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Abstract: The coupling of methane pyrolysis with the gasification of a solid carbon byproduct pro-
vides CO2-free hydrogen and hydrogen-rich syngas, eliminating the conundrum of carbon utilization.
Firstly, the various types of carbon that are known to result during the pyrolysis process and their
dependencies on the reaction conditions for catalytic and noncatalytic systems are summarized. The
synchronization of the reactions’ kinetics is considered to be of paramount importance for efficient
performance. This translates to the necessity of finding suitable reaction conditions, carbon reactivi-
ties, and catalysts that might enable control over competing reactions through the manipulation of
the reaction rates. As a consequence, the reaction kinetics of methane pyrolysis is then emphasized,
followed by the particularities of carbon deposition and the kinetics of carbon gasification. Given the
urgency in finding suitable solutions for decarbonizing the energy sector and the limited information
on the gasification of pyrolytic carbon, more research is needed and encouraged in this area. In order
to provide CO2-free hydrogen production, the reaction heat should also be provided without CO2.
Electrification is one of the solutions, provided that low-carbon sources are used to generate the
electricity. Power-to-heat, i.e., where electricity is used for heating, represents the first step for the
chemical industry.

Keywords: methane pyrolysis; solid carbon gasification; CO2-free hydrogen production; electrification;
power-to-heat

1. Introduction

Hydrogen (H2) is currently seen as a key element for enabling a sustainable and
environmentally friendly energy source. It provides the answer to one of the most urgent
problems nowadays: the heavy emission of greenhouse gases (GHGs) from the processing
of fossil fuels and their scarcity in the near future. Global H2 production is currently
dominated by steam methane reforming (SMR), which, based on 2019 reports, accounts for
76% of the total amount produced, followed by coal gasification with 23%, and electrolysis
with 2% [1]. CO2 emissions resulting from the production of H2 via the current state-of-
the-art SMR are estimated to be 9–12 kg CO2/kg H2, i.e., both due to the reaction and the
energy requirements [2] (Figure 1). On the usage side, global H2 consumption is divided as
follows: 33% for oil refining, 27% for ammonia production, 11% for methanol synthesis, and
3% goes into iron manufacturing [1]. The amount of H2 required for ammonia production
is particularly interesting as it is estimated that approximately 48% of the global population
is fed by synthetic ammonia [3]. It deserves mentioning that even though large quantities
of ammonia are produced and the transportation routes are well established worldwide, it
would be challenging to divert part of the ammonia produced for H2 applications, without
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perturbating the value chain, for example, due to the recent surge of interest in ammonia
cracking from the industrial sector [4].
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Figure 1. Hydrogen based on the reformer technology, highlighting the CO2 emitted from both the 
energy requirements (red line) and reaction (blue line). Natural gas is used both to fire the methane 
burners and as a feed for the reaction, after being preheated in the convection section . The hydrogen 
content is increased in the water gas shift (WGS) reactor, and CO2 is removed by pressure swing 
adsorption (PSA). 

Many methods for H2 production have been investigated in the literature and indus-
try, described by color codes ranging from green (via water electrolysis with renewable 
energy input and no CO2 emissions) to black (via thermochemical splitting of water with 
coal as an energy source and high CO2 emissions) [5]. Each method has been evaluated 
based on the following characteristics: H2 source (e.g., water, natural gas, or biomethane), 
energy source (e.g., renewable, grid electricity, nuclear, etc.), production process (e.g., 
electrolysis and thermochemical, etc.), byproduct (O2, CO2, solid carbon, etc.), and values 
for CO2 emissions per ton of H2 produced. We acknowledge the fact that although H2 pro-
duced via water electrolysis with renewable energy (e.g., offshore wind energy) input is 
labeled as green with no CO2 emissions along the production chain, some offshore wind 
platforms have diesel generators installed for specific operational needs, such as during 
commissioning. Recently, the concept of “golden hydrogen” has been put forward by 
Lubbe et al. [6] for H2 produced in dedicated solar generators. 

A cleaner and more sustainable alternative to SMR must be developed, and ideally, 
already at an industrially relevant size. Methane pyrolysis is a thermal and/or thermocat-
alytic process where methane is split, ideally, into H2 gas and solid carbon, in the absence 
of CO2 emissions. This alternative to SMR yields hydrogen that is labeled between blue 
and green hydrogen, i.e., turquoise hydrogen. While relying on methane as a feedstock 
(similar to grey and blue hydrogen), if the source of electricity fueling the process is re-
newable, the process is zero-net carbon, and even carbon negative if the source of methane 
is also renewable (e.g., biogas or biomethane) [7]. 

Biogas from anaerobic digestion (AD) from organic waste material has a huge poten-
tial as a CH4 feedstock, especially in Europe, where the installation of AD has boomed 
during the past few decades due to legal and financial incentives [8]. While renewable, the 
strategy to convert biogas into biomethane requires an expensive upgrade step. Raw con-
tains methane (50–80%), carbon dioxide (20–50%), water (saturated), as well as minor im-
purities such as N2, NH3, and H2S. To reach pipeline quality standards, the methane con-
tent must be increased to over 96%. CO2 is removed via either physical and chemical CO2 
absorption, pressure swing adsorption (PSA) and vacuum swing adsorption (VSA), 

Figure 1. Hydrogen based on the reformer technology, highlighting the CO2 emitted from both the
energy requirements (red line) and reaction (blue line). Natural gas is used both to fire the methane
burners and as a feed for the reaction, after being preheated in the convection section. The hydrogen
content is increased in the water gas shift (WGS) reactor, and CO2 is removed by pressure swing
adsorption (PSA).

Many methods for H2 production have been investigated in the literature and industry,
described by color codes ranging from green (via water electrolysis with renewable energy
input and no CO2 emissions) to black (via thermochemical splitting of water with coal as an
energy source and high CO2 emissions) [5]. Each method has been evaluated based on the
following characteristics: H2 source (e.g., water, natural gas, or biomethane), energy source
(e.g., renewable, grid electricity, nuclear, etc.), production process (e.g., electrolysis and
thermochemical, etc.), byproduct (O2, CO2, solid carbon, etc.), and values for CO2 emissions
per ton of H2 produced. We acknowledge the fact that although H2 produced via water
electrolysis with renewable energy (e.g., offshore wind energy) input is labeled as green
with no CO2 emissions along the production chain, some offshore wind platforms have
diesel generators installed for specific operational needs, such as during commissioning.
Recently, the concept of “golden hydrogen” has been put forward by Lubbe et al. [6] for H2
produced in dedicated solar generators.

A cleaner and more sustainable alternative to SMR must be developed, and ideally,
already at an industrially relevant size. Methane pyrolysis is a thermal and/or thermocat-
alytic process where methane is split, ideally, into H2 gas and solid carbon, in the absence of
CO2 emissions. This alternative to SMR yields hydrogen that is labeled between blue and
green hydrogen, i.e., turquoise hydrogen. While relying on methane as a feedstock (similar
to grey and blue hydrogen), if the source of electricity fueling the process is renewable,
the process is zero-net carbon, and even carbon negative if the source of methane is also
renewable (e.g., biogas or biomethane) [7].

Biogas from anaerobic digestion (AD) from organic waste material has a huge potential
as a CH4 feedstock, especially in Europe, where the installation of AD has boomed during
the past few decades due to legal and financial incentives [8]. While renewable, the strategy
to convert biogas into biomethane requires an expensive upgrade step. Raw contains
methane (50–80%), carbon dioxide (20–50%), water (saturated), as well as minor impurities
such as N2, NH3, and H2S. To reach pipeline quality standards, the methane content must
be increased to over 96%. CO2 is removed via either physical and chemical CO2 absorp-
tion, pressure swing adsorption (PSA) and vacuum swing adsorption (VSA), membrane
separation, cryogenic separation, and/or biological methane enrichment [9]. Considering
the 2018 prices of natural gas, it was estimated then that up to 30 € MWh−1 (or 150 € ton−1

biogas) in incentives was needed for the grid injection of upgraded biomethane [8]. In
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small installations, biogas is instead used for on-site combined heat and power (CHP)
productions at a low efficiency.

A better option would be to convert it to H2 at a minimal energy cost. Verbeeck
et al. [8] demonstrated that sorption-enhanced steam biomethane reforming to produce
H2 is uneconomical due to (i) the extra cost of biomethane upgrading, (ii) the energy
requirements for the SMR reaction (206 kJ mol−1 standard enthalpy), and (iii) the further
separation/purification of H2. CH4 pyrolysis is the least energy-intensive CH4-to-H2
conversion route (75 kJ mol−1 standard enthalpy, i.e., approximately one-third of that of
SMR) [10]. However, the market cannot absorb all the carbon produced alongside the
hydrogen during methane pyrolysis [11–13]. The solid carbon and the CO2 should instead
serve as a reagent for CO synthesis. Recent developments in thermal CH4 pyrolysis can
thus lead to “green”, CO2-free low-cost H2. However, since the starting material is not pure
CH4 but biogas, the produced H2 has to be separated from the unconverted CH4, CO2,
and potentially CO and C2s due to the nonoxidative coupling of CH4. Luckily, in light of
recent research results, a single-step H2 storage/purification at mild conditions could be
envisioned using liquid organic hydrogen carriers (LOHCs) due to the high selectivity of
LOHCs for H2, if, however, the extent of methanation can be limited [14,15]. LOHCs are nor-
mally envisioned to be used as H2 carriers: H2 is stored at 30–50 bars and 150–300 ◦C via a
catalytic exothermic reaction by saturating the double bonds of organic molecules, followed
by an endothermic catalytic dehydrogenation reaction. The three most-studied LOHC
molecules systems are methylcyclohexane (MCH)-toluene, H12-N-ethyl carbazole/N-ethyl
carbazole (NEC), and perhydro dibenzyltoluene/dibenzyltoluene (DBT). The high carcino-
genicity of toluene, coupled with the low boiling points of both components and the high
dehydrogenation enthalpy (68 kJ mol−1 H2), excludes the MCH/toluene system as a viable
option, even though it has the highest theoretical gravimetric storage capacity (7.2 wt.%).
For the H12-NEC/NEC system, even though it possesses the lowest dehydrogenation
enthalpy (51 kJ mol−1 H2), the fact that both forms are solid at ambient conditions limits
their practical implementation. Finally, DBT combines a large availability, low toxicity
(not classified as a dangerous substance in Europe), adequate melting and boiling points,
and the possibility of using the existing infrastructure for fossil fuel, e.g., making use of
tanker ships, rail trucks, road tankers, and tank farms [16]. Jorschick et al. [14] extended
the potential use of LOHCs by showing that alumina-supported Rh and Pd catalysts hy-
drogenate DBT in the presence of CO and CO2, with a low-to-moderate selectivity toward
methanation. They also showed that the H2 released was 99.99% pure [15].

On the other hand, carbon gasification is an established process for the production
of CO and synthesis gas, where synthesis gas can be obtained with a ratio varying from 1
to 3 [17]. Interestingly, although various types of carbon have made the subject of various
kinetic gasification studies [18–25] and reviews [26], the gasification of pyrolytic carbon
has seldomly been addressed [17,27].

The observed decrease in the catalyst activity for catalytic methane decomposition
(CMD) with time on stream, due to catalytically inactive carbon species (e.g., graphitic
carbon with its limited reactivity [28]) depositing on catalysts, represents a challenge that
can be tackled in a number of ways, e.g., the development of a “coke-resistant” catalyst
represents one potential approach, which has raised a lot of attention recently in the context
of the nonoxidative coupling of methane (NOCM) into olefins [29–32], including the use
of single-atom Fe catalysts [33]. However, from these results, one has to expect that coke
formation is inevitable and the absence of coking seems hardly realizable. Instead, the aim
should be to limit it as much as possible. Another interesting approach, not yet investigated
up to now based on the authors’ knowledge, consists of designing a process combining
methane pyrolysis and carbon gasification, i.e., taking advantage of the presence of CO2
(and water) in the biogas to catalytically gasify the coke, ideally leading to a “net zero coking
rate”. This approach would, however, only make sense if we can show that both processes
present a compatible window of operation, both in terms of the operating conditions
and with respect to the catalysts used. Although various methods for the valorization
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of carbon byproducts have already been summarized in the literature [34], there is still a
high demand for finding suitable solutions to this important issue. In this review, we aim
to emphasize the benefits of simultaneous methane pyrolysis and carbon gasification to
stimulate scientific research in this area. Firstly, we address the reaction kinetics of methane
pyrolysis, the current status of electrified processes for minimum CO2 emissions, followed
by the kinetics of solid carbon gasification.

2. Methane Pyrolysis

The abundance of natural gas reserves and biomethane makes pyrolysis an important
intermediate step toward greener H2 production technologies. The reaction of methane
decomposition is endothermic in nature and is favored above 500 ◦C using metal-based
catalysts [35]. Methane is a nonpolar highly symmetric molecule with a net-zero dipole
moment, and as a consequence, activation of the CH3–H bond is difficult to take place
and still represents one of the greatest challenges in catalysis. Moreover, because splitting
the C–H bond leads to the production of a tertiary carbon, it has a very high dissocia-
tion energy (approximately 435 kJ/mol) [36], which makes methane pyrolysis a highly
temperature-intensive process, and justifies the need for efficient catalysts. Carbon forma-
tion during methane pyrolysis constitutes one of the bottlenecks for industrial production,
especially in reducing the economic gap with other H2 production technologies. Thermal
decomposition of methane takes place at high temperatures, flooding the reactor with
carbon product. Moreover, carbon deposition is known to increase with temperature,
posing several difficulties for its removal, which otherwise deactivates the catalyst [37].
Although the regeneration of metal catalysts is a viable method to remove carbon from
its surface, CO2 is produced in this process, hindering the environmental advantage of
methane pyrolysis. Decoking with air can lead to hot spots and contribute to the loss of
dispersion of the active metal.

2.1. Reaction Kinetics

In order to explore the feasibility of the proposed combined approach of methane
pyrolysis and pyrolytic coke gasification, we purposely focus in this section on the kinetics
of CMD in gas–solid systems. We thus did not consider the available kinetic character-
ization in molten salts [38,39], plasma [40–42], and only briefly reviewed the kinetics of
thermal decomposition for the sake of providing a reliable portrait of gas–solid CMD
with homogeneous gas-phase radical-based chemistry occurring in the gas phase of this
high-temperature process. The distinction between thermal and catalytic decomposition in
the literature is sometimes blurred as some researchers investigated the catalytic effect of
the reactor walls during thermal decomposition. We decided to only review the articles
where catalysts were purposely used, and where the catalyst deactivation was considered.
Interestingly, although there are a significant number of articles focusing on catalyst devel-
opment and their characterization, there is a notable scarcity of the literature concerning
the kinetic characterization aspect.

The overall mechanism of CMD is composed of methane adsorption either molec-
ularly or dissociatively [43], and the desorption of hydrogen is assumed to be the rate-
limiting step [44]. The sequential dehydrogenation reactions of the adsorbed species
(CH*

4 → CH*
3 → CH*

2 → CH* ) result in the formation of solid carbon (Figure 2). In fact,
the kinetics of CMD is plainly part of the SMR reaction mechanism, i.e., up to the point
where the adsorbed oxygen starts to interact with adsorbed CHn* species, minimizing coke
formation in the case of SMR.

The methane pyrolysis reaction rate is often expressed as a power law kinetic model,
both for CMD and noncatalytic thermal methane decomposition (Equation (1)) [45,46].

r = k·Pn
CH4 (1)

The main disadvantage of this model is of course the absence of information on the
reaction mechanism as well as the evolution of the catalytic surface and loss of activity due
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to coke formation: its use for reactor design and simulation predicts unrealistic continuous
H2 production for an infinite amount of time. The use of activity functions is well known
to account for the loss of activity, but they are often based on time [47] instead of the
surface coke. The former strategy allows of course for easier data collection but offers little
information on the catalyst and is dependent on the reactor and experimental conditions
used. On top of that, time-based deactivation functions more or less accurately describe the
actual deactivation over time (c.f., in [47]).

More complete approaches should consider minimally the chemical equilibrium and the
reverse reaction, as well as deactivation functions applied to the initial reaction rates [48], a
kinetic model of carbon deposition [49], etc. The optimal solution, especially for the optimiza-
tion of reactors, would be the development of microkinetic models, which was performed for
edge-decorated nanocarbons catalysts [50], as well as for Ni/SiO2 catalysts [43].
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2.1.1. Carbon-Based Catalysts

Muradov [51] proposed a kinetic model for carbon-based catalysts accounting for
the blockage of the active sites by carbon species, and the simultaneous increase in the
rate of methane pyrolysis for catalytically active formed carbon species. Interestingly, as
the formation of coke at the surface increases with time on stream, the performance of all
carbon-based catalysts might only differ in the initial stages of CMD, i.e., until the point
where the carbon-based catalysts are fully covered in pyrolytic carbon [50].

Trommer et al. [52] characterized the kinetics of methane decomposition in a high flux
solar concentrator co-fed with 10 mm of activated carbon (900 m2/g BET) particles. They
proposed an initial nondissociative adsorption of methane, followed by the pyrolysis of the
adsorbed species. The activation for the reaction step varied between 147 and 162 kJ/mol,
following the nature of the reactor model used (plug or mixed flow). Zhou et al. mod-
eled the CMD using a 0.5 order power law between 1023 and 1173 K on activated carbon
obtained from coconut shells and coal. Dahl et al. [53] used a power law to describe the con-
version of methane over graphite particles, and found a 4.4 reaction order and 208 kJ/mol
activation energy. Their proposed model is valid for the 1260–1870 ◦C temperature range,
maybe highlighting indirectly the limited reactivity of graphitic carbon [28]. Doubts appear
that they might well be essentially describing the confounded effects of CMD and thermal
decomposition.

Pinilla et al. [54] modeled the kinetics of CMD on activated carbon and carbon black
in a TGA by monitoring the rate of carbon deposition. They observed an inflection point in
the ratio of instantaneous to initial rates for a value of 90% of the initial amount of carbon
deposited. After this inflection point, the rates increased and reached a maximum value,
then decreased again. A summary of the kinetic characterization studies is presented in
Table 1. We, however, note that to our surprise, while CMD catalysts have been extensively
reviewed, the availability of kinetics expression is quite limited. Moreover, besides the
development of detailed kinetics for SMR, we were unable to find kinetic mechanisms with
their rates covering both the production of H2 and the loss of activity of the catalyst due to
deactivation by coke deposition.
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Table 1. Overview of kinetics data available for the CMD using carbon-, iron-, and nickel-based
catalysts.

Catalyst
Reaction Order ‘n’
with Respect to
Methane

Pre-Exponential Factor
(kmol kg−1

cat Pa−ns−1)
Activation Energy
(kJ mol−1) Comments References

Carbon-based

Carbon black 0.5 - 141 TGA
800–950 ◦C [54]

Activated carbon 0.5 - 238 TGA
800–950 ◦C [54]

Activated carbon 2 4.28 L2g−1
catmol−1s−1 163 Fixed bed

775–850 ◦C [55]

Iron-based

Fe 1 8.80 × 10−10 54

TGA experiments,
undisclosed
composition
700–800 ◦C

[45]

Nickel-based

Ni/SiO2 1.4 2.24 × 101 61 Coprecipitation
550–650 ◦C [46]

Ni-SBA-15 2 2.98 × 103 114 Electroless plating
525–600 ◦C [47]

Ni/TiO2 - - 60

Wet impregnation
550–900 ◦C
Kinetic model based
on methane
conversion

[56]

2.1.2. Iron-Based Catalysts

Fe-based catalysts operate at temperatures between 700 and 900 ◦C, and other metal
catalysts such as Pd, Pt, Cr, Ru, Mo, and W have an even wider temperature window,
ranging from 700 to 1000 ◦C [13,57,58]. Riley et al. [45] characterized the kinetics of methane
pyrolysis over an iron-based catalyst of undisclosed composition using a first-order power
law. They suggested that the catalytic decomposition of methane over an Fe-based catalyst
starts with the chemisorption of methane, followed by the dehydrogenation of a CH3–H
bond (rate-limiting step). Density functional theory (DFT) calculations further refined the
reaction mechanism analysis, and proposed the following mechanism [59]:

CH4
Fe0
←→ Camorphous + 2H2 (2)

Fe0 + Camorphous ↔ Fe3C (3)

CH4
Fe3C/Fe0

←−−−−→ Camorphous + 2H2 (4)

Camorphous
Fe3C←−→ Cgraphite (5)

2.1.3. Nickel-Based Catalysts

Metal-based catalysts are reported to produce carbon nanofibers and nanotubes that
may have a higher value if the catalyst and the carbon product can be separated [37].
Ni-based catalysts usually show high catalytic activity and favor the production of car-
bon filaments or nanotubes at temperatures ranging from 500 to 700 ◦C. Zavarukhin &
Kuvshinov [60] characterized the kinetics of CMD over Ni-based catalysts, proposing the
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dissociative adsorption of methane followed by dehydrogenation, with both elementary
steps acting as rate limiting on Ni-based catalysts (the group of Kuvshinov later men-
tioned that the dissociative adsorption was rate limiting for Ni catalysts with varying
supports [61]). Snoeck et al. [44] identified the abstraction of the first H from the adsorbed
CH4* as the rate-limiting step on SMR catalysts.

Ashik et al. [46] characterized the catalytic decomposition of methane on a Ni/SiO2
catalyst prepared by cum-modified Stöber co-precipitation using a 1.4-order power law.
Taking advantage of the deactivation of Ni catalysts due to coke deposition, Zavarukhin
& Kuvshinov [60] characterized the kinetics of nanofibrous carbon formation. They high-
lighted that the rate of formation increases until reaching a maximum value, then decreases,
curiously enough due to the deactivation of the catalyst, along with a buildup of hydrogen.
Chen & Lua [47] characterized the kinetics of a monometallic electroless plated Ni/SBA-15
catalyst using a power law combined to a time-dependent deactivation function. They
proposed a second-order power law and explained the deactivation of the catalyst due to
both the formation of filamentous carbons and coke covering the Ni particles.

The most complete coke deposition kinetic analysis on Ni was performed for SMR
catalysts. Snoeck et al. [44] described the kinetics of coke formation leading to coke filaments
using a set of nine elementary steps: four for the methane adsorption and dehydrogenation,
one for the last dehydrogenation of CH* leading to coke, one for the H2 release in the gas
phase, and three elementary steps specifically describing the formation of coke filaments
(dissolution, diffusion, and precipitation).

2.1.4. Deactivation Functions for the Characterization of Deactivation Due to Coking

As CMD leads to a continuous covering of the catalyst’s active sites, a deactivation
function describing the loss of activity with time on stream is required. The deactivation is
often described by a power law, similarly to what is performed for the deactivation of the
catalyst by sintering, e.g., using the generalized power law equation [62].

Chen and Lua [47] described with mixed success the deactivation of their Ni/SBA-15
catalyst, defining the activity as the ratio of the instantaneous rate of methane conversion
to its initial value, using a 0.5 order and a 148 kJ mol−1, in addition to a residence time
dependency. Abbas & Daud [55] followed a similar approach (0.5 deactivation order,
residence time dependency). Muradov et al. [63] correlated the loss of activity of activated
carbon and carbon black with a decreased surface area, and used an empirical time-based
decay function for activated carbon and carbon black.

2.1.5. Homogeneous Gas-Phase Methane Pyrolysis Kinetics

Obviously, in order to correctly simulate the CMD, the gas-phase homogeneous
reactions should also be accounted for, especially if the high temperature at which methane
pyrolysis occurs is aimed for. Interestingly, none of the detailed kinetic models (GRI-MECH
3.0, AramcoMech 2.0, etc.) are able to describe the pyrolysis of methane in the 730–2730 ◦C
range, at least not at high pressures [64]. This is not a surprise as these models were
developed for high-temperature processes in the presence of oxygen (combustion), and
without considering the formation of polycyclic aromatic hydrocarbons, i.e., the precursors
for solid carbon formation [65]. Recently, Shinde & Pradeep [66] implemented a detailed
gas-phase kinetic model consisting of 37 species and 318 reactions in a chemical vapor
deposition (CVD) reactor using an automatic mechanism generator and validated it against
the experimental data in the 900–1100 ◦C, 10–100 kPa range. The model was subsequently
reduced to 13 species and 29 reactions, and it agreed well with the detailed mechanism,
especially at low inlet partial pressures of methane.

Younessi-Sinaki et al. [65] had previously studied the homogeneous decomposition
of methane and ethane between 600 and 1600 ◦C by adapting the reaction mechanism of
Appel et al. [67] based on the combustion of hydrocarbon fuels. Their model considered a
well-stirred flow reactor at a constant temperature and pressure, involving 242 reactions
and 75 species. Figure 3 shows the methane decomposition dependence on the temperature,
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pressure, and residence time. The results obtained showed that the maximum H2 yield at
equilibrium was increasing when the pressure was decreasing. Moreover, at low pressures,
very large residence times are required, corresponding to hydrogen amounts close to
the equilibrium. However, when high pressures are employed, the peak of hydrogen
production is reached very fast, with small residence times. When high temperatures are
used (see curves around 1600 ◦C), combined with small residence times, the hydrogen
produced reaches the equilibrium at all pressures. Figure 4 shows the decomposition of
methane when various parameters such as the pressure, temperature, and residence time
are changed in the presence of metal- and carbon-based catalysts. Interestingly, for carbon-
based catalysts, higher temperatures are required compared to metal-based catalysts, i.e.,
homogeneous thermal decomposition should be accounted for.
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2.2. Reactor Technologies for Catalytic Methane Pyrolysis

We propose in this section to actualize the technology review around CMD by review-
ing the patent literature. Doing so will complete the work of previous review articles on
the topic (e.g., McConnachie et al. [68], mostly focusing on liquid metal catalysts, Schneider
et al. [69], who only briefly summarized development on CMD due to the scope of their
study, encompassing plasma and thermal methane pyrolysis).

The Hazer Group has disclosed a process for the production of hydrogen and graphitic
carbon. The claims of their patents are over the use of iron oxides as catalysts, as well as
the use of “one or various” reactors in series or in parallel operated in the 500–1200 ◦C
range [70,71]. McConnachie et al. [68] further described the process as a series of three
fluidized beds operated at decreasing pressure levels to optimize catalyst usage as they
suffer from size reduction due to attrition. Their most recent patent describes the increased
activity of their catalyst due to the effective removal of an “onion-like graphitic” layer on
the catalyst due to attrition [71].

Innova Hydrogen Corp recently disclosed a membrane-based process for methane
pyrolysis and for the separation of hydrogen and the produced graphene fibers [72]. The
National Institute of Advanced Industrial Science And Technology (Japan) recently pro-
posed a rotary kiln for the batchwise conversion of methane to hydrogen since catalyst
deactivation with time on stream always occurs and can only be realistically reduced.

The Korean Institute of Industrial Technology proposed a sequential process where
methane pyrolysis occurs, accumulating solid carbon in the bed, followed by CO formation
via oxyfuel combustion. The heat from combustion is used for the sequential methane
pyrolysis via heat storage in the pyrolysis reactor [73].

The preparation of a zinc–nickel organometallic framework, as well as single-atom
nickel catalysts, was recently patented, where the inventor discloses a method to prevent the
loss of dispersion of the active phase [74]. Unfortunately, no data on methane conversion
or deactivation were provided in the description. Another interesting patent describes the
use of waste materials (mill scale, steel, nickel and copper slags, with iron oxides) [75].

2.3. Electrified Reactor Technologies for Catalytic Methane Pyrolysis

While most of the reactors used at the lab scale are fixed beds, their use at an in-
dustrially relevant scale would make little sense, unless periodic operation with coke
removal is considered acceptable. They are conventionally used for catalyst screening
and kinetic characterization studies. For the deployment of this technology at industrially
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relevant scales, continuous reactors for the solid phase are preferred to tackle the catalyst
deactivation issue with time on stream. On top of that, care must be taken to replace
conventional process heating (e.g., combustion of natural gas) if the CO2 emissions are to
be avoided. Electrification is one of the solutions, provided that low-carbon sources are
used to generate the electricity. Power-to-heat, i.e., where electricity is used for heating
at high temperatures, represents the first step for the chemical industry. The pace of the
development of electrified technologies should be considerably increased: time is running
short for the energy transition, and unfortunately, the most promising technologies for
short-term electrification are still at the lab scale [76]. On top of that, if renewable electricity
is to be used to increase sustainability, reactor control strategies are required to adapt
the operation of electrified reactors to the varying nature of sustainable electricity, while
producing consistent products.

As an example of the benefits of electrifying reactor technologies, 25% of the CO2
emissions from steam methane reforming (SMR) can be tackled via electrification (from
fuel combustion). Power-to-heat can indeed reduce the scope 2 emissions, while scope
3 emission reductions involve a drastic redesign of SMR units. In addition, electrification
has the power to shift the SMR reactor design from its current heat transfer limitation to
that of a kinetic regime [77], thus involving a better usage of catalysts. Devising innovative
electrified units, while at the same time extracting the scaling rules for their fast commercial
deployment, is crucial for the chemical industry.

The question that arises then is which electrification techniques should be prioritized,
especially for the short-term urgent minimization of the CO2 emissions associated with
the H2 production? Stankiewicz & Nigar [78] concluded that the electrification techniques
aiming at modifying the reaction mechanisms were complex to design and scale-up (electro-
catalytic and sonochemical reactors), inefficient (photocatalytic), or they suffered from high
energy requirements, low selectivity and conversion, and challenging scale-up (plasma).
With respect to power-to-heat, microwave-based technologies suffer challenging radiation
supply and low efficiencies (limited penetration depth and low efficiency in converting
electrical energy into thermal energy, i.e., in the 50–60% range [79]). In the specific case
of gas–solid chemistries, achieving a uniform catalyst temperature is still an unresolved
issue. They identified ohmic heating and inducting heating as the most promising, with
ohmic heating mostly applicable for gas–solid applications, while induction heating was
applicable to any multiphase reacting flows. We respectfully disagree with their views
as ohmic heating is widely used in the food industry and for organic synthesis, i.e., for
liquid-phase reacting flows [79].

With respect to electrical heating, ExxonMobil recently proposed a stacked fluidized
bed concept with electrical heating in the initial stage in a H2-rich atmosphere gas to
minimize the formation of coke [80]. Their concept allows for avoiding the CO2 emissions
due to conventional process heating. The patent does not, however, clarify what techniques
are used in particular for “electrical heating”. BASF is also active in the electrification of
the methane pyrolysis process, where here too, little information is available regarding
the electrical techniques envisioned for this purpose [81,82], even though some published
information points to the use of induction heating [83,84].

Total Energies SE recently described the use of an electrothermal fluidized bed [85–87]
for the steam reforming of hydrocarbons [88], as well as for the direct pyrolysis of methane
to produce solid carbon, H2, and C2+ [89]. An electrothermal fluidized bed is obtained
when flowing an electrical current in a fluidized bed of electrically conducting particles: the
electrical energy is converted into heat via the Joule effect due to the particles’ resistivity. To
do so, two electrodes are immersed in the bed. The most common configuration involves
center graphite electrodes surrounded by a coaxial second electrode [85,90,91] (Figure 5).
The parallel electrode configuration for catalytic reaction has been less discussed [92].
Shockwave heating occurs via two mechanisms: (i) short duration particle-to-particle colli-
sions (instantaneous electrical contact) and (ii) short-lived micro-plasma arcs percolating
throughout the bed at short interparticle distances. The net result is alternating ohmic



Energies 2023, 16, 7316 11 of 20

heating due to both mechanisms. Current flows when the concentration of conductive
particles reaches a critical concentration, and the highest temperature is obtained where the
interelectrode distance is minimal.
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The electrification of a fluidized bed is more than a mere heating mechanism: it
affects the hydrodynamics of the bed. The complex interplay between hydrodynamics and
electrical effects were recognized in the 1970s: strings of particles appear in the direction of
the average electric field, resulting in elongated bubbles, affecting particle motion in the
vicinity of the bubbles, decreased particle mixing in general, increased channeling risks, and
minimum fluidization velocity [93]. The presence of the electrodes naturally perturbs the
bed: the packed bed regime gradually switches to a sub-standard bubbling mode, where
the fluidization state is only achieved in the close vicinity of the immersed electrode(s).
Interestingly, increasing the gas flowrate does not suffice to shift from this weak fluidization
state to a fully bubbling regime: the control of the specific electrical resistance (SER) is the
key parameter, which depends on both the solid bed (material, particle size, bed height,
and expansion), physical parameters (current density, in turn affected by the positioning of
the electrodes), fluidization gas and gaseous products formed, reactor size (diameter), as
well as fluidization regime (also affected by the configuration of the electrodes) [85].

Also relying on shockwave heating, Dong et al. [94] demonstrated the use of a “pro-
grammable heating and quenching” (PHQ) system for methane pyrolysis, yielding a C2
selectivity of approximately 80%. The PHQ switches from 650 to 2000 K in milliseconds,
thus favoring the methane-coupling route versus the formation of coke, using a porous
carbon paper as the heating element.

Microwave heating of carbon particles has also been described for methane pyroly-
sis [95], leading to semi-graphitic pyrolytic carbon products that could be used as anode
material in Na-ion batteries [96]. Interestingly, Hamzehlouia and Chaouki [97] described
a method for the coating of particles in a microwave-heated fluidized bed, opening the
door for the use of any type of catalyst for the microwave-assisted methane pyrolysis. An
intriguing emerging concept is the use of pressure waves for chemical conversion, e.g.,
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Rudolph & Atakan [98] recently proposed a motored piston engine to convert mechanical
to chemical energy for the pyrolysis of methane. The main pyrolysis products are acetylene,
ethylene, and benzene. As with the PHQ concept of Dong et al. [94], the reaction is not
selective for carbonaceous solid products, but since benzene is formed, we can expect
that we are not too far from soot precursors and coke formation. A pulsed compression
reactor (PCR) able to reach 600 bar in a single pulse was also recently described for that
purpose [64].

3. Solid Carbon Deposition and Gasification

In order to assess whether the combined process of CMD coupled with coke gasification
from the CO2 present in biogas, enhanced by steam, is feasible, and to identify the optimal
catalytic system and operating conditions, we review in this section the available studies on
coke deposition and its kinetics, as well as the kinetics of catalytic coke gasification.

3.1. Coke Deposition

Keipi et al. [37] provided an overview of the types of carbon resulting from methane
pyrolysis. The authors have shown that the morphology of the obtained solid carbon
is a function of the reaction conditions, including the presence and type of the catalyst
employed. Figure 6 shows the various types of carbon produced during methane py-
rolysis relative to the reaction temperature and type of catalyst. Interestingly, carbon
black (although carbonaceous materials obtained as an undesired byproduct are usually
expressed as “black carbon”, the term “carbon black” is used here based on the observation
of Guil-Lopez et al. [99] that the produced carbon has a similar structure to carbon black)
and graphite-like carbon are predominantly produced when a purely thermal process is
considered and when carbon-based catalysts are employed. On top of this, the limited
understanding of the behavior of activated carbon at the molecular level arises from the fact
that its atomic structure is unknown [100]. Recent studies on the deposition of carbon from
methane pyrolysis on various porous materials (e.g., C, SiC, α, and γ-Al2O3) have shown
that porous media exhibit a maximum achievable loading, and that this is not a result
of pore blockage [101]. The authors noticed that smaller pores are not filled to the same
extent as larger pores, and they speculated that the smaller pores prevent the carbonaceous
intermediate from forming into the pore. The larger pores are indicated to be prone to a
similar deactivation mechanism comparable to nonporous α-Al2O3 particles, described by
the same authors [49].

On the other hand, metal catalysts, such as Co-, Fe-, or Ni-based, are more prone to
favor the production of filamentous-type carbon, such as nanofibers, nanotubes, and carbon
plates, among others. Carbon-based catalysts may offer various advantages compared with
metal-loaded catalysts [102–104]. For instance, the lower cost of carbon materials, combined
with the ability to tolerate aggressive chemicals and high temperatures, and the potential
for better marketability of the carbon product, make them desirable characteristics for the
industry. An important advantage is that the catalyst may not need to be separated from
the product [13]. Different types of carbon materials, such as activated and carbon black,
microcrystalline graphites, and nanostructured carbons, have been investigated as catalysts
for methane pyrolysis [28,105]. Experimental observations showed that the catalytic activity
in the methane decomposition reaction increases with the carbon surface area [51], in fact,
with the surface concentration of defects, vacancies, and low-coordination sites [106]. The
decrease in the catalytic activity with the loss in the carbon surface area would be due
to the deposition of catalytically inactive carbon species produced from methane. This
indicates that the carbon catalyst employed must have a certain concentration of defects in
the carbon surface and should be maintained and/or regenerated during the reaction.

Vohler et al. [19] studied the deposition of pyrolytic carbon in the pore system of
graphite. The authors were able to show from both theoretical and experimental work that
the deposition of carbon occurs preferentially inside the pores when the rate of deposition is
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lower. To achieve the required control over the rate of deposition, the reaction temperature
and gas temperature can be selected as low as possible.

Kreuger et al. [101] characterized the coke deposition kinetics on porous α- and
γ-Al2O3, SiC, and C carriers using the product of a first-order reaction with respect to
methane, and a dampening factor describing the fraction of pores occupied with carbon.
They relied on this dampening factor (yielding a null value at high coking rates) to simulate
the observed stopping in carbon deposition, even when the internal area is still available.
They did not propose numerical values of the pre-exponential factor and activation energy
due to the limited temperature range at which their measurements were made.
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3.2. Gasification Kinetics

Early studies performed by Ergun [18] on the reaction kinetics of the CO2 gasification
of coke deposited on charcoal and activated graphite, as well as nonporous Ceylon graphite,
revealed that the reaction rate is proportional to the concentration of carbon-occupied sites,
underlying dynamic two-phase gas–solid oxygen-exchange reactions: an oxygen atom is
extracted from the CO2 molecule, producing CO and creating an occupied site. At the same
time, CO is thought to remove the oxygen from the occupied site, reversibly forming CO2.
It was suggested that the carbon transfer from the solid phase to the gas phase coming
from the occupied sites was the rate-determining step. For the nonporous Ceylon graphite,
the number of reaction sites increased with the decrease in the particle size, in contrast with
what was observed for porous carbon. As the same values of the equilibrium constant and
rate constant were assumed to apply to all types of carbon, the number of reaction sites
per weight of carbon was the only property affecting the rate, leading to the conclusion
that the concentration of reaction sites constitutes the direct measure of reactivity. The
equilibrium has a noticeable effect on the gasification rate of gasification. For instance, if
the ratio of carbon monoxide to CO2 is maintained at 1 in the gas phase when the reaction
temperature is raised from 700 to 1000 ◦C, the number of occupied sites would increase by
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a factor of 16, and when raised to 1400 ◦C, by a factor of 38. Similarly, if the ratio of carbon
monoxide to CO2 is maintained at 0.1, the corresponding increase would be by factors of
22 and 140. This points to the fact that CO retards the rate by reducing the concentration of
occupied sites.

In a recent study, Kreuger et al. [17] investigated the gasification of carbon produced
during methane pyrolysis on nonporous a-Al2O3, and how to predict its gasification
rates with steam, CO2, and air between 950 and 1150 ◦C. They observed that neither
a conventional first-order model nor carbon characteristics are suitable pathways for
describing the measured gasification rates. The authors included the pyrolysis parameters
to construct a gasification model. They compiled various observations from the gasification
measurements. For instance, Figure 7 shows the gasification rates measured in a single-
particle reactor as a function of the pyrolysis time. When steam and CO2 are used as
gasification gases, it was noted that the gasification rate is initially characterized by high
values for the carbon deposits produced at a low pyrolysis time (defined as the time the
particle is in contact with CH4 at the pyrolysis temperature).
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When the pyrolysis time is increased, the gasification rate is found to decrease rapidly
and, ultimately, approaches a constant value. Similarly, when the pyrolysis temperature is
increased, the gasification rate was found to decrease. The reactivity for CO2 was found
to be much lower than for steam under the conditions investigated by the authors. It
was suggested that some characteristics of the carbon must influence the gasification rate,
and changes in the carbon reactivity occur when methane is present in some fraction of
the atmosphere.

Regeneration studies on the spent carbon-based catalyst (e.g., activated carbon), per-
formed by Yang et al. [107], interestingly showed that deep regeneration based on H2O and
O2 used together was suitable for resuming catalyst activity, and it was superior to H2O, O2,
and CO2 applied individually. The gasification of the formed carbonaceous deposit with
CO2, either in pulses or in parallel as a mixture with methane, was studied by Adamska
et al. [108]. The authors reported a reduction in catalyst deactivation and an increase in the
H2 content of the product due to the introduction of CO2 into the reaction system. It was
suggested that when CO2 is introduced into the reactor simultaneously with methane, the
rates of mainly three processes are affected: carbon deposition, gasification of the carbon
deposit, and partial gasification of the carbon catalysts. When methane decomposition
cycles were alternated with gasification steps using CO2 at 900 ◦C, 950 ◦C, and 1000 ◦C, the
results showed a strong temperature dependence of the gasification process [109]. More-
over, it was observed that the gasification reactivity changed with the methane conversion,
and maximum values for both the virgin and deactivated carbon catalysts were observed
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at the decomposition temperature of 950 ◦C. The reactivity of the gasification was seen to
decrease after only three cycles at 1000 ◦C. When the temperature was decreased to 950 ◦C
or 900 ◦C, no significant change was reported. The same authors showed that the initial
activity and the ultimate mass gain of the catalyst decreased after each regeneration cycle at
both reaction temperatures of 850 ◦C and 950 ◦C [110]. When the reaction was performed
at 950 ◦C, a steep decrease was observed between the first and the sixth reaction cycles, for
both the initial activity and the ultimate mass gain, when the CO2 gasification temperature
was increased from 900 ◦C to 1000 ◦C.

On the specific topic of the gasification of pyrolytic coke deposited during methane
cracking, Pinilla et al. [27] studied the regeneration of a carbon-based catalyst using CO2.
They purposely coked activated carbon at 850 ◦C for 8 h in CMD conditions and studied
their regeneration between 700 and 950 ◦C in a fluidized bed. In this case, the gasification
rates were negligible below 900 ◦C. At 900 ◦C, they were able to recover 100% of the BET
surface, and 70% of the surface oxygenated groups, essential for the reactivation of the
catalysts. After 3 h of coking (850 ◦C)/regeneration (900 ◦C) cycles, the CMD activity
dropped to less than 5% of the initial activity. However, for regeneration cycles at 950 ◦C for
2 h, the activity of the activated carbon was almost completely recovered, at the expense of
a continuous decrease in the textural properties. Dufour et al. [111] showed that the activity
of wood char could be recovered via steam gasification, and even exceed the activity of
fresh char for CMD.

4. Conclusions

In this review, we aim to summarize the key particularities of methane pyrolysis when
potentially combined with the gasification of the produced pyrolytic carbon. Although
the current state-of-the-art does not provide sufficient information for considering the
synchronization of methane pyrolysis and carbon gasification, the current urgency for CO2-
free H2 technologies makes this approach a promising technological solution. By using
active and selective catalysts combined with thermal energy supplied from renewable
sources, this method might provide a transition to cleaner energy solutions and allow time
for more green technologies to mature technologically and in their processes. The difficulty
also lies in the fact that the term “coke deposit” is used in some instances as a general
description for the carbonaceous material resulting from the process but lacking proper
characterization. This makes the correlation between reaction parameters and potential
gasification conditions a difficult task. There is a clear need for detailed kinetics.

Coupling methane pyrolysis with the gasification of carbon might offer an ideal
solution for an efficient and environmentally responsible production of H2, enabling carbon-
free technology and a viable solution for the produced carbon byproduct. It is important to
mention that this process does not require a market for the carbonaceous material, making
the technology independent of market fluctuations and third-party financial interests,
thereby increasing economic transparency and stability.

Our emphasis was on the kinetics of methane pyrolysis, carbon deposition, and carbon
gasification as these are among the most critical aspects in the process design. Moreover, a
thorough understanding of the type of pyrolytic carbon linked with the pyrolysis conditions
and its potential variations is necessary for stable and predictable reactivity. Indeed,
differences between the reactivities of crystalline vs. amorphous carbon might pose various
challenges. Generally speaking, crystalline materials offer well-defined energy points,
making gasification more achievable. On the other hand, amorphous materials are more
energetically challenging, and their reactivity in selective reactions might present difficulties.
Finding the proper window for the kinetics of the various reactions so that the conditions
are suitable for both methane cracking and carbon gasification is one of the main challenges.
As stated by Pinilla et al. [27], a better understanding of the deposed carbon should guide
our choice for optimal regeneration conditions.

The future research should focus on aiming at a better understanding of the carbona-
ceous products formed as a function of the operating conditions, linked to a thorough
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investigation of catalyst regeneration. In addition, for proper reactor technology design
and optimization, detailed kinetics of CMD should be taken into consideration and the
catalyst deactivation due to carbon formation should be determined. The deactivation
functions should be elaborated based on the catalyst state, and not as a function of time
on stream. It is only with these data at hand that we will be able to validate the technical
feasibility of our proposed process for the combined CMD and coke gasification using the
CO2 present in the biogas. It is interesting to note that by doing so, we will contribute to
the very industrially important field of the development of coke-resisting catalysts.
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