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Methane (CHy4) pyrolysis is studied in a tubular flow reactor for the production of hydrogen and solid carbon by
combining kinetic modelling, numerical simulation and experiments in a high-temperature flow reactor. Oper-
ating conditions are varied such as temperature in the range of 1273-1873 K, hydrogen addition to the feed with
a molar Hy:CHy ratio between 0 and 4, and residence time in the range of 3-7 s. Elementary-step reaction
mechanisms consisting of pyrolysis and carbon coupling reactions among C;, Cp, aromatic and polycyclic aro-
matic hydrocarbon species are used in the numerical simulations of the species profiles in flow direction. A
thermodynamic analysis is performed to acquire the boundary conditions for operation as well to estimate
probable by-products (CoHa, CoHyg, CoHg, CeHg, Ci6Hig etc.) over the temperature range. Gas-phase kinetic
modelling is performed revealing that CH4 conversion starts at temperatures above 1273 K. Higher temperatures
increase CH4 conversion and Hj yield peaking at 1573 K. The cooling temperature gradient downstream of the
hot zone in the reactor causes reverse reactions in gas-phase suppressing CH,4 conversion. Hy addition to the feed
is found to be a crucial parameter for controlling the by-product formation. In the experimental study, a solid
carbon yield of 84 % is achieved while gaseous by-products remain less than 1 mol-% at 1673 K, Hy:CHj4 ratio of
2, and residence time of 5 s. Gas-phase reactions are found to be coupled to surface reactions at higher

temperatures.

1. Introduction

Hydrogen (Hy) is expected to play an important role as a modern
carbon-free energy carrier that allows for substantial reduction of global
greenhouse gas emissions [1-3]. Hy is also one of the most important
basic chemicals used for the production of ammonia, during petroleum
refining, and for methanol synthesis [4]. Therefore, it is of great interest
to develop a Hy production process that is environmentally friendly,
economically competitive and suitable for large-scale industrial
application.

Presently, multiple state-of-the-art catalytic technologies are avail-
able for Hy production from natural gas. Steam methane reforming
(SMR) is well-established for Hy and simultaneous carbon monoxide
(CO) production as it is a cost-effective path [1,5,6]. However, it releases
significant quantities of carbon dioxide (CO2) as a by-product and re-
quires additional carbon capture and storage processes [7-9]. Addi-
tionally, catalytic partial oxidation of methane (CPOX) [10-12],

autothermal reforming of methane (ATR) [13] and dry reforming of
methane (DRM) [14-16] are also commercially viable processes used to
produce Hj for different applications. Nevertheless, all these processes
produce synthesis gas, a mixture of Hy and CO along with COs, as a by-
product and not pure Hj. Environmentally friendly Hy can be produced
with water electrolysis using renewable energy [17]. However, water
electrolysis has a very high energy demand which is a bottleneck [18].
Furthermore, the use of Hy as energy carrier stored in metals and metal
hydrides via oxidation-reduction cycles has also been getting attention
recently [19-21].

Methane (CH4) pyrolysis according to Equation (1) is not only a
process that does not produce direct CO, emissions, but also offers the
chance to extract carbon from gaseous methane, e.g. from natural gas,
making it a bridging technology towards a sustainable energy supply.
Furthermore, the use of biomethane originating from biomass gasifica-
tion as feedstock for pyrolysis is a promising technology to remove
carbon from the atmosphere that can either be sequestrated or used in
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further processes. Rather than a mere sequestration, the further usage of
accruing solid carbon improves the economic viability even further
[1,8,22].

CHy (g~ C() + 2H, (o) AHj = +76kJ mol ™' €))

In order to maximize methane conversion and product selectivity,
various metal and carbon catalysts as well as the role of promoters and
supports have been widely studied and reviewed in literature
[2,9,23,24]. In addition, different reactor concepts such as molten metal
bubble column reactors [25], thin film reactors [26], and plasma re-
actors [27,28] were suggested in order to realize an efficient overall
process. Aside from thermal activation, plasma methane pyrolysis has
also been investigated [29-31]. More recently, Magazova et al. [32] and
Kreuznacht et al. [33] investigated plasma methane pyrolysis on the
laboratory scale. A maximum CH4 conversion of 65 % was achieved
using an argon-diluted feed containing 1 vol-% CH4 [33].

In our previous work we studied the feasibility of thermal CH4 py-
rolysis at industrially relevant conditions achieving CH4 conversions up
to 99 % and H; yields near 100 %, respectively, at 1873 K, 1 bar, a
residence time of 1 s, and a Hy:CH4 molar feed ratio of 4 [34]. In
addition, a beneficial effect of solid carbon was revealed by introducing
a carbon foil or mesh in the reactor [34].

The CH,4 pyrolysis reaction progresses via carbon coupling reactions
[35-43], leading to the formation of light hydrocarbons, aromatic hy-
drocarbons and polycyclic aromatic hydrocarbons in sequence as:

CH4—> C2H6—)C2H4—>C2H2—> C6H6—>PyI‘CHC (2)

Most of the literature suggests a free radical reaction sequence with CHs
radical formation as the first initiation step [18,35,39,44,45]. The initial
reaction mechanism leading up to C3 species was proposed by Chen et al.
[35] and later extended by Roscoe and Thompson [36] by adding
reverse reactions, isomerization reactions, and additional C3 products.
However, the Roscoe-Thompson [36] mechanism was developed for
temperatures only up to 1100 K. Dean [37] studied CH4 pyrolysis ki-
netics at low temperature (1038 K) and pressure (0.58 bar) and further
extended the mechanism until the formation of a benzene (CgHg) ring.
Flow reactor studies were performed by Billaud et al. [38] at 1453-1503
K, 1 bar and residence time up to 0.2 to 1.5 s, while Holmen et al. [39]
performed mechanistic studies up to 1573 K at short residence times up
to 0.4 s and a pressure of 0.13 bar. The focus of the studies by Billaud
et al. [38] and Holmen et al. [39] was on C; species formation and not Hy
production, hence, the process conditions were also selected accord-
ingly. Hidaka et al. [40] developed a detailed mechanism for a broad
temperature range of 1350-2400 K and pressure of 1.6 to 4.4 bar to
model shock tube experiments. The mechanism considers reactions of
hydrocarbon species up to C¢Hg formation. Appel et al. [41] developed a
detailed C; and Cz mechanism including both combustion and pyrolysis
reaction sets. Importantly, the mechanism also considers the formation
of polycyclic aromatic hydrocarbons (PAHs) up to pyrene. Their simu-
lation studies also focused on shock tube experiments in the context of
combustion. Sinaki et al. [46] updated the mechanism by Appel et al.
[41] by replacing 19 rate coefficients from the available literature
mechanisms from the NIST kinetic database [47] and found a good
agreement between their model and pyrolysis experiments by Back et al.
[48], Shah et al. [49], and Murphy et al. [50] for temperatures of up to
1450 K. The pyrolysis mechanisms of light hydrocarbons, including
ethylene (CoH4), acetylene (CoHy), and propylene (CsHg), have also
been explored with the primary focus on synthesis of carbon-carbon
composites [42,51,52].

However, none of the above-mentioned kinetic studies focused on
CH4 pyrolysis with the objective of formation of solid carbon aside from
hydrogen formation. In the current work, a combined numerical simu-
lation and experimental study is performed for homogeneous gas-phase
pyrolysis of methane-hydrogen mixtures at high temperature. The sim-
ulations are compared with end-of-pipe measurements conducted in a

flow reactor for model evaluation. Furthermore, axial profiles of hy-
drocarbon species along the flow direction are analyzed to gain a deeper
understanding of the gas-phase chemistry involved in CH4 pyrolysis.

2. Experimental

Experiments were conducted in a tubular flow reactor designed for
kinetic studies at high temperature (up to 2073 K) and elevated pressure
(up to 10 bar) as previously described by Angeli et al. [53]. The reactor
consists of a ceramic a-AlyO3 tubular reactor of 1 m length and of 2 cm
inner diameter, in which heating elements and insulation create an
isothermal hot zone of 0.4 m. The reaction gas mixture was fed via mass
flow controllers and the mixture was preheated to 443 K. The operating
conditions were controlled by a LabView-based software tool and the
effluent (product) gas stream was continuously analyzed with an online
HPR-20 mass spectrometer (Hiden Analytical), focusing on quantifica-
tion of Hy, CHy4, CoHy, CoHy, CoHg, and CgHg. During the measurement
campaign, temperature, feed molar ratio of Hy:CHy, and the residence
time were varied to study their influence on methane conversion and
product selectivity. The operating conditions studied are summarized in
Table 1. In analogy to a previous publication from our group [54], the
sum of the experimental error bars with regard to gas-phase species
quantification and carbon balance is less than 5 %.

3. Modeling approach
3.1. Flow reactor model

The reactor was simulated using a one-dimensional (in flow direc-
tion) plug flow reactor model. Assuming steady state and non-dispersive
flow conditions, the model is developed based on a continuum modeling
approach. The present model solves the species mass balance as shown
in Equation (3).

dY; )
pu—- = M@, 3)
dz

where M; is the molar mass of species i, p is the gas-phase density, u is the
gas velocity, z is the axial coordinate, @; is the rate of formation of gas-
phase species i, and Y; is the mass fraction of species i.

. dc; . R v,
Wi = Ti: Z(”ik Vie) ch/k S

keRg j€Se

where, v, and v, are the stoichiometric coefficients of the forward and
reverse reactions, respectively, c is the concentration in gas-phase, ky is
the rate constant of reaction k and Sy is the set of gas-phase species.
Furthermore, the present model computes residence time based on
the Equation (5) shown below.
dr 1
o (5)
where 7 is the residence time. The actual temperature profile measured
along the reactor’s axial direction is included into the simulations to give
the local temperature. The computer code DETCHEM' 'R is used for the
numerical simulations [55-58].

Table 1
Process conditions varied in the experiments.

Process parameter Variation range

Temperature 1273-1473-1673-1873 K
H,:CH,4 molar feed ratio 1-2-4

Residence time 3-5-7s

Pressure 1 bar




3.2. Reaction flow analysis

Analogous to the methodology described in the work of Gossler et al.
[59], the contribution of the specific reaction to the formation or con-
sumption of species is analyzed with the help of a reaction flow analysis
(RFA), also known as reaction path analysis.

The computer code DETCHEMP'® computes the rate for each reac-
tion at any axial position in the reactor. Both local and integral reaction
flow analysis can be performed. The local rate of reaction ry of the k-th
reaction given by Equation (6),

Iy = k{kHCl;}‘ k|kHCl:IA 5 (6)

ieSy ieSy

where ky is the rate of forward reaction, k is the rate of reverse reaction
and ¢; is the concentration of species i in gas-phase. To determine the
contribution ny of a reaction k to the production species i the rate of
reaction r, must be multiplied by the effective stoichiometric co-
efficients (I/lk y;k) resulting in a matrix with the dimension of total
species by total reactions. The data is then normalized by dividing the
values of the contributing species by the sum of those values. This is
done separately for the formation (Equation (7)) and consumption
(Equation (8)) of each species,
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where Ry is the set of gas-phase reactions.
An analogous approach is employed for integral reaction flow anal-
ysis, where the local rates ry are replaced by total rates of production Ry

t

Ry = /rkdh 9

0

where t is the time.
In the software used, the integration can also be stopped at a speci-
fied residence time or axial position in the reactor.

3.3. Reaction mechanisms

For the interpretation of experimental data and further development
of the process, a reliable and detailed kinetic mechanism is vital.
Detailed kinetic mechanisms by Appel et al. [41] (hereinafter referred to
as ABF2000), Golovitchev et al. [60] (Golov1999), Norinaga and
Deutschmann [52] (ND2007), and Porras et al. [43] (PolyMech) were
reviewed in this study.

ABF2000 was originally developed for the combustion of light hy-
drocarbons. Nevertheless, the mechanism also comprises the pyrolysis of
C; and C; species along with carbon coupling reactions. Reactions of
small hydrocarbons in ABF2000 were taken from the previously pub-
lished GRI-Mech 1.2 [61]. Herein, the formation of benzene (C¢Hg) by
coupling reactions is described by three pathways: The propargyl radical
path, the C4Hy path and a CgHy path involving cyclization reactions.
Furthermore, the formation of polycyclic aromatic hydrocarbons (PAHs)
until pyrene takes place via H-abstraction and CaHs-addition, which is
commonly known as the so-called HACA reaction sequence. Since the
original ABF2000 mechanism also comprises combustion reactions, it
was first adapted to pyrolytic conditions by removing all oxygen-related
species and reactions, which reduces the mechanism to 76 species and
247 reactions. Herein, the propargyl recombination reaction has a crit-
ical role in benzene formation as discussed in detail in section 4.3. The
ABF2000 mechanism defines this reaction as an irreversible reaction
leading to thermodynamic inconsistency at temperatures above 1673 K,

therefore it was replaced by a reversible reaction from PolyMech.

Similar to ABF2000, also Golov1999 was adapted to pyrolytic con-
ditions since it was originally developed for describing the combustion
of various hydrocarbon-based fuels. After adaption, it comprises 84
species and 236 reactions. The Golov1999 mechanism includes reaction
paths leading up to the formation of the C¢Hg ring and a series of irre-
versible reactions for anthracene production, which is regarded as an
inception molecule for soot. Moreover, C4H; is also considered a soot
precursor in this mechanism.

PolyMech was originally developed for dimethyl-ether and methane
combustion, but also includes a sub-mechanism of C; pyrolysis re-
actions. It is based on the work by Hidaka et al. [40] on CH4 oxidation
and pyrolysis. It was reduced to 44 species and 143 reactions that
exclusively consider the CH4 pyrolysis process. Hence, PolyMech is the
smallest reaction mechanism among all the mechanisms discussed
herein, resulting in the lowest computational expenses. However, it
considers coupling reactions only until C¢Hg formation and no further
formation of PAHs is taken into account.

ND2007 was developed for describing the pyrolysis of ethylene,
acetylene, and propylene and involves not only reactions for C; pyrolysis
but also comprises C3 pathways, resulting in a comprehensive mecha-
nism with 227 species and 827 reactions. While parts of the ND2007
mechanism have their origin in the ABF2000 mechanism, ND2007 also
includes odd carbon number PAHs and is extended up to coronene
formation.

All the aforementioned mechanisms are valid over a large range of
conditions well within the scope of this study, however, all have certain
advantages and limitations. In the following, ABF2000 and PolyMech
are considered for detailed studies due to detailed C-C coupling re-
actions as well as smaller sizes. All the mechanisms are provided in the
supporting information.

4. Results and discussion
4.1. Thermodynamic analysis

Along with Hy and carbon production, CH4 pyrolysis produces
various hydrocarbon species as intermediates. Therefore, a compre-
hensive thermodynamic analysis of the reacting system was performed
to investigate equilibrium boundaries associated with CHy4 pyrolysis.

For the present study, thermodynamic calculations were performed
using the DETCHEM software package [55] along with the HSC Chem-
istry Software [62]. DETCHEMEQU" was applied to calculate equilib-
rium compositions for a specified feed gas mixture under constant
pressure and isothermal conditions. On the other hand, HSC Chemistry
was used to calculate the change in the Gibbs energy of reaction (A;G)
for a given temperature range.

A negative AG is required for a thermodynamically feasible reac-
tion. Fig. 1 shows the A;G values for various carbon coupling reactions
from CH,4 for a wide temperature range. In general, CH4 pyrolysis is
thermodynamically viable for temperatures higher than 800 K. For
temperatures greater than 1373 K, the formation of aromatics and PAHs
is also feasible, and for temperatures higher than 1573 K, also direct
carbon coupling reactions to light hydrocarbons such as CoHy and CoHy
become possible. However, the methane pyrolysis reaction remains
thermodynamically most favorable for the entire temperature range
shown, i.e., 773-2273 K.

The equilibrium product distribution is another important facet that
is necessary to understand equilibrium limitations under specified pro-
cess conditions. Fig. 2 (a) shows the equilibrium product distribution
considering gas-phase species present in the adapted ABF2000 mecha-
nism. The molar ratio of Hy:CHy is defined as 2, the pressure is set to 1
bar, and the temperature is varied between 773 K and 2273 K. The data
depicted in Fig. 2 (a) underscore that the equilibrium shifts towards Hy
at higher temperatures, showing a peak at around 1600 K. CoH is the
most dominant by-product, reaching a mole fraction of 0.1 for
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Fig. 1. Gibbs energy of reaction (A,G) for carbon coupling reactions from
methane over a temperature range.

temperatures above 1773 K. Other by-products such as C16H;¢ (pyrene),
CoHy, and CgHg are also formed reaching peak values around 1623 K,
but quickly disappear with rising temperature. By incorporating
graphite as an additional species in the calculations, a significant shift in
the equilibrium towards H; is observed at lower temperature of 873 K.
Additionally, by-product formation is also significantly suppressed
(Fig. 2 (b)).

Moreover, the impact of pressure on the equilibrium product distri-
bution was examined. While keeping the molar ratio of Hy:CH,4 constant
to 2, the equilibrium product distribution was simulated at three
different pressures: 1, 5, and 10 bar. The simulations revealed a
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declining Hy mole fraction with rising pressure, which is most pro-
nounced between 1173 K and 1973 K, whereas the pressure plays a
negligible role for temperatures higher than 1973 K (Fig. 3 (a)).
Furthermore, increase in pressure suppresses the formation of by-
products. As shown in Fig. 3 (b), the pyrene peak mole fraction is
reduced with increasing pressure and additionally, the peak position is
shifted towards higher temperatures. A similar trend as for the main by-
product CyH> is also observed for pyrene (Fig. S1).

In summary, the thermodynamic analysis shows that CH4 pyrolysis is
thermodynamically favored for temperatures higher than 1073 K and
the presence of graphitic carbon facilitates a further shift of the equi-
librium towards Hj. In addition, increasing pressure has a negative ef-
fect on the formation of Hs.

4.2. Comparison of experiments with simulations

In this section, numerical simulations are compared to the experi-
mental measurements. Experimentally varied process conditions are
shown in Table 1. The experimental reactor (1.0 m) exhibits a pre-
heating zone (0.35 m) located upstream of the hot zone (0.4 m) and a
downstream cooling zone (0.25 m). While the hot zone can be operated
under isothermal conditions, the temperature is rising and declining in
the zones up- and downstream, respectively. Using argon (Ar) as flowing
medium, two axial temperature profiles were measured in the experi-
mental setup, choosing either 1473 K or 1673 K as set-points for the
heating element control. Although the heat capacity of the reaction gas
mixture differs from that of Ar, only a minor impact on the temperature
profiles is expected. Since the simulations cover a much wider range of
setup operation conditions, the experimentally obtained temperature
profiles were extrapolated or interpolated as shown in Fig. 4. These
temperature profiles were then used as inputs for the reactor
simulations.
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Fig. 2. Equilibrium product distribution for a molar ratio of H,:CH,4 of 2; (a) only gas-phase species and (b) gas-phase species plus graphitic carbon.
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4.2.1. Impact of temperature

CHy, is a stable molecule and therefore the pyrolysis reaction requires
very high temperatures. This section explains the effect of temperature
on CH4 pyrolysis and lays a particular focus on the temperature regime
between 1273 K and 1873 K, which is considered feasible for industrial
applications. Herein, the Hp:CH4 molar feed ratio of 2, residence time of
5 s, and pressure of 1 bar is kept constant.

Fig. 5 shows the experimentally determined composition of the
effluent gas stream in comparison with the ABF2000 and PolyMech
simulations. For temperatures up to 1473 K, the simulations are in good
agreement with experiments regarding CH4 and Hy mole fractions
(Fig. 5 (a)). For temperatures higher than 1673 K, however, simulations
and experiments show a higher deviation. At 1273 K, CH4 conversion in
the experiment is as low as 19 %, with only very low by-product levels.
Upon increasing the temperature, from 1373 K onwards both CHy4 con-
version as well as the formation of by-products increase rapidly,
reaching 65 % CH,4 conversion at 1473 K and 90 % at 1673 K (Fig. S2).
Above 1673 K, the CH4 conversion slightly decreases. Based on Fig. 2
(a), it is clear that the process is limited by equilibrium. Among the by-
products in the experiments, CoHy is detected as the most prominent by-
product, followed by CgHg (Fig. 5 (b)). However, above 1673 K CgHg
does not survive and CoHy steadily decrease. Compared to the experi-
mental data, ABF2000 overpredicts the formation of CoH4 while Poly-
Mech overpredicts the formation of CgHe.

Along with the end-of-pipe analysis, axial profiles also contain
important information on the reaction progress. They are particularly
important in this study, since the temperature varies along the reactor
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length. Fig. 6 (a) shows the axial profiles for the main species Hy and
CH4, while Fig. 6 (b) shows the development of by-products for both
mechanisms, ABF2000 and PolyMech at 1673 K. Both mechanisms yield
very similar profiles for the main species. CH4 and Hy mole fractions
almost reach a plateau around a reactor length of 0.5 m. However, after
the hot zone (reactor length 0.75 m), the CH4 mole fraction climbs up
and in the same region, the H; mole fraction goes down suggesting it is
consumed. Among the by-products, both the mechanisms predict CoHs
as major species, reaching more than 8 mol-% in the hot zone of the
reactor. In case of ABF2000, the slow decrease in CoHs after a reactor
length of 0.4 m is attributed to its consumption via HACA reaction
sequence to form PAHs, whereas in PolyMech, it remains constant until
0.75 m of reactor length. CoHy and CgHg are also estimated in small
quantities, but the trends are different in both mechanisms. As the
cooling zone begins around 0.75 m from the reactor length, CoH, rapidly
drops down while Co2Hy4 and CeHg rise. A detailed explanation regarding
these trends is presented in section 4.3. Fig. 6 (c) illustrates the axial
profiles of the main products at 1473 K. Similar to the findings for 1673
K, H; formation starts at approx. 0.3 m downstream of the reactor inlet
at 1473 K. However, the lower temperature results in a longer reaction
zone that is required for CH4 conversion and H; production. Nonethe-
less, differences of the CH4 levels at the reactor outlet are marginal at the
reactor outlet as the jump in CH4 mole fraction around 0.75 m is smaller
in case of 1473 K. Fig. 6 (d) depicts the simulated axially resolved by-
product formation along the reactor length at 1473 K. Compared to
1673 K, considerably less CoHy formation but more CgHg formation is
observed at 1473 K. The CyHy trend is relatively similar for both tem-
peratures. For temperatures 1273 K (Fig. S3 (a) and (b)) and 1873 K
(Fig. S3 (c) and (d)) axial profiles are provided in the supplementary
information.

In general, the simulations with both mechanisms agree well with
our experimental results regarding CH4 and Hjy concentrations up to
1473 K. However, for temperatures above 1673 K the simulations are
underpredicting CH4 consumption. Carbon formation on the reactor
wall and in the filters downstream of the reactor are observed in the
experiments as reported in our previous experimental study [34]. This
formation of solid carbon and soot particles implies that the high-
temperature decomposition of gas-phase CHy4 is not only taking place
in the gas-phase, but also comprises heterogeneous reaction paths.
Several hydrocarbon by-products can contribute to solid carbon for-
mation, either via a soot formation mechanism or by surface deposition.
The important role of CoH; in soot formation and carbon deposition at
higher temperatures has been subject to numerous studies [52,63-66]. It
is consensus that during soot formation CoHy is consumed by the HACA
sequence to form PAHs while releasing Hy [41,67]. Similarly, various
light hydrocarbons can release H, molecules when forming a carbon
deposited layer on a surface [66,68-72]. The axial profiles in Fig. 6 (b)
also support the important role of CaHs, even though it does not survive
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Fig. 5. Full reactor simulated and experimental end-of-pipe profiles vs. temperature; (a) main products, (b) by-products (solid line with (lll): ABF2000 simulations,
dot-dashed line with (4): PolyMech simulations while dotted line with (@), (a), (») and (%) denotes measured mole fractions).
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to the end of the reactor. Furthermore, the formation of solid carbon
through heterogeneous reactions allows the gas-phase equilibrium limit
to be crossed in experiments, resulting in more Hy production.
Compared to experiments, simulations produce less Hy and can be
correlated to the absence of a surface mechanism. To fully understand
and optimize CH4 pyrolysis, it is essential to investigate interactions
between gas-phase and surface mechanisms. In the current model, Pol-
yMech is limited in its capabilities, only including reactions up to C¢Hg
and not being able to couple soot formation mechanisms. On the other
hand, ABF2000 includes PAHs formation up to pyrene. Therefore, it is
more suitable to gain a comprehensive understanding of gas-phase, soot
and deposition interactions. Consequently, in-depth studies of ABF2000
are performed and compared to experimental results in the next
chapters.

4.2.2. Impact of hydrogen content in feed

Since previous research points to an inhibition of CHy4 pyrolysis by
hydrogen [39,64,73], this section investigates the impact of the
hydrogen content (Hy:CH4 molar ratio) in the feed gas on the CH4 py-
rolysis reaction. Notably, the presence of Hs can inhibit both homoge-
neous gas-phase reactions as well as heterogeneous surface deposition
[64]. The gas-phase inhibition may be explained by the reverse direction
of Equation (10).

CH4+H =CH; + H, (10)

As the reaction is considered to be in equilibrium, the presence of Hy
converts methyl radicals into CH4, thus reducing the CH4 conversion
[73]. Holmen et al. [73] reported a decrease in CH4 conversion of about
20 % when the feed Hy:CH4 molar ratio was increased from 1 to 4 at
1573 K, which is a significant impact. However, Holmen et al. [73]
considered only residence times lower than 0.4 s, whereas the current
work focuses on the impact the of Hy:CH4 molar ratio in the feed for a
residence time of 5 s, a temperature range of 1273-1873 K, and a
pressure of 1 bar.

Fig. 7 (a) shows end-of-pipe experimental and ABF2000 full reactor

simulation results at varying Ho:CH4 molar ratios and temperatures. For
less severe conditions, i.e. up to temperatures of 1473 K and higher
dilution of 4, the simulations agree well with the experiments. In order
to study the overall impact in detail, Fig. 7 (b) shows CH4 conversion and
Hj yield in simulations for 1373 K and 1573 K, as at these temperatures
intermediate and maximum levels of Hs formation are observed.
Increasing the Hy:CH4 molar ratio from O to 4 in feed considerably re-
duces CH4 conversion from 83 % to 46 % at 1573 K, while the Hj yield is
also halved. At 1373 K, an increase of the H:CH4 molar ratio from 0 to 2
results in a reduction of both CH4 conversion and Hj yield. An increase
of the ratio beyond a factor of 2 does not result in a further substantial
suppression.

Furthermore, the results shown in Fig. 7 (c) and (d) reveal an impact
of the Hy:CH4 molar ratio on the simulated product carbon (‘C’) distri-
bution. At 1373 K (Fig. 7 (c)), the majority of the carbon remains in
unconverted CHy, irrespective of the Hj dilution. Cy species account for
19 % of the carbon if no Hy is added to the feed gas stream, which
steadily decreases with increasing H; content. Cg remains below 10 %
while C in PAHs is negligible. For 1573 K, however, the C distribution is
more diverse. C;5 and C; 6 species account for more than 60 % of the total
C while unconverted CHy4 is merely 17 % when choosing a CHs-only
feed. Increasing the Hy:CH4 molar ratio to 4 results in a pronounced
reduction of the PAHs share in C to only 12 %. On the other hand, the
contribution of C and Cg hydrocarbons increases from 18 % to 32 % in
the same range.

As already mentioned in the previous section, the experiments cross
the equilibrium limit due to solid carbon formation at higher tempera-
tures, which the current model cannot describe. However, for all Hy:CHy4
molar feed ratios, the ABF2000 mechanism agrees well with the ex-
periments at lower temperatures, and follows the equilibrium curve at
higher temperatures. Therefore, it is reasonable to assume that the
ABF2000 mechanism captures gas-phase CH,4 pyrolysis reactions accu-
rately also with respect to the increased Hy content in the feed.

Overall, the Hy:CH4 molar feed ratio is a key process parameter for
controlling CH4 conversion, Hj yield, and C distribution in the (by-)
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products. A higher Hy:CH4 molar feed ratio results in a decrease in CHy4
conversion, but it also allows for a better control over soot formation by
reducing the formation of PAHs.

4.2.3. Impact of residence time

Among the many factors that influence the CHy4 pyrolysis reaction,
also the residence time (7) in the hot zone is an important descriptor.
Previously, Billaud et al. [38], Holmen et al. [39], and Olsvik et al. [73]
studied the impact of 7 on CH4 pyrolysis. In these studies, the residence
time 7 was kept very small (<1.5 s) and a very high impact on the
product distribution was reported. At 1673 K and H,:CH, feed ratio of 2,
when 7 increased from 0.02 to 0.1 s, CH4 conversion was increased by
around 70 % and C, yield was raised by around 30 % [73]. For 1503 K
and H,:CHj4 feed ratio of 2, effect of r was studied between 0.25and 1.0 s
[38]. CHy4 conversion was increased from 11 % to 41 % in the 7 range but
C, yield reached a peak of 20 % at 0.8 s which later slowly decreased
[38]. It was also observed that coke formation increased with increase in
7 [38]. For shorter residence times (<1 s) it is clear that the 7 impacts
greatly on CH4 pyrolysis chemistry. However, the focus of these studies
was on achieving high C; yields and not on obtaining high CH4 con-
versions or Hj yields. Considering potential industrially relevant resi-
dence times of 3 s to 7 s, this section shines a light on the impact of
residence time on CH4 conversion and Hj yield.

Fig. 8 (a) compares end-of-pipe experimental data with full reactor
simulations using the ABF2000 mechanism for 7 and temperature vari-
ations. Overall, Hy production is increased up on increasing the 7 in
experiments, however, for 5 s and 7 s error bars in the mass spectrometer
data are too large to distinguish a clear difference. At higher tempera-
tures (>1573 K) an influence of solid carbon similar to previous sections
is also observed here. In simulations, CH4 conversion and H; yield are

not significantly affected by residence time variations between 3 and 7 s
(Fig. 8 (b)). However, the simulations point to a clear impact of resi-
dence time on the formation of PAHs especially at 1573 K (Fig. 8 (c) and
(d)). Even at 1373 K, and increase of 7 from 3 s to 7 s results in an in-
crease in Cg share in the product composition as reactions move forward
from light hydrocarbons to aromatics. For 1573 K this effect is intensi-
fied as the Cy4 + Cj¢ share in the product composition increases sub-
stantially when 7 is increased. This means that with respect to gas-phase
reactions, the simulations suggest no advantage regarding CH4 conver-
sion and Hj yield if the residence time is increased, but point to a pro-
moted formation of PAHs. Soot formation via heterogeneous reactions
can be related to the availability of PAHs, which means that an
increasing residence time would also increase soot formation within the
reactor. On the other hand, increasing the residence time even further
would barely impact surface deposition reactions as these reactions are
expected to be faster than the gas-phase reactions.

4.3. Reaction flow analysis

In the previous sections full-length reactor simulations are compared
with the experimental data that were obtained in a plug-flow reactor
that exhibits a pre-heating zone, a hot zone and a cooling zone. Espe-
cially the effect of the cooling zone on the axial species profiles depicted
in Fig. 6 makes it necessary to study the reaction progress in more detail.
In order to exclusively investigate the impact of temperature and to
avoid other effects, isothermal simulations were performed with the
computer code DETCHEM'™ using two gas-phase mechanisms,
ABF2000 and PolyMech, keeping Hy:CH4 molar ratio in feed of 2, resi-
dence time of 5 s and pressure 1 bar. In addition, an integral reaction
flow analysis (RFA) was conducted for both mechanisms to investigate
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the progress of the reactions.

The simulated end-of-pipe mole fractions for the major species Hj
and CH4 as well as the hydrocarbon by-products CoHy and CgHg are
shown in Fig. 9. For Hy and CHy, both the mechanisms produce similar
outcomes, as can be seen in Fig. 9 (a), with only minor differences in the
trend. In the case of ABF2000, a peak is obtained for the H, mole frac-
tions around 1673 K, whereas PolyMech suggests a steady increase
instead. In contrast, the simulation results presented in Fig. 9 (b) and
Fig. 10 reveal a noticeable difference regarding the formation of by-
products. The mole fraction peak for CoHy is observed at lower tem-
peratures for ABF2000 compared to the PolyMech mechanism.
Compared to ABF2000, PolyMech predicts a significantly higher C¢Hg
quantity (Fig. 9 (b)), which can be attributed to the C-C coupling
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reactions that cover larger molecule formation only until C¢Hg. On the
contrary, ABF2000 comprises reactions consuming C¢Hg and the for-
mation of PAHs, i.e. resulting in the peak of CgHg appearing at 1473 K
(Fig. 9 (b)) followed by a peak of pyrene appearing at 1623 K (Fig. 10).
Notably, the isothermal simulations suggest acetylene (CyHs) as the
most important by-product reaching up to 10 mol-% of the product
distribution at 1873 K (Fig. 10).

Using the same inlet compositions and pressure conditions as in the
simulations above, an integral RFA was performed using the ABF2000
mechanism for two temperatures, 1673 K and 1273 K. For 1673 K, the
reaction paths of ABF2000 are also compared with those of the Poly-
Mech mechanism. Fig. 11 illustrates the major reaction paths for C-C
coupling reactions from the starting molecule CH4 to CoHy. The first step
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Fig. 9. Simulated end of pipe species mole fractions vs. temperature; (a) Main species, (b) by-products (solid line with (lll): ABF2000 mechanism simulation, dot-

dashed line with (4): PolyMech mechanism simulation).
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in CHy4 pyrolysis is the dissociation of the CH4 molecule into a CHs
radical, which is also considered to be the rate determining step in
literature [18,35,44,74]. In general, this dissociation can take place via
the two reactions given in Equation (10) and (11), which are part of
both, ABF2000 and PolyMech. The first reaction describes the direct
dissociation via H-atom abstraction by another H-atom, whereas the
second reaction represents the dissociation with the help of third body
species. At 1673 K, both mechanisms suggest that the direct dissociation
is the predominant reaction, which is understandable from a thermo-
dynamic point of view since the high temperatures provide the required
energy for bond cleavage. On the contrary, at 1273 K the energy for
dissociation is also provided by the third body.

CH,+M = CH; +H (11
With regard to Cy species formation, the coupling of CHs radicals into
CyHg is the major path in both mechanisms at 1673 K, and a temperature
reduction promotes this path even further. From CoH4 onwards, CoHs is
formed in ABF2000 via an intermediate of CoHs, whereas in the case of
PolyMech CgHj; is directly formed from CyH4 by the release of a Hy
molecule. It is interesting to note, that as the C-C coupling reactions
proceed, the C to H ratio in the formed hydrocarbons is increasing, since
the coupling goes along with dehydrogenation.

From CgHj, the onwards reaction pathways till CcHg are shown in
Fig. 12 for two temperatures (1273 K and 1673 K) according to the
ABF2000 mechanism. Herein, the sub mechanism that describes the
formation of aromatic molecules has three pathways. The first is an n-
C4Hj intermediate path, the second is cyclization reactions of n-CgHy
and the third is a recombination of propargyl radicals (CsHs). Under
reaction conditions typical for CHy pyrolysis, the third reaction pathway

is dominant. From CyH; onwards, precursors for aromatic molecule
formation are produced either via coupling of CoHp with a CH3 radical to
form allene or via propyne formation. These paths strongly depend on
the temperature. At 1273 K only allene and propyne are formed from
CoH; which subsequently forms C3Hs, whereas at 1673 K, the formation
of i-C4Hj is the main path, which leads to the re-formation of CoHy via
C4H4 and C4H, intermediates.

Modelling the C3H3 recombination reaction (Equation (12)) to form
the first aromatic ring, i.e. C¢Hg, in a single step is an accepted approach
in the literature [40,41,43,75,76].

C3H3 + C3H3 = C6H6 (12)
In both mechanisms, ABF2000 and PolyMech, the reaction is considered
to take place in a single step, and is modelled irreversible in ABF2000 on
the one hand and reversible in PolyMech on the other hand. In the
current work, it is observed that in the case of very high Hy production
the ABF2000 mechanism with its irreversible C3H3 recombination re-
action does not remain thermodynamically consistent (Fig. S4). Since
most of the previous studies performed with this mechanism are
combustion-related with smaller residence times, the Hy production is of
comparably minor relevance. A recent study of Chu et al. [67] and an
allene pyrolysis study by Kern et al. [75] revealed that pathways leading
from propargyl recombination to C¢Hg formation are in fact not a single
step reaction. Appel et al. [41] also mentioned writing CgH3 recombi-
nation reaction (Equation (12)) as irreversible and in a single step would
have a bias towards the experiments considered while developing the
mechanism. Therefore, considering this possible reaction sequence is
essentially imperative when developing a new CH,4 pyrolysis gas-phase
mechanism. However, since the development of a completely new
mechanism is beyond the focus of the present study the reaction in
ABF2000 is herein written reversible, analogous to the PolyMech
mechanism, which ensures thermodynamic consistency even with high
levels of Hy formation.

In the case of PolyMech, the reaction path from CyH; onwards looks
slightly different compared to ABF2000 as shown in Fig. 13. Allene and
propyne are formed in the first step from CyHy. From allene, however,
there exists an additional direct reaction path of C3Hs and allene
reacting to form CgHg formation (Equation (13)).

Allene + C3H3 = C5H5 +H (13)
Moreover, from allene onwards, PolyMech includes a path to form
propene (C3Hg) that is not present in ABF2000. Although along with Cs
chemistry also C4 chemistry plays a crucial role, the latter one does not
contribute to the formation of aromatics, but rather results in a closed
cycle to re-formation of CyHy.

C-C coupling reactions after C¢Hg are present only in the ABF2000
mechanism. The path of formation of PAHs proceeds according to the
HACA reaction sequence. Fig. 14 shows this path for 1673 K, since for
lower temperatures PAHs formation is negligible. As a first step, phenyl
and an H radical is formed from the C¢Hg ring. From phenyl onwards,
four different paths are established. The reaction path contributing the
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Fig. 11. Integral reaction flow analysis from CH,4 to CoH, formation at 1 bar, Hy:CH4 molar ratio 2, residence time of 5 s; Red bold number indicate ABF2000 at 1673
K, blue normal font indicates ABF2000 at 1273 K, and violet italic number indicate PolyMech at 1673 K contribution in %). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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least is the one during which the phenyl radical releases an H radical to
form benzyne. This is the path where further C¢ rearrangements take
place and via C4 linear hydrocarbons ultimately CyHs is formed back.
With a share of 39 %, the major path from benzyne onwards is the
addition of CyHj to form phenylacetylene, followed by C4H,4 addition to
form naphthalene (19 %) and C¢Hg addition to form biphenyl (10 %).
These paths see further addition of either Co;Hg or C4Hy4 to grow the PAHs
from the phenanthrene intermediate, until the reaction sequence finally
ends forming pyrene and acenaphthylene.

All the RFAs shown in this section point out that CoH; is a central
species in CH4 pyrolysis. Isothermal simulations shown in Fig. 10 also
confirm this by predicting CoHj as the main by-product. However, full
reactor simulations do not predict a similarly large amount of CoHs.
Moreover, the axial profile in Fig. 6 (b) shows a drop in Cy;Hz when the
cooling zone starts. A RFA is performed with ABF2000, using the gas
composition at a position of 0.5 m from the simulation conducted at

1673 K (Fig. 6) as inlet composition. A reduced temperature of 973 K
and a residence time of 5 s is specified for RFA, which reveals the di-
rection of the reactions in the cooling zone. The RFA that is displayed in
Fig. 15 highlights that 88 % of the CyHj is converted to CoHs and sub-
sequently to CoH4 when the temperature is decreased. The reaction also
goes further reverse, forming CoHg and CHy. This explains the trends
observed in Fig. 6, namely formation of C;H4 and CHy4 in the cooling
zone downstream of the isothermal hot zone. It is therefore confirmed,
that CoHj is indeed a central by-product also in the case of full reactor
simulations. However, the cooling zone at the end of the reactor triggers
reverse gas-phase reactions forming CoHy, CoHg and CHy4. Additionally,
the RFA findings underscore the significance of simulating the entire
reactor during CH4 pyrolysis when a cooling zone is present downstream
of the hot reaction zone.

It is important to note that reverse reactions in the context of a flow
reactor are complex phenomena. Many parameters influence their
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occurrence such as the availability of different reactants, temperature
and residence time. These reactions occur due to a negative temperature
gradient and not due to absolute low temperatures. In fact, below a
certain threshold temperature (800 K in case of Fig. 6) these reactions do
not take place, which suggests that more reverse reactions will take
place in the subsequent cooling zone if the temperature of the hot zone is
higher. On the other hand, if hot zone temperatures are higher (>1673
K) and also the hot zone residence time is high enough (>10 s) that the
reaction moves forward from CyHj to pyrene, then the impact of reverse
reactions would be lower.

In summary, isothermal simulations in combination with an integral
reaction flow analysis provide detailed information about the reaction
paths evolving along the reactor length or with respect to time. It also
explains the possibility of the reverse reactions if a cooling zone is
present in the reactor. Furthermore, RFA also identifies important pre-
cursors, which will play a crucial role for further work when coupling
gas-phase chemistry to surface chemistry such as soot formation or
surface deposition.

5. Conclusions

In conclusion, methane pyrolysis gas-phase chemistry was investi-
gated using one-dimensional plug flow reactor simulations with

elementary-step-based reaction mechanisms and the results were
compared to the experimental data. A thermodynamic analysis was
performed to determine the equilibrium limits of CH4 pyrolysis,
considering gas-phase species at a molar Hy:CH,4 ratio of 2 and a pressure
of 1 bar. Although the Hj equilibrium mole fraction reached a peak of
0.9 around 1600 K, the formation of solid carbon during the experiments
enabled crossing the gas-phase equilibrium limit, resulting in Hy mole
fractions up to 0.96. Kinetic simulations indicated that temperatures
above 1273 K were necessary to initiate CH4 conversion, which subse-
quently increased rapidly as the temperature rose to 1573 K. Addition-
ally, the study emphasizes the critical roles of the isothermal hot zone
temperature, pre-heating zone upstream, and cooling zone downstream
in influencing by-product distribution due to the reverse reactions of
light hydrocarbons. Increasing the Hy:CH4 molar feed ratio led to
decreased CH4 conversion, owing to Hj inhibition, but also suppressed
the formation of polycyclic aromatic hydrocarbons, thereby controlling
soot production. Moreover, as residence times increased from 3 s on-
wards, CH4 conversion improved only marginally, but the by-product
distribution changed due to polycyclic aromatic hydrocarbons forma-
tion. The integral reaction flow analysis shed light on reaction paths in
the mechanisms ABF2000 and PolyMech, identifying essential pre-
cursors for heterogeneous reactions. Simulations exhibited very good
agreement with experimental end-of-pipe measurements at



temperatures below 1673 K. However, differences between simulations
and experiments at higher temperatures were attributed to heteroge-
neous reactions taking place during the experiments that are not
captured by the corresponding simulations. In future work, elementary-
step gas-phase mechanisms will be coupled with heterogeneous soot
formation and solid carbon deposition reactions to allow for a holistic
description.

Abbreviations

PFR Plug flow reactor
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Ry Total rate of reaction k mol m™
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t Time H
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Y; Mass faction of gas-phase species i -

2 Reactor axial coordinate m
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AG Gibbs energy of reaction kg mol™!
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