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Abstract

Methane pyrolysis represents a CO,-free hydrogen production route that enables simultaneous carbon capture. While
the majority of previous studies in the field focus on pure CH, as feed gas stream, commercial processes will typically
rely on natural gas as feedstock that contains also non-methane hydrocarbons such as ethane, propane, and n-butane.
Therefore, the present study evaluates how CH, conversion, H, selectivity, product composition, and solid carbon yield
evolve when using either pure CH, or synthetic natural gas (SNG) as feed gas stream for a thermal pyrolysis process in
alab-scale high-temperature reactor. For this, industrially viable conditions are applied, namely temperatures between
1000 °C and 1600 °C, residence times between 1 s and 7 s, and molar H, dilution ratios between 1:1 and 4:1. Although
the use of SNG results in slightly lower hydrocarbon conversions because the additional components in SNG result in a
higher effective H, dilution ratio compared to a CH,-only feed, the non-methane hydrocarbons in the SNG have a posi-
tive effect on both H, selectivity and solid carbon yield. Taking existing mechanistic understanding into account, these
positive effects are attributed to radicals formed from the non-methane hydrocarbons, which facilitate dehydrogenation
steps from ethane to ethylene and hereby increase the relative amount of H, originating from CH,. The introduction of
a carbonaceous fixed bed further benefits the performance of the pyrolysis process and ultimately enables to capture
more than 98% of carbon in its solid form under industrially viable process conditions.

1 Introduction

On the way towards a novel and sustainable energy system, hydrogen (H,) is considered as one of the most important
and promising carbon-free energy carriers [1-3]. In this regard, a wide variety of climate-friendly technologies that rely
on H, enjoys growing popularity, for instance H,-fueled internal combustion engines in stationary power plants or heavy
duty and off-road applications [4, 5], fuel cells [6, 7], and large-scale processes in metallurgy and steel industry [8-10].
However, to date steam reforming of fossil natural gas with its main component methane (CH,), which causes substan-
tial carbon dioxide (CO,) emissions, accounts for the majority of the global H, production [11]. Since water electrolysis,
which is the only entirely carbon-free H, production route, requires comparably high investment costs and suffers from
technological hurdles, alternative routes are investigated.
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Technical carbon (carbon black), which is used mainly used as reinforcement material in rubber, represents another
important feedstock for the industry with a large CO, footprint: In fact, the production route of this material, so-called
furnace processes, are associated with emissions between approx. 1.9 and 5.2 kg CO, per kg carbon black [12].

In this regard, methane pyrolysis is considered by both academia and industry as a feasible technology for a sustainable
production of hydrogen and carbon black [13, 14]. Herein, various demonstration plants have already been developed.
Among these, the electrically heated moving bed process by BASF [15], which uses amorphous carbon to facilitate depo-
sition reactions, and the process from Monolith Materials [16], which uses a plasma torch for heat provision, are particu-
larly noteworthy. Both processes are designed to enable a commercialization of both carbon and hydrogen production.
Therefore, methane pyrolysis would decarbonize two value chains, namely the hydrogen and carbon production routes.

With a significantly lower energy demand than water electrolysis and without any direct CO, emissions [17-23], CH,
pyrolysis is referring to the endothermic thermal decomposition of methane according to Eq. (1), producing gaseous
H, and solid carbon [24-27]:

CH, » 2H,+C (1)

Under standard conditions, the reaction enthalpy AgH® is 75 kJ mol~!, which increases with increasing temperature,
i.e. to 82 kJ mol™" at 1000 °C [27]. In brief, the underlying reaction mechanism consists of a large number of elementary
reactions involving the coupling of CH, molecules to ethane (C,H¢) and its dehydrogenation to ethylene (C,H,) and
finally to acetylene (C,H,) [28, 29]. Subsequently, the coupling of C,H, yields benzene (C4H¢) molecules, which then
form polyaromatic hydrocarbons (PAH) that ultimately agglomerate to form solid carbon [30-34]. An entirely thermal
decomposition of CH, requires temperatures above 1000 °C [35]. Although the catalytic decomposition of methane using
iron- or nickel-based materials as catalysts, for example, allows for considerably high CH, conversions and H, selectivities
already at temperatures between 500 °C and 1000 °C [36, 37], deactivation due to coking and metal impurities in the
accruing carbon are major hurdles. As the commercialization of the solid product is essential for the profitability of the
overall process [38, 39], a high purity and a high proportion of graphite in the solid product is desirable. Hence, thermal
CH, pyrolysis does not only ensure longer operating times, but also makes a further and possibly energy-intensive treat-
ment of the accruing carbon redundant [40]. Notably, carbon itself can act as a catalyst, because it provides additional
surface area for autocatalytic particle growth via heterogeneous adsorption and decomposition reactions and hereby
promotes CH, conversion [41-43].

For a more holistic view of the CH, pyrolysis process, a mass and energy balance is essential, as depicted in Eq. (2)
and Eq. (3) [18].

Mass : 1t CH, — 250 kg H, + 750 kg C )

Energy : 50000 MJ + AgH® — 30000 MJ + 24600 M) 3)

The mass balance (Eqg. 2) shows that carbon is the main product of the pyrolysis process in terms of mass. It is therefore
obvious that a further utilization of the accruing carbon is highly desirable in order to design an efficient overall process
with high economic appeal. Furthermore, the energy balance (Eqg. 3), which consists of the heating values of methane,
hydrogen, and carbon (corresponding to the respective oxidation reaction), suggests a significant energy loss in the gas-
phase, because also solid carbon “contains” a significant amount of energy. Hydrogen from pyrolysis may serve as clean
fuel, which in contrast to direct methane combustion does not result in CO, emissions, or may be utilized in chemical
industry. If CO, taxation is taken into consideration, a simple storage of accruing carbon may be economically feasible at
some point in the future. However, in order to avoid wasting the energy stored in solid carbon, its utilization is reasonable.
If the carbon is not only to be stored but also utilized (both alternatives are currently the subject of debate [13, 44, 45]), it
must also be taken into account that the global carbon market, at an estimated 14-24 Mt [46], is significantly smaller than
the demand for hydrogen (200-600 Mt) [47]. In this case, methane pyrolysis would primarily serve as a complementary
technology that is adapted to the global demand for carbon. Notably, also novel areas of application are evaluated in
order to utilize the vast amounts of solid carbon, e.g. soil amendment for agricultural areas or creation of new land in
waterfront areas [45, 48], which could increase the global carbon demand significantly.

In terms of potential feedstocks, to date, fossil natural gas, which contains also nitrogen (N,), short-chain hydrocarbons
such as C,Hg, propane (C;Hg), or n-butane (C,H,,), and CO, [49] represents the main source of CH,. Therefore, the direct
usage of natural gas during the pyrolysis process appears particularly convenient. In this context, the thermal decompo-
sition of several hydrocarbons as well as natural gas was studied in the past [50-52]. Since some of those hydrocarbons
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also act as precursors during carbon formation, the influence of these precursors on product composition, CH, conver-
sion, and especially H, selectivity in a process with CH, as main component in the feed is of particular interest in order
to design a suitable pyrolysis reactor. Herein, experimental studies on natural gas mixtures for methane pyrolysis exist in
the literature [29, 53-55]. Although the influence of ethane, propane or DME as additional hydrocarbons were examined
[56], these studies employed comparatively short residence times (< 107 s), frequently aiming to achieve a high yield of
coupling products. However, the formation of the latter should be avoided in a pyrolysis process, where higher residence
times (> 1 s) are required for sufficient hydrogen and carbon yields [40]. Moreover, political tensions in the energy market
and fluctuating resources call for a flexible operation of industrial CH, pyrolysis processes that can cope with variable feed
gas streams [57]. Hence, the differences between both feed streams—i.e. pure CH,, e.g. from purified renewable biogas
[58], and conventional natural gas—must be clarified with a re-arranged focus on decomposition products in order to
ensure the establishment of a cost-efficient and reliable large-scale and CO,-free H, production route.

Consequently, the current study investigates the thermal pyrolysis of both, natural gas and pure CH,, and aims at
optimizing the operating parameters in terms of CH, conversion, H, selectivity, product composition, as well as solid
carbon yield. For this, the influence of temperature, residence time, and H, dilution is studied in detail, in particular taking
the impact of the additional species in natural gas on the pyrolysis into account. In addition to empty tube experiments,
reactor operation with a carbonaceous fixed bed is evaluated in order to obtain extensive knowledge with regard to
more realistic reactor configurations that promote CH, conversion and the selectivity to the desired product H, and that
are of industrial relevance.

2 Methods

The experiments for this study were conducted in an in-house developed setup that was designed for experiments at
high temperature and elevated pressure and which was already introduced in previous publications of our group [40,
58, 591. It essentially consists of a gas dosing system that feeds the reaction gases (provided by gas bottles) via mass
flow controllers (Bronkhorst), a tubular a-Al,O; reactor (length =100 cm, diameter=2 cm; DEGUSSIT AL23 by Friatec/
Aliaxis) that can be heated to 1800 °C by heating elements and that is placed in an insulated stainless-steel vessel (sche-
matic drawing given in Fig. 1), and an analysis section. The effluent product gas stream was continuously analyzed with
a mass spectrometer (Hiden Analytical HPR 20 R&D). While a trap downstream of the reactor allowed the separation of
the majority of solid particles, an additional particle filter prior to the analysis section removed also fine soot particles.
Experiments were performed either with an empty reactor tube, or the reactor was filled with a carbonaceous fixed bed
consisting of acetylene coke pellets (Carbolux, supplied by BASF SE) with an average pellet diameter of 2 mm to 3 mm.

As already described in detail in a previous publication [58], these pellets were filled into a container made of graph-
ite foil (190 mm height), which was mounted in the reactor in such a way that the distance between the upper end of
the fixed bed (height=75 mm) and the reactor inlet was 380 mm. This ensured that the feed gases were heated to the
appropriate reaction temperature before reaching the fixed bed. In this regard, either pure methane or synthetic natural
gas (SNG, AirLiquide, consisting of CH, with 81.2684 vol.-%, C,H, with 2.9710 vol.-%, C;Hg with 0.4913 vol.-%, C,H,, with
0.0993 vol.-%, N, with 14.1600 vol.-%, CO, with 1.0100 vol.-%) was used as feed gas in this work.

Fig. 1 Schematic drawing
of the reactor setup with
descriptive captions
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In addition to temperature, also pressure represents an important process parameter. While high pressure is thermody-
namically not favorable for the methane conversion, a moderate pressure increase can inhibit the formation of byproducts
such as C, and C; species or benzene [60]. In order to avoid the potential overlap of feed gas-related phenomena with pres-
sure-induced effects, all experiments were carried out at atmospheric pressure. This approach enables to gain an unbiased
understanding on the formation and possible influence of intermediates and SNG components.

In this respect, also the dilution of the reaction gases with H, throughout all experiments presented herein counteracts
clogging in the reactor due to the formation of solid carbon and thus helps to avoid an undesired pressure increase during
reactor operation that would impede drawing solid conclusions on the gas-phase chemistry. Exploiting H,, which is an integral
part of the product gas stream anyways, as diluent is particularly relevant also in the context of a potential industrially viable
natural gas pyrolysis process, because it eliminates the need for downstream product separation. This outweighs the inhibi-
tion of the pyrolysis reaction by H, that has been reported in the past [60, 61], especially considering that this inhibition is
only comparably moderate at industrially viable high temperatures. Therefore, H, was chosen as dilution gas for the present
study. After the diluted reaction gases were fed into the reaction tube for 20 min at reaction temperature, the reactor was
purged with argon (Ar). Subsequently, for experiments in an empty reactor tube, any deposits that may have formed during
the experiment were burned off with synthetic air. In fixed-bed experiments, on the other hand, the reactor was cooled down
to ambient temperature while purging with inert gas and graphite container with the fixed bed was removed.

During data evaluation, the volume fraction of each species in the product stream was measured in steady-state via mass
spectrometry. Herein, the MS data was averaged over the entire steady-state, whereby the mean deviation of the MS data
was less than 2%. Consecutively, the molar flow rate of each gas-phase species was calculated by using H balance for the
total flow rate (considering gas expansion) and multiplying it with the respective mole fraction. Based on the gas-phase data,
key descriptors such as hydrocarbon conversion (X), H, selectivity (S), and solid carbon yield (Y) were calculated according
to Egs. (4-9): Egs. (4, 6, and 8) were used for a CH,-only feed, whereas Egs. (5, 7, and 9) were used for SNG as feed. Herein,
N describes the molar flow and v is the stoichiometric factor for H, from the respective hydrocarbon (e.g., 3 for ethane or 4
for propane). Note, that for SNG as feed the conversion of all hydrocarbons (HC) in the reactant stream was considered for
conversion, H, selectivity, and solid carbon yield.

Xpyc= ————— - 100% (5)
2 Ny
Nout _ Nin
H, H,
SHZ CH, L in out 100% (6)
2ANg, — N
Nout _ Nin
H H
Hy HC — -Zin -Zout 00% )
2 1’i(NHq Ny
- out
Yoy = Ne 100%
CCH, =T (8)
CH,
- out
Y Ne 100%
CHC= T 0 9)
v
1

@ Discover



Discover Chemical Engineering (2024) 4:29 | https://doi.org/10.1007/543938-024-00067-4 Research

3 Results and discussion

In a first step, the high-temperature setup described in the previous section was used to systematically investigate
the influence of temperature (1000 °C, 1200 °C, 1400 °C, and 1600 °C), residence time (15,3 s,5s,and 7 s), and molar
H, dilution ratio of the feed gas containing either pure CH, or SNG on hydrocarbon conversion, H, selectivity, product
composition as well as solid carbon yield. Particular focus is laid on the impact of SNG-components. Note that if SNG
is used as feed, the molar H, dilution ratio refers to all SNG components, including N,; consequently, an overall higher
H,:hydrocarbon ratio is present during experiments with SNG feeds. In addition to gas-phase experiments, the impact
of a carbonaceous fixed bed in the reactor is studied.

3.1 Role of non-methane hydrocarbons at varying reaction conditions

In order to investigate the effect of temperature on the reaction process, the pyrolysis of pure CH, and of SNG is studied at
amolar H, dilution ratio of 2:1 and a residence time of 5 s while varying the temperature from 1000 °C to 1600 °C. Figure 2
summarizes the data obtained during gas-phase tests in an empty reactor configuration, namely the molar hydrocarbon
conversion (Fig. 2a), molar H, selectivity (Fig. 2b), and product composition (Fig. 2¢c) for both feed compositions, pure
CH, and SNG (both diluted with H,) as a function of the reaction temperature.

As shown in Fig. 2a, hydrocarbon conversion increases from about 20% and 30% for CH, and SNG, respectively, at
1000 °C to more than 80% at 1400 °C and to almost full conversion at 1600 °C, irrespective of the feed. Note that for the
sake of comparability, not only methane but also the conversion of ethane, propane and n-butane was included in the
calculation if SNG served as a feed (cf. Eq. (5)). Taking the overall hydrocarbon conversion into account, it becomes appar-
ent that the hydrocarbon conversion for SNG is always slightly lower than the values for pure methane as feed for the
entire temperature range investigated herein. This can be explained by the H, dilution, which is defined as the molar ratio
between hydrogen and either methane or SNG in the feed stream. Since SNG contains over 14% N,, the effective ratio
between H, and the hydrocarbons that can be pyrolyzed is higher than for a feed gas with pure CH,. The higher number
of hydrogen molecules inhibits each dehydrogenation step, which not only comprises the initial pyrolysis reaction step
of methyl radical formation, but also the dehydrogenation of ethane to ethylene and acetylene, respectively [26, 62]. In
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Fig.2 Molar hydrocarbon conversion (a), molar H, selectivity (b), and product composition (c) for pure CH, and SNG as feed at tempera-
tures from 1000 °C to 1600 °C, a residence time of 5 s, and molar H, dilution ratio (H,:CH, and H,:SNG) of 2:1
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this context, the additional hydrocarbons contained in the SNG might affect the hydrocarbon conversion as well: While
the presence of C, species might shift the equilibrium towards methane and the presence of propane might increase
hydrocarbon conversion, the higher effective H,:hydrocarbon ratio is assumed to be the dominating factor governing
the hydrocarbon conversion during experiments conducted with an SNG feed.

According to the data presented in Fig. 2b, the H, selectivity trends depend on the feed gas. For a CH,-only feed, the
temperature has only a minor influence on the H, selectivity, which always exceeds 95%. A local minimum in H, selectiv-
ity is observed at 1200 °C, which correlates with the higher levels of byproducts that were observed at this temperature
(Fig. 2¢). If SNG is used as feed instead, the H, selectivity is initially below 80% at 1000 °C. At a temperature of 1200 °C
and above it always exceeds 97%, which is higher than the corresponding values for a CH,-only feed.

The product composition (Fig. 2c) shows that for a CH,-only feed, ethane, ethylene, acetylene as well as benzene were
mainly found at 1200 °C and 1400 °C, with a total byproduct concentration of less than 1%. The local maximum in byprod-
uct concentrations at 1200 °C corresponds to the local H, selectivity minimum. Since all byproducts observed herein are
known to act as intermediates during the CH, pyrolysis reaction, we can conclude that an incomplete CH, decomposition
reaction and possible reverse reactions account for this selectivity minimum, which is in line with previous findings [40,
58, 61]. As the CH, conversion increases upon a further temperature increase, the volumetric CH, content drops below
1% at 1600 °C and the formation of byproducts becomes negligible, which confirms earlier findings from our group [40,
58]. Analogous to the measurements with a CH,-only feed, ethane, ethylene, acetylene and benzene are identified as
additional byproducts also for an SNG feed gas stream, however, their concentration is generally higher. Once again,
concentration maxima of the above-mentioned short-chain hydrocarbons and of benzene are found at 1200 °C, which
corresponds to the slightly lower H, selectivity, and byproducts become almost negligible at 1600 °C. For experiments
with SNG feeds, particularly the concentration of ethylene is higher compared to experiments conducted with pure CH,
as feed and exhibits a maximum of more than 0.5% at 1200 °C (Fig. 2¢).

To comprehensively explain these results, the byproduct formation pathways need to be discussed in more detail.
Gaining a deeper understanding on the reaction pathways of the non-methane hydrocarbons in the SNG can be gained
especially at low temperatures, because the reactivity of the most stable CH, molecule is lower than that of any other
hydrocarbon [61], which typically decompose at lower temperatures than CH, [63]. With increasing temperature, the
contribution of CH, to the total hydrocarbon conversion becomes dominant and hereby impedes the identification of
reaction pathways. Consequently, a temperature-induced acceleration of the pyrolysis reactions leads to an initially
increased formation of gaseous intermediates before essentially all intermediates are consumed during solid carbon
formation at very high reaction temperatures. Note, that the temperature profile inside the high-temperature reactor
used for the present study includes a heating zone, an isothermal reaction zone (hot zone), and a cooling zone (Fig. 1),
as already reported in a previous publication [64]. Herein, it can be assumed that the pyrolysis of higher hydrocarbons
such as the C, and C; species in the SNG already starts in the heating zone and thus at lower temperatures compared to
the decomposition of methane. Such a “pre-pyrolysis” may promote the overall hydrocarbon conversion, which could
also be exploited in technical full-scale processes.

The comparably low H, selectivity for the SNG feed gas stream at 1000 °C (Fig. 2b) is primarily a consequence of the
high C,H, mole fraction of approximately 0.5% (Fig. 2c). While methane conversion at this temperature is only 13.3%, the
overall hydrocarbon conversion (including C;Hg, C;Hg, and C4H, 4 as well) is 16.5%. In contrast, CH, is the only hydrocarbon
in the effluent product gas stream if a CH,-only feed is used and the corresponding conversion is found to be 20%. Under
consideration of the hydrocarbon levels in the feed gas and after comparison with the results for the CH,-only feed, we
conclude that a significant amount of the formed C,H, originates from the additional hydrocarbons. In particular, we
assume that the higher C,H, levels result from incomplete dehydrogenation of C,H,, which is a key step in the reaction
mechanism of hydrocarbon pyrolysis [29]. In fact, all the molecules found as byproducts act as intermediate species
during the formation of PAHs and subsequent soot and solid carbon formation [40, 65]. By using an SNG feed instead
of a CH,-only feed gas, byproducts from methane pyrolysis and thus essentially intermediate species are added to the
reaction gas mixture right from the beginning, which benefits CH, pyrolysis. In particular, the decomposition of the
ethane molecule results in the formation of methyl radicals, which can accelerate dehydrogenation reactions in general,
especially the formation of further methyl radicals from CH, molecules [66] that is considered to be the rate-limiting step
of the overall methane pyrolysis reaction [67, 68]. Data presented below will further support this assumption.

It has also been reported that CH;" and C,H;’ radicals can form propylene and toluene, which do not follow the
conventional reaction route to polyaromatic hydrocarbons via benzene and acetylene [66]. Therefore, their formation
would reduce both the production of elemental hydrogen in the gas-phase as well as the carbon fixation in the solid
product. However, neither propylene nor toluene were detected in the product gas stream, irrespective of the reaction
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parameters, which is most likely due to the significant higher reaction temperature compared with the data from lit-
erature [66], as such high temperatures favor the reaction towards ethane and a consecutive dehydrogenation towards
acetylene instead of propylene formation.

Furthermore, if SNG is used as feed, the volumetric share of N, in the effluent gas stream decreases from 4.5% at
1000 °C to 3% at 1600 °C (Fig. 2¢), despite N, can be considered fairly inert under the conditions applied herein. As
neither the N-balance nor a qualitative screening of possible N-containing mass fragments by mass spectrometry sug-
gest a relevant conversion of N,, we attribute the declining N, concentration to the increasing CH, conversion, which
results in an increased product volume flow rate (c.f. Eq. (1)). This is further underscored when the N, mass flow upstream
and downstream of each experiment is compared: the relative deviation is less than 0.15% and thus well below the
experimental error bars of the mass spectrometer data. Since SNG contains approx. 1% CO,, the product gas stream
contains CO, and also CO. While at 1000 °C approx. 40% of CO, are converted to CO, which corresponds to an absolute
CO concentration of less than 0.2% in the product gas stream, higher temperatures ensure complete CO, conversion,
culminating in about 0.7% CO at 1600 °C. This observation can be explained with the Boudouard equilibrium (shown in
Eg. (10)), which has been reported as a relevant reaction under pyrolytic conditions [58] and which shifts to the side of
CO with increasing temperature [27, 69].

CO, +C < 2CO; AgH° = 172 kI mol™ (10)

Since the presence of CO, or CO does not significantly influence the kinetics of pyrolysis, their separation can in
principle take place both upstream and downstream. In the case of upstream purification of natural gas, the most com-
mon processes are amine scrubbing for the separation of CO/CO, from natural gas [70] and glycol dehydration for the
separation of water (another potential component of natural gas) [71]. Both approaches are based on an absorption
process (in the case of CO/CO, mostly in monoethanolamine and in the case of water mostly in triethylene glycol) and
are well established. In the case of downstream purification of the product stream, pressure swing adsorption (PSA) with
a suitable adsorbent is the common process for the separation of CO, CO,, as well as water, which can provide hydrogen
in very high degrees of purity, e.g. as commonly necessary for fuel cell applications [72, 73]. Since a downstream PSA is
often required in an H, production process anyway, e.g. in order to remove unreacted hydrocarbons from the product gas
stream, a simultaneous downstream purification of CO and CO, (and/or water, if applicable) could be the most elegant
solution. However, as this will most likely depend on the process specifications and constraints of the production site, a
generally valid statement cannot be given.

In addition to temperature, also residence time and H, dilution play a decisive role during the pyrolytic decomposition
of methane. Therefore, Fig. 3 shows CH, conversion (a) and H, selectivity (b) for both, a pure CH, and SNG feed gas, as a
function of residence time and molar H, dilution ratio at 1200 °C and 1400 °C.

Although irrespective of the feed gas both CH, conversion and H, selectivity increase significantly with rising residence
time at both 1200 °C and 1400 °C, the impact of residence time is higher at 1200 °C; due to a stronger kinetic promotion
with increasing temperature, it becomes less pronounced at 1400 °C. Similarly, a higher H, dilution, which is known to
inhibit CH, conversion and H, selectivity [26], has a lower impact at 1400 °C than at 1200 °C. The inhibition itself can be
explained by a direct influence of H, on the kinetics as described above. Ultimately, this results in a lower CH, conver-
sion and a lower H, selectivity [29, 62]. Among the conditions tested herein, a temperature of 1400 °C, a residence time
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Fig.3 Molar hydrocarbon conversion (a) and molar H, selectivity (b) for pure CH, and SNG as a function of residence time and molar H,
dilution ratio (H,:CH, and H,:SNG) at 1200 °C and 1400 °C
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of 7's,and a H, dilution of 1:1 allow for the highest CH, conversion (almost 90%) and H, selectivity (> 99%) for both feed
gas compositions.

Although in the investigated range of parameters the CH, conversion for both feeds gas compositions is in the same
order of magnitude and shows similar trends, i.e. inhibition by H, and promotion by increased residence time, CH, con-
versions are at least slightly lower for experiments with SNG feeds. As already discussed above, this can be explained by
a higher effective H, dilution if SNG is used as a feed, which contains about 14% N, and only approx. 81% CH,. Therefore,
the SNG feed has a higher effective H,:CH, ratio than the CH,-only feed (both diluted in H,). In contrast, H, selectivities
with SNG as feed are in general higher than with pure CH, as feed, which as mentioned before is most likely due to the
presence of other hydrocarbons in SNG that are easier to convert. Their positive effect on H, selectivity is particularly
relevant at low temperatures and short residence times. For instance, at a temperature of 1200 °C, a residence time of 1 s,
and a H, dilution ratio of 1:1, the H, selectivity is 5.4% higher for experiments with SNG feed than for those with CH,-only
feed. In contrast, the difference is only 0.3% at a temperature of 1400 °C, a residence time of 7 s, and a H,:SNG ratio of 1:1.

The higher H, seltivity for SNG cannot be explained by a simple additional formation of H, from the other hydrocar-
bons, as the selectivity value is a relative quantity. In particular, all H, selectivities plotted in the figures represent the
net amount of elemental H, produced relative to the total amount of all hydrocarbons fed. In contrast, it can rather be
assumed that the presence of the additional hydrocarbons favors the formation of H, from CH,, as already suggested
above. In this context, it is worth taking a closer look at the amount of hydrogen produced. A maximum of 10.6% of the
net H, produced (at a temperature of 1200 °C, a residence time of 1 s, and a molar H, dilution of 1:1) originates from
the additional hydrocarbons in the SNG; the majority of the H, produced still comes from CH, (with a share that always
exceeds 89.4%). In order to enable a quantitative statement, the H, selectivity for a CH,-only feed (Eq. 6) can be compared
with an H, selectivity for the SNG feed gas, which only considers net produced H, originating from CH, (Eq. 11).

i jout in :in :out
S _(NHZ =Ny - z Vi(Nye =Ny )
Hy CHy ™ . in - out
2(NCH4 - NCH4)

- 100% (11)

The formula shown in Eq. (11) sets the net amount of H, produced minus the amount of H, that originates from the
additional hydrocarbons (assuming that all of those hydrocarbons are converted to elemental H, for the sake of simpli-
fication) in relation to the converted amount of methane. Thus, only the H, originating from CH, is taken into account
(analogous to a CH,-only feed). Since the effect of additional hydrocarbon presence is most pronounced at 1200 °C,
a residence time of 1 s, and a molar H, dilution of 1:1, these conditions are chosen for a direct comparison of the H,
selectivity. While the H, selectivity calculated from Eq. (11) is 93.9% for SNG, the corresponding value for a CH,-only feed
calculated according to Eq. (6) is only 89.2%. This means that the presence of non-methane hydrocarbons in SNG favors
the relative amount of H, formed from CH, and obviously influences the reaction of CH, itself. Note, that while this effect
is most pronounced at the above-mentioned set of reaction parameters, it can be observed for all considered parameters
throughout this work. These findings do not only support previous studies that proposed a promoting effect of non-
methane hydrocarbons on methane decomposition [50, 74], but are also in line with studies reporting that hydrocarbons
such as ethane, propane, and butane begin to decompose at shorter residence times compared to methane [63, 66].

It is possible that either the formation of methyl radicals or the dehydrogenation of ethane and ethylene—all elemen-
tary steps during which hydrogen is released and thus which contribute to higher H, selectivity—is supported by previ-
ously formed radicals originating from the additional hydrocarbons, such as C,H;". An acceleration of the formation of
CH;’ radicals would result in an increased CH, conversion for SNG as feed. However, the total hydrocarbon conversion
as well as the pure CH, conversion is lower for SNG than for a CH,-only feed. Although the slightly higher H, dilution
is a factor that could superimpose this effect (in the case of an H,:SNG dilution of 1:1 the effective H,:CH, dilution is as
high as 1.2:1 for a SNG feed due to the N, content of about 14%), Fig. 3b clearly shows that an increase of the dilution
from 1:1 to 2:1 does not have a particularly high impact on CH, conversion. We therefore assume that a favored methyl
radical formation would result in a higher CH, conversion even with a slightly higher dilution ratio. Following this inter-
pretation, the presence of non-methane hydrocarbons accelerates the dehydrogenation reactions, which explains both
the higher H, selectivities as well as the very similar conversions obtained during experiments with SNG and CH,-only
feeds. Notably, the temperatures in our experiments are significantly higher than in previous work that postulates the
promotion of methyl radical formation [50, 63, 66, 74]. Due to these higher temperatures applied in the present work, the
rate-determining character of this radical formation is expected to be less pronounced, which means that the accelera-
tion through the addition of further intermediates is less pronounced as well.
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Fig.5 Empty tube and fixed bed results on molar hydrocarbon conversion (a) and H, selectivity (b) for pure CH, and SNG as a function of
temperature and H, dilution ratio at a constant residence time of 5 s

In order to evaluate the potential of the pyrolysis process to serve as a carbon sink, the amount of produced solid
carbon in relation to the carbon entry in the form of CH, and—if applicable—further carbon-containing molecules is
calculated. In this regard, especially the potential positive influence of the additional non-methane hydrocarbons in the
SNG on the solid formation is of interest. Figure 4 shows the mass-based solid carbon yield as a function of residence
time and H, dilution ratio at 1200 °C and 1400 °C for both CH, and SNG as feed. The amount of carbon was calculated
using a carbon balance that includes all C-containing gas-phase species detected end-of-pipe with the mass spectrom-
eter. In addition to the uncertainty in quantifying the gas-phase species by means of mass spectrometry, PAHs that can
accumulate in small amounts on solid carbon particles [65] and which are not analyzed quantitatively contribute to the
error bar. Generously estimated we assume an error bar of about 5% for experiments with pure CH, and approximately
7% for experiments with SNG, since the latter include more C-containing gas species with individual uncertainties in
quantification.

The data shown in Fig. 4 suggest that the solid carbon yield increases with rising residence time and temperature and
decreases with increasing H, dilution, herewith directly corresponding to the methane conversion and H, selectivity data
shown in Fig. 3. The highest solid carbon yield of approx. 86% and 95% for a CH,-only and a SNG feed, respectively, is
found during reactor operation at 1400 °C with a H, dilution of 1:1 and a residence time of 7 s. Hence, our results clearly
underscore that not only CH, but also the non-methane hydrocarbons in the SNG participate in the pyrolysis reactions,
which is in line with the results on the (by-)product gas composition (c.f. Fig. 2c) and supports earlier findings [50, 66,
74]. For a potential real-world process, our present results imply that a purification of natural gas, apart from removing
corrosive species such as sulfur oxides (S-levels of up to 5% have been found in natural gas [49]) that may accelerate
degradation of reactor and setup parts, is not necessary. In fact, hydrocarbons such as ethane, propane, and butane
were found to increase the H, selectivity during our measurement campaign and may thus be even highly desirable in
the feed gas stream.

3.2 Impact of a carbonaceous fixed bed
From previous research it is well known that carbon can act as a heterogeneous catalyst during pyrolysis reactions, as

it provides active sites for the adsorption and dissociation of methane molecules, hereby facilitating the formation of
radicals that play a crucial role in breaking the C-H bonds [40, 75, 76]. In this context, Fig. 5 compares CH, conversion
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(a) and H, selectivity (b) data obtained in an empty tube reactor configuration and from experiments during which the
reactor was loaded with a carbonaceous fixed bed. While the residence time of 5 s was kept constant throughout all
experiments (5 s were found to be sufficient for comparably high conversions [40, 58], with only minor changes if higher
residence times were chosen), the temperature (1200 °C and 1400 °C), the H,:feed gas ratio (1:1, 2:1, 4:1), and the feed
gas itself (CH,-only or SNG) were varied.

In general, a carbonaceous fixed bed was found to promote the conversion for both feeds, with a maximum conver-
sion of almost 99% for pyrolysis of SNG at 1400 °C and a H, dilution ratio of 1:1 (Fig. 5a). A qualitatively similar trend can
be observed for H, selectivity, even though with a less pronounced effect of the fixed bed, but with selectivities of up
to almost 100% for SNG at 1400 °C and a H, dilution ratio of 1:1 (Fig. 5b). These results confirm earlier studies [40, 43,
771 that uncovered the beneficial effect of carbon on the methane pyrolysis process. Notably, our results with SNG as
feed suggest that additional hydrocarbons such as ethane, propane, and n-butane that are commonly present as minor
components if SNG is used as feed gas may even enhance the positive influence of the carbon bed. Since these hydro-
carbons act as intermediates during solid carbon formation from methane [26] and their decomposition is therefore
easier than that of CH, [63, 66], the deposition of newly formed carbon on the carbon particles of the fixed bed may be
accelerated compared to experiments with a CH,-only feed. This hypothesis also explains that the presence of a fixed
bed diminishes the differences in conversion between experiments with a CH,-only and SNG feed gas stream that was
observed in an empty tube configuration. The data on the solid carbon yield depicted in Fig. 6, which correspond to the
gas species data in Fig. 5, substantiates this assumption.

In general, higher temperatures, lower H, contents, and the presence of a carbonaceous fixed bed benefit the carbon
yield. At all temperatures and H, dilutions tested herein, the fixed bed increases the yield of solid carbon, irrespective of
the feed gas. Yields well above 70% can be achieved even for comparably high H, dilution values of 4:1. In accordance
with the conversion data depicted in Fig. 5a, the highest carbon yields are achieved at a temperature of 1400 °C and an
H, dilution of 1:1. Not only during empty tube experiments, but also during experiments with a fixed bed higher yields
of solid carbon are are found if SNG is used as feed gas, allowing a maximum carbon yield of almost 100% (1400 °C, H,
dilution of 1:1). Analogous to the previous discussion, we attribute the higher carbon yield for SNG feeds to the faster
decomposition of the non-methane hydrocarbons C,H,, C;Hg, and C,H,, compared to CH, that is much more difficult
to activate [63, 66]. Ultimately, this facilitates decomposition reactions because carbon that deposits on the fixed bed
consisting of acetylene coke and on the reactor walls offers additional surface sites that catalyze heterogeneous decom-
position reactions.

In this regard, amorphous carbon has been reported to exhibit a higher activity for methane decomposition than
ordered carbons, which was attributed to structural defects acting as active sites for CH, adsorption and dissociation
reactions [75, 76]. In this context it is worth mentioning that during the experiments conducted for the present study
different types of carbon are of relevance. Figure 7 shows the different types of carbon as found at several sampling
points in the setup, irrespective of the feed gas composition. On the bottom flange, a fine, homogeneous solid carbon
film deposits (Fig. 7a), which mainly consists of very fine-grained, black, adhering soot particles that predominantly
form during gas-phase pyrolysis reactions as reported in some of our previous studies [32, 78]. In addition, light gray
shiny carbon with a rather graphitic structure deposits on the inner reactor wall in the hot zone (Fig. 7b) that has been
observed in the past as well [40]. Notably, similar gray deposits are found on the acetylene coke used as carbon particles
bed, which points to an ordered carbon structure (Fig. 7c and d). Herein, the formation of C, hydrocarbons, benzene, and
condensed-phase PAH results in soot production first. Subsequently, the formed incipient soot particles further grow
by both coagulation and gas-to-particle conversion until ultimately graphitic structures are formed by a further loss of
hydrogen during the high-temperature pyrolysis process [79, 801.
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(b)

Fig.7 Coke formation after a fixed-bed reaction with pure CH, at 1400 °C, molar H, dilution ratio of 1:1 and a residence time of 5 s. a Carbon
deposits accumulating on the lower setup flange, b carbon that deposits on the walls of the reactor tube, ¢ acetylene coke before the reac-
tion, and d acetylene coke after the reaction

A detailed analysis of the accruing carbon is beyond the scope of our present study. However, future studies that
correlate the feed gas composition with the solid product are highly desirable, because the different carbon structures
and morphologies that may form during the pyrolysis process can be commercialized in different ways. For instance,
acetylene coke or carbon black can be used as a pigment for the tire industry, whereas graphitic carbon can be used for
electrodes [80-82]. Consequently, this also has a strong influence on the sales price. For instance, carbon in the form of
coke can be sold for 150-400 $/t, carbon black for over 1000 $/t, activated carbon for 2000 $/t, graphite for over 10,000 $/t,
and carbon filaments can achieve prices that exceed 1 million $/t [81] (all prices given in US Dollar). Even if our results do
not yet allow a conclusive assessment of the extent to which and what type of commercial carbon can be produced by
the pyrolysis process, the amount of (partially graphitized) soot particles and acetylene coke particles after the reaction
indicates that coke and carbon black are realistic assumptions for solid products. Theoretically, graphite or diamonds
are also possible as target products and both have already been discussed in the literature [83, 84], but the respective
processes enabling their formation are not technically mature yet. On the contrary, marketing the carbon as coke or
carbon black in the price range below 1000 $/t could already be sufficient for a profitable operation of the pyrolysis pro-
cess (compared to steam reforming and electrolysis) [85], which makes the findings of the current study encouraging.

As demonstrated in the present study, the non-methane hydrocarbons and N, in natural gas can change the reaction
network, which may also impact the carbon properties to some extent. Equally important, sustainable biogas contains
large amounts of CO, that allows for a variety of additional reactions such as reverse water gas shift or dry reforming
[58], and its use may result in an incorporation of oxygen into the captured carbon. This is of particular importance since
depending on the area of application the solid material needs to exhibit a certain degree of purity. From mechanistic
studies it is well known that the formation of solid carbon species at the interface of homogeneous and heterogeneous
chemistry involves PAHs with a high boiling temperature, which are present in the liquid state at standard conditions [32,
64, 86]. As the reactor bottom where soot particles deposit (Fig. 7a) is comparably cold, we can speculate that PAHs—if
at all—predominantly condensate on these soot particles, whereas the carbon in the hot zone is mostly free of PAH
impurities. Therefore, soot particles and PAH are mainly formed downstream the bed or in an empty reactor. Particularly
PAH formation can be minimized or even avoided either by applying higher temperatures downstream and quenching
afterwards or by filling up the entire reactor with carbon particles. One of our future studies will focus on such aspects
in more detail.

Since the data shown in the present study are collected during experimental runs that last 20 min, the advantageous
faster deposition of non-methane hydrocarbons accelerates over time because it promotes an autocatalytic pyrolysis
reaction. Analogous to findings on gas-phase CH, pyrolysis [40], this autocatalytic process causes relevant improve-
ments in the carbon yield and H, selectivity, as also underscored by the data shown in Fig. 8 that summarize the results
on hydrogen production and carbon capture during pyrolysis experiments in an empty tube and fixed bed reactor
configuration as obtained under the conditions applied in our present study.

The data depicted in Fig. 8a illustrate that the use of a carbonaceous fixed bed increases both CH, conversion and
H, selectivity, regardless of the used feed gas and H, dilution. The use of SNG feeds instead of CH,-only feeds results
in slightly higher H, selectivities under the same reaction conditions. Figure 8b underscores that the use of a fixed bed
also benefits the yield of solid carbon and thus the carbon capture efficiency of the pyrolysis process for both feed
gas streams. If SNG is used as feed, solid carbon yields of almost 100% can be achieved, which corresponds to a CH,
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conversion of over 98%. This clearly underlines the flexibility of the pyrolysis process with respect to the feed gas as well
as its potential to act as a carbon sink.

4 Conclusions and outlook

Our work evaluates the usage of pure CH, and conventional natural gas under thermal pyrolysis conditions with respect
to the influence of temperature, residence time, and H, dilution ratio on product composition, CH, conversion, H, selec-
tivity, and carbon capture. For both feed gas streams used herein, namely pure CH, and SNG, hydrocarbon conversions
higher than 80% and H, selectivities higher than 90% are achieved at temperatures above 1400 °C. With higher residence
time, hydrocarbon conversion and H, selectivity increase significantly, which is particularly relevant at lower tempera-
tures and becomes less relevant once temperatures of 1400 °C or more are chosen. Similarly, the inhibition effect of H,
dilution on CH, conversion and H, selectivity decreases at 1400 °C and above. By a simple gas-phase pyrolysis process
under optimal conditions (temperature of 1400 °C, a H, dilution of 1:1, and a residence time of 7 s), more than 90% of
carbon entering the reactor are captured in the form of solid carbon.

Although somewhat lower hydrocarbon conversions are achieved during experiments with an SNG feed, most likely
due to a higher effective H, dilution ratio, higher H, selectivities are observed than during experiments with CH,-only
feed gas streams. We attribute this to the additional non-methane hydrocarbons that are present in the SNG feed gas
stream, which represent intermediates within the CH, pyrolysis reaction network. The decomposition of these non-
methane hydrocarbons leads to the formation of methyl radicals, thus generally accelerating dehydrogenation steps
and increasing the relative amount of H, formed from CH,,. Ultimately, this can lead to an increase in H, selectivity of
almost 5%. Introducing a carbonaceous fixed bed into the reactor seems to promote the positive effect of non-methane
hydrocarbons on the overall performance of the pyrolysis process and enables increased hydrocarbon conversions, H,
selectivities, and solid carbon yields of over 98% at a temperature of 1400 °C, a residence time of 5 s, and a H, dilution
ratio of 1:1.

Beyond CH, conversion and H, selectivity, the product gas composition data obtained herein imply several aspects
that are of importance for a technical realization of the pyrolysis process. While CH,-only feeds result in hydrocarbons as
only relevant byproducts, the use of natural gas would additionally require the separation of N, CO, and CO,. Since the
results indicate that comparable CH, conversions and particularly higher H, selectivities can be achieved when SNG is
used instead of a CH,-only feed, an upstream purification of natural gas to remove hydrocarbons such as ethane, propane
or butane might not be mandatory. Since N, as well as CO, were found to be of minor relevance with respect to their
direct impact on the pyrolysis kinetics, their separation can be done either upstream or downstream.

In terms of economic and ecologic viability it must be taken into account that the purchase price for natural gas
is currently and most likely also in the foreseeable future lower than the price for pure CH,, e.g. from climate-friendly
power-to-gas processes [87]. Thus, there is a trade-off between costs for the feedstock and costs for additional down-
stream purification. In this respect, natural gas can serve as a transitional solution until sufficient amounts of renewable
CH, from power-to-gas or fermentation of biomass are produced. Hence, on the way towards commercialization of the
pyrolysis process, a techno-economic case study of the overall process should consider different feed compositions,
such as pure CH,, natural gas, and potentially sustainable biogas that can be obtained from fermentation of biomass. If
such economic aspects are considered along with technical aspects as discussed in our present study, the optimization
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of process parameters will finally enable an economically attractive and climate-friendly production of hydrogen and
simultaneous carbon capture by thermal pyrolysis.
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