pre-reduced catalysts the peaks at 44.6° and 64.9° were used.
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Fig. 3. Raman spectra of the fresh iron supported catalysts.

material compared to the other catalysts, as also evidenced by the broad
bands in the Raman spectrum. As Fe40A160 — SCS, also Fe60A140 — SCS
shows a weak broad signal at 743 cm™?, indicating a more amorphous
structure compared to the samples obtained by impregnation.
Temperature-Programmed Reduction (Hy-TPR) was further
employed to investigate the reducibility of the catalysts as a function of
temperature. The reduction profiles of the samples are presented in
Fig. 4. The reduction process involves the passage from iron oxides,
particularly Fe,Os, to metallic iron, which is the active site necessary for
catalyzing methane pyrolysis. In analyzing the TPR profiles, distinct
reduction peaks can be observed for the different catalysts. The reduc-
tion spikes at different temperatures correspond to the formation of
distinct iron phases during the transition from hematite (as indicated by
XRD diffractograms) to metallic iron (FepO3 > Fe3O4 > FeO > Fe). The
high heating rate (10 °C min™?) shifts the complete sample reduction to
higher temperatures and causes overlapping of the reduction peaks
observed at elevated temperatures [56]. The WI catalysts display
broader and more gradual reduction peaks. This suggests a less efficient
transition from FepO3 to metallic Fe, likely due to larger iron particle
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Fig. 4. Temperature-programmed reduction (H,-TPR) profiles of the fresh iron-
based catalysts.

size. In contrast, the SCS catalysts exhibit slightly more distinct reduc-
tion peaks, related to a more complete reduction process. The lower
reduction temperature for the Fe60A140 — SCS sample indicates a higher
fraction of easily reducible iron oxide. This is consistent with the XRD
analysis (Fig. 2b), which shows that, after the reducing pretreatment,
this catalyst maintains a small crystallite size (Table 3). In fact, smaller
crystallites facilitate the transition from FepO3 to metallic Fe at lower
temperatures [57]. On the contrary, Fe40Al60 — SCS exhibits the first
peak shifted to higher temperatures, likely due to the intimate mixing
between iron and alumina, which hinders the reduction of iron oxides.

Fig. 5 shows FESEM, TEM, and STEM-EDX characterizations per-
formed on Fe40Al60 - SCS. The FESEM image reveals the overall
morphology of the catalyst, displaying irregularly shaped particles and a
porous structure with a ‘spongy’ texture, which derives from the syn-
thesis technique. An analogous porosity, albeit less evident, was also
observed for the Fe60A140 — SCS sample, while the WI catalysts are
made of irregular rounded particles (Fig. S1). Structural features such as
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surface irregularities and porosity can facilitate gas diffusion during
methane pyrolysis, thereby promoting catalytic activity. Fig. 5c and
d present elemental distribution maps for aluminum (Al) and iron (Fe) in
the Fe40A160 — SCS sample, acquired through EDX analysis (see also
Fig. S2). The uniform distribution of Al in the green map and Fe in the
red map suggests effective incorporation of iron into the alumina matrix,
which is critical for optimizing catalytic performance and may result
from a strong metal-support interaction. Furthermore, Fig. Se features a
high-resolution transmission electron microscopy (HR-TEM) image that
reveals the crystallographic structure of the catalyst. The insets highlight
specific lattice planes, with measured d-spacing values of 2.02 A for
AlyFeO, (400), 2.98 A for Al,FeO4 (222), and 2.47 A for Al,FeO, (311),
confirming the formation of a mixed iron-aluminum oxide. The
Fe60A140 — SCS catalyst showed instead the presence of small crystal-
lites of Fe;03 and Al;Os3, but in close contact with each other, as shown
in Fig. S3. Conversely, a major segregation was observed for the two WI
samples, presenting big Fe;O3 particles surrounded by the alumina
matrix (Figs. S4 and S5).

3.2. Catalytic performances

To assess the performance and long-term stability of the four sam-
ples, time on stream (TOS) tests were carried out. Prior to testing, a
reduction pretreatment was conducted (5% Hjy in N3 at 900 °C for 40
min) to convert iron oxide into metallic iron. The pyrolysis reaction was
then carried out by feeding 120 mL min ' of methane (3.5% CHy4 in Ny)
into the reactor. All tests were conducted at 800 °C for 2.5 h. For the sake
of comparison, the non-catalytic pyrolysis of methane was also per-
formed under identical reaction conditions but filling the reactor with
inert silica.

Fig. 6 presents methane conversion profiles over time for all the
catalysts. The non-catalytic curve maintains a steady state throughout
the entire reaction, with a conversion close to 0.5%. Instead, in the
presence of the catalysts, high conversions were initially observed, fol-
lowed by a quick decline and then by stabilization around a steady state.
The initial rapid drop is due to a fast deactivation of most catalytic sites
caused by carbon deposition. In fact, at the beginning of the reaction, the
fresh catalyst has highly active Fe sites available, but they quickly
transform into iron carbides (vide infra) and start being covered by the
solid carbon product, causing a natural decline in conversion. Then,
after 10-20 min, the conversion stabilizes, and the activity remains
nearly constant throughout the test. In fact, iron carbide presents lower
activity but better stability compared to metallic iron, leading to slow

Fig. 5. Characterization of the fresh Fe40A160 — SCS catalyst using various microscopy techniques, including FESEM (a), STEM (b), EDX (c, d) and HR-TEM (e).
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Fig. 6. Evolution of methane conversion as a function of time during TOS tests
carried out at 800 °C over the iron-based catalysts. The conversion profile of
non-catalytic methane decomposition is also reported for comparison.

catalyst deactivation. Additionally, an “autocatalytic” effect of the
deposited carbon may contribute to maintaining a nearly constant
conversion over time, since carbon nanotubes have been proven to have
a certain activity for methane pyrolysis [58]. However, this contribution
from CNTs can be expected to be quite marginal at 800 °C.

The conversion profiles in Fig. 6 point out a higher initial activity of
the SCS samples compared to the impregnated ones, probably due to the
better dispersion of small iron crystallites over the alumina matrix (as
indicated by XRD and TEM results). Moreover, the SCS materials also
exhibit a higher conversion plateau after the initial activity drop. This
effect can be linked to the presence of Aly;FeO4 [39]: the strong bonding
between this compound and the active sites can indeed reduce sintering
phenomena and hinder iron encapsulation by carbon nanotubes [59],
thus improving the catalyst stability. Notably, for the SCS synthesis, the
higher the iron loading, the higher the activity of the catalyst.
Conversely, the two WI samples show very similar conversion curves, an
indicator that an increased iron concentration from 40% to 60% does
not enhance the catalytic performance of the samples obtained by
impregnation. In fact, for Fe60A140 — WI the increase in activity due to a
higher iron concentration is likely offset by a reduction in specific sur-
face area and pore volume. This phenomenon leads to an initial greater
catalyst deactivation caused by carbon deposition. A brief study on the
deactivation kinetics of the Fe60A140 — WI and Fe60A140 — SCS samples
at low temperatures is reported in the Supporting Information (see
Fig. S12 and Table S3). Both the catalysts show a reaction order of
deactivation close to 1, but the WI sample has a quite higher activation
energy for deactivation with respect to the SCS one.

3.3. Kinetic parameters

For methane pyrolysis in the absence of catalysts, activation energy
values range from approximately 350 to 420 kJ mol ! [60]. In order to
assess how the presence of a catalyst affects this parameter, kinetic tests
were carried out for the two iron-based samples with the higher iron
content. This decision is driven by the aim of evaluating the kinetics of
the catalyst that exhibits the best activity (Fe60A140 — SCS) and to
compare it with the catalyst with the same composition obtained
through impregnation. The reaction rate for the methane pyrolysis re-
action Rpyrolysis (mol s~ g71) is expressed by the following equation:
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Ropyrotysis = kCZHﬂ(") 4
where k (mol'™ m3" s~! g’l) is the kinetic constant, Ccrg (mol m™2) is
the concentration of methane, n is the order of the reaction and a(t) is
the time-dependent activity of the catalyst. The kinetic constant k is a
function of temperature and can be derived using the Arrhenius
equation:

Fu
k= kwexp( - R“T) ®)

in which k,, is the pre-exponential factor, Eq (kJ mol™!) is the activa-
tion energy, R (J mol~ ! K1) is the gas constant, and T (K) is the tem-
perature. Values of k at various temperatures were employed to
determine the pre-exponential factor and the activation energy.

The kinetic study of the catalyst was conducted at lower tempera-
tures than that used in the TOS tests. The objective was to limit the rapid
deactivation of the catalyst due to carbon deposition and to ensure that
the system was operating under reaction-controlled conditions. Both
phenomena would indeed contribute to the alteration of kinetic pa-
rameters. Carbon deposition leads to catalyst deactivation, resulting in
an underestimation of its true activity and associated kinetic parameters.
Similarly, a mass transfer-limited condition results in a reaction rate that
no longer reflects the intrinsic rate of the catalyst, but is rather deter-
mined by the rate at which reactants reach the active sites. The evalu-
ation of the rate-limiting step was carried out through a study of the
Thiele modulus (the detailed procedure is described in the Supporting
Information document [61]). To ensure that these phenomena did not
affect the evaluation of the reaction kinetics, proper ranges of working
temperatures were selected, slightly different for the two samples due to
their different activity: from 660 °C to 720 °C for Fe60A140-WI, and from
640 °C to 700 °C for Fe60A140-SCS. At these temperatures, a weak or
negligible deactivation occurred, and the system was under reaction-
controlled conditions. Trials conducted at 660 °C, 690 °C, and 720 °C
for the WI catalyst, as well as those at 640 °C, 665 °C, and 700 °C for the
SCS sample, were repeated three times to verify the repeatability of the
experiments and to enhance the accuracy of the results.

Fig. 7 illustrates the Arrhenius plot, while Table 4 presents the main
parameters obtained from kinetic tests. The results confirm that the
reaction order is approximately 1 (based on the averaged values ob-
tained across all tests), which is consistent with literature data [62,63].
Moreover, the lower activation energy of the Fe60Al40-SCS sample
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Fig. 7. Arrhenius plot of Fe60A140 — WI and Fe60AI40 — SCS.



P. Vedele et al.

Table 4
Kinetic parameters of the iron-based catalysts obtained from Arrhenius plot.

Catalyst Order of reaction n Activation energy Eq In k,*

— kJ mol ! -
Fe60Al40 — WI 0.95 160.3 + 9.5 8.37 +£1.19
Fe60Al140 — SCS 1.04 133.1 +13.9 5.71 + 1.80

# Logarithm of the pre-exponential factor.

aligns with its superior TOS performance at equivalent temperatures
compared to the Fe60A140-WI sample. The Fe60A140 — WI catalyst
shows a higher pre-exponential factor, indicating a greater concentra-
tion of active sites within the material. However, this parameter is offset
by a significantly higher activation energy compared to the catalyst
obtained through solution combustion synthesis. Consequently, despite
having fewer active sites, the Fe60A140 — SCS sample exhibits higher
catalytic activity, as demonstrated by time on stream tests.

3.4. Structural and textural properties of the spent catalysts

A comprehensive analysis of the spent catalysts was conducted on
samples tested at 800 °C for 2.5 h, in the absence of silica to avoid
contamination and obtain clearer information.

A comparison of the X-ray diffractograms of fresh and spent catalysts
reveals compositional changes due to the pre-reduction treatment and
the deposition of graphite on the catalyst surface. As shown in Fig. 8,
characteristic peaks of ferric oxide disappeared after reaction, while
peaks typical of carbon appeared (20 = 26.5°). A series of intense peaks
can be observed, attributable to the presence of FesC iron carbide (20 =
37.7°, 39.7°, 40.6°, 42.8°, 43.7°, 45.9°, 48.2°, 49°, 51.7°, 54.4°, 56°,
58°, 61.4°, 70.8°, 77.8°) [57]. The formation of this compound is ex-
pected during the pyrolytic process, as it is an intermediate in the
mechanism of carbon nanotube growth [64]. Also, the background noise
in the diffractograms of the spent SCS samples may be linked to their
lower crystallinity. Furthermore, the higher the iron loading, the clearer
the XRD pattern.

A Raman investigation of the spent samples was conducted to iden-
tify the nature of the carbon formed on the surface of the catalyst during
the thermocatalytic pyrolysis of methane (Fig. 9). All the analyzed
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Fig. 8. X-ray diffraction patterns of spent iron-based catalysts after methane
pyrolysis at 800 °C for 2.5 h.
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Fig. 9. Normalized Raman spectra of spent iron-based catalysts after methane
pyrolysis at 800 °C for 2.5 h.

samples are characterized by an almost unperturbed peak at 1580 cm ™2,
also referred to as the G band, that arises from the in-plane vibration of
ordered sp2 carbon atoms. An additional band at 1350 cm ™!, the D band,
is instead characteristic of graphite with a certain degree of disorder
[65-67]. The D and G bands indicate therefore the presence of a disor-
dered and graphitic-like carbon structure, respectively, formed during
the reaction. Variations in intensity and peak position reflect differences
in the degree of graphitization of the carbon deposited across the cata-
lysts. The intensity ratio between the D and G bands is hence indicative
of the degree of disorder of the graphitic structure. For the catalysts with
60% iron loading, the intensity of the D band is relatively lower
compared to that of Fe40A160 samples (lower D/G ratio, see Fig. 9). This
suggests that higher iron loading and larger iron particle size are

280nm
CNT

Fig. 10. FESEM (a) and TEM (b) images and STEM-EDX maps (c, d) of spent
Fe40A160-SCS catalyst after methane pyrolysis.
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associated with a higher degree of order in the produced carbon.

Fig. 10 shows the characterization of the spent Fe40Al60 — SCS
through FESEM, TEM and STEM-EDX. The FESEM image in Fig. 10a
illustrates the overall morphology of the catalyst, highlighting the
presence of elongated, tubular structures characteristic of carbon
nanotubes (CNTs) emerging from the catalyst surface [68]. Fig. 10b
shows a higher-resolution view obtained through TEM, which further
emphasizes structural details of a nanotube. TEM analysis revealed the
presence of highly crystalline multi-walled CNTs exhibiting regular
fringes, characterized by interplanar spacings of about 3.27 A. Both
mechanisms of nanotube growth (i.e. base growth and tip growth
[69,701) were observed in this study, as showed by FESEM, TEM and
STEM-EDX images in Supporting Information (Figs. S6-S10). Indeed,
some iron particles were still in contact with the alumina support, but
others were found at the tip of a CNT (see Fig. S7). Further investigations
are needed to assess how these growth mechanisms influence catalyst
deactivation during catalytic pyrolysis of methane. Fig. 10c displays
EDX elemental maps of aluminum (Al) and iron (Fe). The overlapping
regions (more abundant in the SCS samples, see Fig. S9 and S10) indicate
a strong interaction between the iron catalyst and the alumina support,
which is essential for maintaining catalytic activity during methane
pyrolysis. Instead, more isolated iron was detected in the spent WI
samples (especially in Fe60Al40 — WI, see Fig. S8), confirming their
higher tendency to sintering and encapsulation of iron sites. Fig. 10d
shows the distribution of carbon (in yellow), confirming the formation
of carbon nanotubes in proximity to the iron sites, which play a crucial
role in the dynamics of catalyst deactivation.

4. Conclusions

Methane pyrolysis is an attractive approach for hydrogen produc-
tion, offering a cleaner alternative to steam reforming by avoiding the
direct production of CO; as a byproduct. Iron-based catalysts play a
crucial role in facilitating the reaction, and their performance can be
influenced by the synthesis method and iron loading. In this study, the
performance of four alumina-supported iron catalysts was investigated:
two samples were synthesized via wet impregnation (WI) and two via
solution combustion synthesis (SCS), with iron oxide loadings of 60 wt%
and 40 wt% for each synthesis method. Catalysts prepared by SCS
exhibit superior catalytic performance during methane pyrolysis at
800 °C, as demonstrated by time on stream tests. XRD and H,-TPR an-
alyses revealed that, during the pretreatment phase, all catalysts un-
dergo the reduction of iron oxide to metallic iron, which serves as the
active site for the reaction. However, while SCS catalysts maintain
smaller iron crystallites and some Al,FeO4 mixed phase after the pre-
treatment, WI materials are characterized by significant coalescence of
iron particles. All the samples also exhibit rapid deactivation during the
initial phase of the reaction, until a steady state is reached. This behavior
can be attributed to the formation of iron carbide, which has lower ac-
tivity but further catalyzes the reaction, as well as the deposition of
carbon nanotubes, which however might have a slight autocatalytic
effect on the process. Kinetic analysis supported previous observations,
showing that SCS catalysts have a lower activation energy (133 kJ mol !
of Fe60A140 — SCS compared to 160 kJ mol ! of Fe60A140 — WI catalyst)
despite a lower pre-exponential factor, suggesting fewer but more active
sites compared to the WI catalysts. Structural and morphological char-
acterization of the spent catalysts using Raman spectroscopy, FESEM
and TEM revealed the formation of carbon nanotubes, with both tip
growth and base growth mechanisms observed. In some instances, the
growth of carbon filaments led to the detachment of the iron active sites
from the alumina support, in others the carbon deposits cover the active
site. Overall, better iron dispersion over alumina was observed in spent
SCS catalysts by EDX. These results suggest that the enhanced stability
and catalytic performance of SCS materials can be attributed to better
resistance to particle sintering, smaller iron crystallite size, and presence
of AlyFeO4 mixed oxide. All these features make SCS catalysts more
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effective for methane pyrolysis, offering improved long-term activity
and durability under reaction conditions.
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