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Abstract: The successful operation of a process that converts 
atmospheric CO2 into solid carbon products is presented as an 
alternative to fossil based solid carbon production. In a first step, CO2 
is removed from the atmosphere by a direct air capture (DAC) unit. 
The gas is then mixed with hydrogen and enters a methanation unit. 
Depending on the operation conditions, gas mixtures consisting of 
mainly methane with either H2 or CO2 as side-component are obtained. 
After precipitating the water formed during the methanation step, the 
remaining gas mixture is fed into a bubble column reactor filled with 
liquid tin. During the rise of the gas bubbles, methane is thermally split 
up into hydrogen and solid carbon. The latter is continuously removed 
from the liquid metal surface as a fine powder by pneumatic conveying. 
This article is the first of two articles, focusing on the performance of 
the methanation and methane pyrolysis steps. The experimental 
results are complemented by thermodynamic analyses and reaction 
modelling. A detailed analysis of the solid carbon product of the 
process is presented in the second part. 

1 Introduction and Theoretical Background 

A circular economy based on renewable energy that uses CO2 as 
an alternative to conventional fossil sources to synthesize fuels 
and chemicals has been the subject of many studies. [1] [2] [3] 
However, they do not address the conversion of CO2 into solid 
carbonaceous products although many commercial carbon 
products, e.g., carbon blacks and carbon fibers, are currently 
fossil based. [4] [5] [6] Research activities aiming at the conversion 
of fossil precursors into carbon materials are also still ongoing. [7] 

[8] During the past years, some processes have been presented 
that instead convert CO2 into various solid carbon materials. 
Depending on the process conditions, molten carbonate 
electrolysis results in the synthesis of Carbon Nano-Onions 
(CNO), [9] Carbon Nanotubes (CNT) [10] [11] [12] and further 
carbon morphologies. [10] [13] [14] In a different approach, Liang 
et al. [15] synthesized graphite flakes via the reaction of CO2 and 
LiAlH4. However, research regarding Carbon Capture and 

Utilization (CCU) processes that aim at the production of solid 
carbon is still scarce compared to that focusing on the production 
of synthetic fuels or chemicals. In this study, we present the 
successful realization of a new process for the conversion of CO2 
into solid carbon materials. The process route developed here 
pursues the idea of synthesizing methane from atmospheric CO2 
using hydrogen in a closed loop. In the final process step, the so-
called liquid metal-based methane pyrolysis, CH4 is then broken 
down into its components, hydrogen, and carbon. This article is 
the first of two parts, reporting the results concerning the 
performance of the methanation and the pyrolysis step under 
various process conditions. A special focus lies on the effects 
caused by impurities in the product gases of the DAC and 
methanation unit. Regarding methanation, catalyst performance 
with toluene and oxygen as impurities is analyzed. With respect 
to methane pyrolysis, unconverted H2 and CO2 from the preceding 
methanation step are the most relevant impurities and their effect 
on pyrolysis performance is investigated at various temperature 
levels. Besides, the influence of methane dilution on pyrolysis is 
analyzed as no pure methane is produced during the methanation 
step. Methane conversions and hydrogen yields obtained in 
bubble column reactors filled with liquid metal (LM) have already 
been addressed in several studies [16] [17] [18] [19] [20] [21] [22] 
[23] [24] [25]. However, carbon yields have only been addressed 
by a few authors. Tang et al. [26] obtained carbon yields of close 
to 60 % when they investigated the pyrolysis of 0.5 to 5 vol.% 
methane in molten copper for temperatures ranging from 1150 °C 
to 1450 °C. Using a reactor filled with liquid tin, Qiao et al. [27] 
achieved a carbon yield of 70 % with 4 vol.% CH4 at 1250 °C. 
Both studies focus on the pyrolysis of strongly diluted methane at 
high temperatures to synthesize graphene or graphite 
nanoplatelets. In this article, we analyze the carbon yields that can 
be obtained for methane concentrations of up to 87 vol.% at 
pyrolysis temperatures ranging from 1000 °C to 1100 °C. To the 
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best of our knowledge, carbon yields have not yet been reported 
for comparable synthesis conditions in molten media reactors. In 
addition to reporting carbon yields, the present study 
demonstrates the successful continuous removal of carbon from 
the pyrolysis reactor via pneumatic conveying. Several options for 
the continuous removal of the carbon product from reactors filled 
with molten media have been suggested by other authors [16] [19] 
[20] [28] but have not been implemented. An analysis of how the 
addition of an inert carrier gas above the LM surface quenches 
the pyrolysis reactions and affects the pyrolysis process is 
included. The successful quenching of the pyrolysis gas above 
the LM surface and the continuous removal of the carbon powder 
lay the foundation for a thorough analysis of the carbon products 
synthesized under various pyrolysis conditions. A detailed 
characterization of these solid carbon products is given in the 
second part. [29] 

1.1 NECOC process 

The process shown in Figure 1, which has been demonstrated 
successfully at the Karlsruhe Institute of Technology (KIT), 
combines several steps to convert atmospheric CO2 into solid 
carbon powder. It has the potential to reduce the atmospheric CO2 
concentration, originating partly from anthropogenic emissions, in 
two ways: by actively consuming CO2 as a feedstock and by 
providing a cleaner alternative to current fossil-based carbon 
synthesis routes. In a first step, developed and operated by 
Climeworks Deutschland GmbH (referred to as Climeworks in the 
following), CO2 is removed from the air via direct air capture 
(DAC). A catalytic methanation step, developed and operated by 
INERATEC GmbH (referred to as INERATEC in the following), 
then converts CO2 and hydrogen into methane and water. After 
separating the water in a cold trap, CH4 is thermally split up into 
hydrogen and a solid carbon powder in a liquid metal filled bubble 
column reactor, which was developed at KIT. [17] [16] The H2 
produced during the CH4 pyrolysis step is recycled to the 
methanation unit. To achieve a closed hydrogen loop, i.e., 
minimizing external supply of hydrogen, the water product of the 
methanation step is split in an electrolyzer and fed back to the 
methanation. The electrolyzer and the hydrogen recycling were 
not part of the present study, though, which focused on the 
experimental coupling of the sequence DAC-methanation-CH4-
pyrolysis. 
 

Figure 1. Scheme of the coupled CCU process that converts atmospheric CO2 
into solid carbon via direct air capture (DAC), methanation and methane 
pyrolysis. After the individual process steps, the product gas is passed into gas 
storage tanks (GST). Recycling of hydrogen from methane pyrolysis and an 
additional electrolyzer create a closed hydrogen loop in an ideal process. 
 

 

1.2 Direct Air Capture  

Concentrated CO2 is obtained from the atmosphere via a three-
step DAC process developed by Climeworks. [30] First, ambient 
air passes through a collector unit. Once the collector is saturated 
with CO2, the air stream is cut off and a temperature increase to 
about 100 °C results in the release of the captured gas. [30] The 
gas is then, after condensation of water at 5°C passed on via a 
vacuum pump into a gas balloon at ambient conditions. Oxygen 
concentration was monitored to be less than 800 ppm as the CO2 
was then compressed and sent into a first gas storage tank (GST1 
in Figure 1) at 10 bar for provision into the methanation unit. 
Nickel catalysts for methanation are typically sensitive to oxygen. 
Other gas components or organic residues from the adsorption 
process were not monitored at this process step and therefore it 
was decided to investigate such components in the methanation 
unit as individual co-feed (see subsection 2.1). 

1.3 Methanation of CO2 

The Sabatier reaction, given by Equation 1 and performed in the 
INERATEC module is a strongly exothermic equilibrium reaction 
and requires a good control over the released heat to obtain high 
conversions with an elongated catalyst lifetime. Otherwise, a 
clean methane stream can only be obtained via adsorption or 
cryo-processes which are not intended here since the overall 
dissociation energy for CO2 in the process should be kept minimal. 
 

COଶ(g) + 4 Hଶ(g) ↔  2 HଶO(g) + CHସ(g)     
Δ𝐻ୖ

଴ = −165 kJ/mol COଶ 
(1) 

 
During the Sabatier reaction also the reversed water gas shift 
(rWGS) reaction can occur as an intermediate reaction, resulting 
in carbon monoxide formation according to Equation 2. This 
together with a possible CO2 and/or H2 conversion of less than 
100 % could be crucial for the subsequent methane pyrolysis as 
neither the addition of CO, CO2 or H2 to the pyrolysis feedstock 
has been studied before in a tin filled bubble column reactor. 
 

COଶ(g) +  Hଶ(g) ↔  CO(g) + HଶO(g)     
Δ𝐻ୖ

଴ = 41 kJ/mol COଶ 
(2) 

1.4 Methane Pyrolysis 

The conversion of methane to hydrogen and solid carbon takes 
place via a long and complex reaction mechanism. [31] [32] The 
initial and rate determining step is assumed to be the formation of 
methyl radicals, which is then followed by a stepwise 
dehydrogenation via ethane, ethylene and acetylene. [33] Then 
the formation of larger molecules leads to a further reduction of 
the molecular H/C ratio. The intermediates may form either solid 
carbon on surfaces via a chemical vapor deposition mechanism 

[31] or further increase in size while releasing more hydrogen until 
soot particles are formed and grow. [34] [35] Equation 3 gives the 
simplified net equation of methane pyrolysis without intermediate 
steps, byproduct formation or a distinction between different types 
of solid carbon. 
 

CHସ(g) ↔  2 Hଶ (g) + C (s) 
Δ𝐻ୖ

଴ = 74.8 kJ/mol CHସ 
(3) 

 
When CO2, CO and/or humidity are present in the methanation 
product gas, further side reactions are expected to occur in the 
pyrolysis reactor. At the high methane pyrolysis temperatures of 
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more than 1000 °C, the gasification of carbon by both CO2 and 
H2O must be taken into consideration, as given in Equation 4 and 
Equation 5. CO2 typically starts to react with carbon at significant 
rates in a temperature range between 800 and 900 °C. [36] [37] 

[38] Reaction kinetics vary depending on the carbon properties 
and impurities [39] [40], though, and tend to be faster for steam 
gasification than for CO2. [39] [41] [42] 
 

C (s)  +  COଶ (g)  ↔  2 CO (g) 
Δ𝐻ୖ

଴ = 172.5 kJ/mol COଶ 
(4) 

 
C (s)  +  HଶO (g)  ↔  CO (g) + Hଶ (g) 

Δ𝐻ୖ
଴ = 131.3 kJ/mol HଶO 

(5) 

 
Also, the rWGS reaction (Equation 2) can occur under the 
reaction conditions of the pyrolysis step. [43] Besides, dry 
reforming of methane (DRM) and steam reforming of methane 
(SRM), given by Equation 6 and Equation 7 respectively, are 
further possible reactions when CO2 or water are present in the 
pyrolysis feed gas.  
 

CHସ(g) + COଶ(g) ↔  2 Hଶ (g) + 2 CO (g) 
Δ𝐻ୖ

଴ = 247.3 kJ/mol CHସ 
(6) 

 
CHସ(g) + HଶO(g) ↔  3 Hଶ (g) + CO (g) 

Δ𝐻ୖ
଴ = 206.1 kJ/mol CHସ 

(7) 

1.5 Coupled Operation 

The single process steps DAC, methanation and methane 
pyrolysis by themselves have been tested before, as reported 
elsewhere for methanation [44] [45] and for methane pyrolysis. 

[16] [46] However, results of the coupled operation of these 
processes are presented in this article for the first time. During the 
implementation of the coupled process, the following challenges 
had to be overcome: 

a) Using atmospheric CO2 from DAC, which includes some 
impurities.  

b) Producing an almost CO-free (≤ 0.01 vol.%) methane 
with negligible CO2 (<0.2 vol. %) for further pyrolysis. 

c) Demonstrating stable pyrolysis operation with feed gas 
containing up to 5.6 % CO2 and up to 0.1 % CO 
(methanation conditions differing from b). 

d) Thermally splitting methane gas mixtures from CO2 
methanation that include not only unconverted CO2 
and/or H2 but also impurities from previous DAC and 
residual humidity from the methanation stages 
(condensation at 5°C and 8 bar(a) results in minimum 
~0.1 vol.% of product water left in the gas stream based 
on equilibrium vapor pressure). 

Besides, the two-stage methanation unit has been adjusted in 
comparison to an earlier study [45] by applying a much smaller 
flow rate due to the combination with the pyrolysis unit.  
A significant improvement of the pyrolysis system was achieved 
by modifying the reactor so that the synthesized carbon powder 
could be removed continuously via pneumatic conveying during 
pyrolysis operation. Thus, carbon yields for various process 
conditions were obtained. To the best of our knowledge, the effect 
of temperatures in the range of 1000 °C to 1100 °C and methane 
concentrations between 25 vol.% and 87 vol.% on the carbon 
yield has not been studied before for liquid metal filled pyrolysis 

reactors. The continuous removal of carbon from the tin surface 
also allowed new insights into the role of the upper part of the 
pyrolysis reactor, which has not been studied in detail before. The 
experimental detection of acetylene in the pyrolysis gas is 
discussed and compared to model results. It is in contrast to 
previous results reported for comparable systems, where the 
product gas contained ethane instead. [16] [18] In addition to 
carbon yields, also methane conversions and hydrogen yields are 
evaluated for various pyrolysis temperatures and methane 
concentrations in the reactant gas. This analysis is further 
complemented by a reevaluation of previously obtained data [46] 
for pure CH4 and CH4-N2 mixtures. By comparing this data with 
the pyrolysis performance in the coupled process, possible effects 
of CO2 and/ or H2 in the methane mixture are analyzed.  
 

2 Experimental  

2.1 Catalytic Methanation of Carbon Dioxide 

As a result of the relatively low flow rates of the present study, the 
cooling requirement was massively reduced compared to the 
methanation setup described by Guilera et al.. [45] Thus, the 
process can be described according to Figure S1 in the 
supplementary information (SI) as a two-stage process where 
only the first reactor stage is cooled with some nitrogen instead of 
evaporation of water, which is the otherwise industrial concept for 
larger scale. The second stage, due to the low flow rates and the 
low residual conversion effort, does not require cooling at all and 
is solely heated to reaction conditions.  Details about the reactor 
stages can be found elsewhere. [45]  For only investigating 
methanation, CO2 was either used from the DAC module or from 
gas bottles (grade 3.0) to perform studies on catalyst stability in 
the presence of impurities. As the electrolyzer shown in Figure 1 
was not part of the actual experimental setup and hydrogen was 
not recycled from the pyrolysis unit, hydrogen needed for the 
methanation of CO2 was taken from bottles with identical gas 
grade of 3.0. In contrast to interconnected operation with pyrolysis, 
nitrogen was used as balance in the reaction and to determine 
conversion levels or residence time in the overall setup. The 
applied catalyst in the reactor stages was delivered by IREC and 
is based on γ-Al2O3 impregnated with 26 wt.-% Nickel (Ni) and 21 
wt.-% Cerium oxide (CeO2). Gas hourly space velocity (GHSV) 
was calculated from the standard volume flow divided by the 
reaction volume (volume filled with catalyst). To test the effects of 
oxygen and toluene as potential impurities in the CO2 feed, low 
levels of each substance have been added to the gas entering the 
first methanation stage in separate experiments. The applied 
levels of oxygen and toluene are given in table S1 in the SI. 

Thermodynamic calculations have been performed by 
minimization of the Gibbs’ free enthalpy in Matlab® using 
Shomate type equations for enthalpy and entropy. The 
corresponding parameters for the Shomate equations for the 
individual species have been obtained from the NIST Database. 

Analysis of Permanent Gases (H2, CO2, CO, CH4) was done via 
an ND-IR system EL3020 supplied by ABB.  

BET surface area calculation was done from N2 physisorption on 
the catalyst according to DIN ISO 9277:2022. 
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2.2 Methane Pyrolysis  

Figure S2 in the SI shows the setup of the methane pyrolysis 
facility. The pyrolysis reactor is a quartz tube (inner diameter 
di=40 mm, length L = 1300 mm) with a single orifice (dO = 0.5 mm) 
at the bottom, through which the reactant gas mixture enters. A 
detailed description of the reactor setup is given elsewhere. [16] 

[46] The gas flows into the reactor are controlled by mass flow 
controllers (MFC) with relative accuracies of 0.5 %, which were 
calibrated for pure methane (reactant gas) and pure argon (carrier 
gas). The set value of the methane MFC was corrected to obtain 
the actual flow of the reactant gas 𝑉̇୰ୣୟୡ   based on information 
provided by the manufacturer for the gas mixtures employed in 
this study (see SI for details). The reactor is filled with liquid tin 
(99.99 %) to a height of approx. 1020 mm. The liquid tin serves 
as a heat transfer fluid. It also prevents reactor clogging as 
elaborated in previous studies. [16] [46] When a gas flow is 
applied to the reactor inlet, gas bubbles form at the orifice. While 
they rise in the liquid metal (LM) methane decomposes due to the 
high temperatures. An electric tube furnace (not depicted in 
Figure S2) heats the reactor from the outside to keep the LM at 
the center of the reactor tube at either approx. 1000 °C, 1050 °C 
or 1100 °C. Eleven type K thermocouples (TC) are positioned 
along the vertical axis of the reactor tube as shown in Figure S2.  

An additional type K TC (TR1) is inserted into the reactant gas 
supply tube just below the orifice to measure the temperature of 
the gas before it enters the reactor. Another type K TC (TR13) 
records the temperature on the outside of the reactor lid. All TC 
positions along the height of the pyrolysis reactor hR are given in 
Table S2 of the SI with the bottom end of the LM column set to hR 
= 0 mm.  TR10, TR11 and TR12 are located inside the argon inlet 
tube. A typical axial temperature profile is displayed in Figure S3 
in the SI. Only the outlet temperature of the pyrolysis gas was 
measured by TR13, while the other temperatures, which are 
depicted in blue, correspond to the argon feed temperature, which 
increases towards the LM surface. The carrier gas was fed into 
the reactor in counterflow and the gas mixture leaving the reactor 
heated it up until it left the feed tube close to the LM surface. As 
the gas mixture leaving the reactor preheated the argon stream, 
the actual temperature profile of the gas leaving the reactor was 
higher than the argon temperatures depicted in blue. 

The average temperature 𝑇ത୐୑ of TR1 to TR9, which are located 
within the LM filled part of the reactor, and its combined 
uncertainty are given in Table S3 for each of the carbon synthesis 
experiments. The reactor pressure is recorded upstream of the 
orifice (pin) and downstream of the gas outlet (pout). Argon (Ar 4.8) 
is fed into the upper reactor section through a central tube ending 
just above the LM surface. The addition of argon as a carrier gas 
ensures the continuous and complete removal of the fine carbon 
powder (micro- and nanoparticles, see second part [29] for 
details) from the pyrolysis reactor. Diluting the product gas with 
argon is also intended to quench the pyrolysis reactions near the 
LM surface.  

The solid carbon particles are separated from the mixture of argon 
and the pyrolysis product gas in particle filters after leaving the 
reactor. A fraction of the gas mixture then enters a gas 
chromatograph (GC) via a bypass line. Instead of the pyrolysis 
gas, also gas from the gas storage tank GST2 can be fed into the 
GC for analysis via another CH4 MFC located in a second bypass 
line. Table S3 lists the reaction parameters for the individual 

experiments. A typical time-averaged temperature profile of the 
pyrolysis reactor is shown in Figure S3 in the SI. The methanation 
product gas compositions given in Table S4 in the SI were 
obtained by accounting for the time lag (see SI for details) 
between the methanation and the pyrolysis unit caused by the gas 
storage tank GST2, which connects the two process steps during 
the coupled process operation (see Figure 1).  

Analysis of Permanent Gases A gas chromatograph (PerkinElmer 
ARNEL 6686 Model 4017) with four columns (HAYSEP N, 
HAYSEP T, molecular sieve 13X, molecular sieve 5A) and a dual 
thermal conductivity detector operating with helium and nitrogen 
as carrier gases was used to analyse the permanent gases. The 
limit of quantification for all permanent gases analysed is given as 
0.01 vol.% by the manufacturer. CH4, H2 and N2 were calibrated 
from 0.1 vol.% to 100 vol%. CO2, CO and C2Hx (with x = 2, 4, 6) 
calibration was limited to low concentrations ranging from 0.1 
vol% to 10 vol.%. Ar was calibrated from 25 vol% to 100 vol.%. 
Molar flow rates of the product gas were calculated from the 
known molar flow rate of argon (assuming ideal gas behavior) and 
the GC analyses. Details on the uncertainty analysis are given in 
the SI. 

Analysis of Carbon Yield The mass of the particle filter bags was 
measured before and after each synthesis experiment (Kern 440-
35N scales, accuracy of ±  0.01 g). The mass difference was 
taken as the total mass of the product consisting of carbon 
species and tin particles. A CHN analyzer (LECO Truspec CHN 
Micro, Institute for Technical Chemistry (ITC) at KIT) was used to 
determine the mass fractions of C, H, N and the tin fraction was 
calculated by difference. This procedure was checked for two 
samples via ICP-OES analysis (iCAP 7000 Series - Thermo 
Scientific, Institute for Applied Materials – Applied Materials 
Physics (IAM-AWP)), as given in table S7 in the SI.  Given carbon 
yields refer to a tin-free product. Details on the uncertainty 
analysis are given in the SI. 

Modelling Equilibrium compositions shown in Figure S6 in the SI 
and Figure 6 were obtained from the Software Aspen Plus® V10 
by minimizing the Gibbs free energy in an RGibbs reactor. In 
addition to solid carbon the following gas phase species were 
considered: CH4, H2, C2H6, C2H4, C2H2, N2, O2, CO2, CO, H2O, 
CH2O, CH3OH. The Cantera [47] based model described in detail 
elsewhere [48] was used to obtain the spatial profiles of C2Hx (x = 
2, 4, 6) mole fractions depicted in Figure 7.  

3 Results and Discussion 

3.1 Methanation of Carbon Dioxide 

3.1.1 Variation of stoichiometry 

In the first set of experiments, performed independently of 
methane pyrolysis, it was determined what reactor temperature is 
the minimum in both stages for combining good conversion in 
terms of catalyst activity and selectivity due to thermodynamics. 
Thereby, the stoichiometry was changed around the ideal value 
of 4 to look at hydrogen and CO2 conversion. From Figure 2 it 
becomes clear that both conversions overlap but are slightly less 
than the thermodynamic value near 1. Such close approximation 
to full conversion and high selectivity is feasible from 
thermodynamics with the intermediate condensation of product 
water after stage 1 at 5°C. Selectivity to methane is nevertheless 
near 100% since there is no deviation between hydrogen and CO2 
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conversion also verified by the analysis of CO concentration. With 
slightly over stoichiometric hydrogen such as H2/CO2 = 4.2, the 
conversion of CO2 approaches maximum, eliminating CO 
formation at the same time.  

 

Figure 2. Results from hydrogen and CO2 conversion (continuous lines) as 
function of stoichiometry against thermodynamics (dotted lines). A setpoint for 
the plotted variation of stoichiometry was applied as follows: Tset=320 °C; 
GHSVtotal = 36 s−1; p = 8,75 bar(a). 

3.1.2 Addition of impurities 

Within the next set of experiments, also run independently from 
pyrolysis, the oxygen tolerance, a possible impurity in the DAC 
process and a stress parameter for the methanation catalyst with 
regard to the required Ni(0) active site, was evaluated (see Table 
S1 in the SI). The oxygen concentrations were applied to only 
reactor 1 for 45 h at each setpoint. The value of oxygen was 
increased from experiment to experiment and between the levels 
a standard operation point without oxygen was repeated. The 
standard point was selected in a way that methane selectivity is 
very high but full conversion is not reached to indicate even slight 
catalyst degradation. Within the individual oxygen experiments a 
certain higher amount of water product was found, and the CO2 
conversion level decreased slightly due to the occurrence of the 
side reaction of hydrogen oxidation.  

From Figure 3 it becomes clear that the catalyst activity operated 
at standard point between the individual experiments of different 
oxygen levels did not change its trend. Thus, we conclude that 
oxygen impurity only harms the methane selectivity when oxygen 
is in the gas stream. However, the water formation does not take 
influence on catalyst deactivation up to levels of 1 vol.% O2.  

A similar set of experiments was performed also with toluene, 
which is a possible candidate for biogas impurities, for the case 
that DAC is replaced by other CO2 sources. For the toluene levels 
see also Table S1 in the SI. No influence on methanation was 
found also in these experiments, neither regarding catalyst 
activity nor any increase of pressure drop as an indicator for 
coking.  
 

 

Figure 3. Results from the entire experimental campaign: overall CO2 
conversion and conversion levels in the first and second stage (equilibrium 
conversion in first and second stage is close to 100%). Data is provided for the 
experiments with artificial impurities oxygen and toluene and the reference 
points in between. Indicated is also the coupling phase with DAC and the 
pyrolysis unit of KIT (without data). The reference setpoint for the plotted activity 
measurement was applied as follows: Tset=300°C; GHSV=7.05 s−1; p=8,75 
bar(a); H2/CO2=4.3. 

3.1.3 Operation with CO2 from DAC 

From Figure 3 it can also be seen that in time coupling with 
pyrolysis, where DAC based CO2 was used, no considerable 
decline can be found from the data before or after. Nevertheless, 
the time of application of DAC based gas was not long (45 h only). 
Here, it might be necessary to extend the experimental time 
further. Figure S4 (top) in the SI shows a detailed analysis of the 
inert gas, CO2, and methane concentration in the product gas over 
the experiment time during coupled operation when the 
methanation unit was run with CO2 surplus. It can be detected that 
the gas concentrations fluctuated, which was proven to originate 
from variations of the gas composition provided by the DAC unit. 
For comparison, Figure S4 (bottom) depicts the stable CO2 and 
CH4 concentrations in the methanation product gas when all 
reactant gases are taken from gas bottles instead.  

Due to the variations in the DAC gas composition during coupled 
operation, the CO2 concentration was not stable leading to slightly 
varying methane purity. Nevertheless, the conversion remained 
above 95% and the reactor stages were able to tolerate this 
fluctuation quite effectively. CO was less than 0.2 % in the 
methanation product gas (MPG) of all coupled experiments. All in 
all, CO2 excess was found to result in more stable product gas 
composition and flow, which shows in the significantly lower 
combined uncertainties given in Table S4 of the SI. 

As no negative effects of CO or CO2 on the operability of the 
pyrolysis unit were noticed, a total of three coupled experiments 
(#2-4, see table S3 and table S4 in the SI) were run with CO2 
excess and only one with H2 surplus (#1). The average gas 
volume fractions 𝑦ത௜,୑୔ୋof the respective MPG and the combined 
uncertainties, as obtained from IR and GC analysis according to 
the procedure given in the SI, are listed in Table S4. The 
difference to 100 % is given as 𝑦തୢ୧୴,୑୔ୋ and consists mainly of N2 
but also Ar. Samples taken from the gas storage tank (GST2) for 
GC analysis (after experiments #1, #2, #4) showed a small Ar 
peak in the chromatogram. As it was far beyond the calibrated 
concentration range of Ar the obtained volume fractions 
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𝑦ത୅୰,ୋୗ୘ଶିୋେ (2.4-3.4 %) can only be regarded as rough estimates. 
To get a better idea of the accuracy of those estimated values, we 
carried out a comparison of the volume fractions obtained by IR 
analysis of the MPG towards the end of an experiment and the 
volume fractions obtained by GC analysis of the GST2 gas 
mixture after the respective experiment. A comparison of 𝑦തୢ୧୴,୑୔ୋ  
with 𝑦ത୒ଶ,ୋୗ୘ଶିୋେ  showed an overall large discrepancy, while 
𝑦തେୌସ,୑୔ୋ and 𝑦തେୌସ,ୋୗ୘ଶିୋେ were in good agreement. However, the 
sum of 𝑦ത୅୰,ୋୗ୘ଶିୋେ  and 𝑦ത୒ଶ,ୋୗ୘ଶିୋେ  matched 𝑦തୢ୧୴,୑୔ୋ  a lot better 
(see Figure S5 in the SI), indicating that an actual volume fraction 
𝑦୅୰,ୋୗ୘ଶ  within the single figure percentage range is likely. GC 
analysis of the gas mixture in the GST2 did not detect C2Hx (x= 2, 
4, 6) byproducts. 

3.1.4 Post-mortem catalyst analysis 

The catalyst was withdrawn from the reactors after 1200 h of 
operation. From physisorption a BET surface decline of average 
24% in reactor 1 and 18 % in reactor 2 was found. This indicates 
in our opinion the only slight correlation of the catalyst stability 
with conversion rates. Since both catalysts are not severely 
different in surface area decline and are not overheated in 
adiabatic mode as in classical reactors, this surface area effect 
seems more an aging effect of the support in the reaction mixture 
rather than a deactivation due to site reduction. Nevertheless, 
more detailed catalyst investigations could help to clarify this, 
such as pre- and post-chemisorption or operando measurements. 

3.2 Methane Pyrolysis  

One of the objectives of the study is to explore the influence of the 
reactant gas mixture on the pyrolysis performance at various 
reaction temperatures. Depending on the process conditions 
chosen for the methanation step, the reactant gas may contain 
several percent of H2 or CO2, as given in Table S4. As mentioned 
before, the minimum humidity of the MPG was estimated at about 
0.1 vol.% based on the equilibrium vapor pressure of water and 
the temperature and pressure of the condensation unit. As the 
actual water content of the MPG could not be quantified 
analytically and might have been higher than the minimum 
content, H2O is not listed as an individual component in Table S4 
but is included in 𝑦തୢ୧୴,୑୔ୋ. The following subsection 3.2.1 presents 
the effect of pyrolysis temperature on methane conversion XCH4, 
hydrogen yield YH2,CH4 and carbon yield YC,CH4. Details about the 
calculation of XCH4, YH2,CH4 ,YC,CH4 and their respective 
uncertainties are given in section 3 of the SI. Results from 
experiments with bottled gas as well as with MPG mixtures from 
the coupled operation are included. The effect of impurities 
contained in the MPG mixtures is analyzed by comparison with 
results obtained with pure CH4 and CH4-N2 mixtures from bottled 
gas. Subsection 3.2.2 discusses the influence of methane 
concentration in the pyrolysis feed gas (PFG) at 1050 °C. Finally, 
the effects caused by the addition of argon and the continuous 
removal of carbon from the upper reactor section are presented 
in subsection 3.2.3. 

3.2.1 Effect of CO2 and H2 impurities 

Figure 4 a and Figure 4 b display the effect of rising pyrolysis 
temperatures on methane conversion XCH4 and hydrogen yield 
YH2,CH4 respectively. As reported in earlier studies [16] [18] [46], 
XCH4 and YH2,CH4 increase at higher temperatures. They remain far 
from equilibrium conversion and yield, though, which are close to 
unity for reaction temperatures of 1000 °C and above (see Figure 

S6 in the SI). Comparing the results obtained during the coupled 
process operation at 1050 °C and 1100 °C to methane 
conversions and hydrogen yields from a previous study with pure 
methane [46], reduced values of XCH4 and YH2,CH4 are observed.  

Figure 4. Effect of the average tin temperature on methane conversion XCH4 (a), 
hydrogen yield YH2,CH4 (b) and carbon yield YC,CH4 (c) with and without H2 or CO2 
as impurities in the methane pyrolysis feed gas (PFG). Data presented in a) and 
b) as red crosses originates from a previous study [46] and was reevaluated 
and extrapolated (e.p.) to obtain the data shown as yellow squares. 
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Between the PFG mixture containing mainly H2 as an impurity and 
the one containing mainly CO2, no difference can be noticed at 
1100 °C, though. Regarding the uncertainties depicted for the 
conversions obtained previously [46], it must be noted that they 
only represent the standard deviation of three measurements. In 
contrast, a thorough uncertainty analysis has been conducted for 
the results of the present study (see SI), considering more factors 
than just the standard deviation, and thus yielding higher 
uncertainties.  

Further differences arise from the carbon accumulation on top of 
the tin surface, the lower reactant gas volume flow, and the higher 
methane concentration Geißler [46] used. To compensate the 
latter two differences, data from the previous study was 
reevaluated and extrapolated (e.p.) to estimate methane 
conversions and hydrogen yields that could be expected for an 
85:15 CH4:N2 mixture when 350 mlN/min are fed into the bubble 
column reactor. Several types of carbon have been shown to 
catalyze the thermal decomposition of methane. [49] [50] The 
potential catalytic effect of the carbon layer is represented in the 
uncertainties of the e.p. values displayed in Figure 4 a and 4 b. 
Details on how the e.p. values and the respective uncertainties 
were calculated are given in the SI.  

When XCH4 and YH2,CH4 of the coupled operation are compared to 
the e.p. values and uncertainties are considered, negative effects 
of H2 or CO2 on methane conversion or hydrogen yield cannot be 
identified unambiguously. While the average values reached 
during the coupled process operation are lower than the e.p. 
values, the uncertainty ranges overlap. 

While the carbon yield YC,CH4 is lower than the hydrogen yield, it 
also increases noticeably in the temperature range from 1000 °C 
to 1100. For the investigated temperature range, the temperature 
dependency of YC,CH4 seems to follow an exponential trend, as 
shown in Figure 4 c. All carbon yields are far from the 
thermodynamic equilibrium yields calculated for temperatures of 
1000 °C and above (see Figure S6 b in the SI). The carbon yields 
shown in Figure 4 c cannot be compared to previous experiments 
conducted by Geißler et al. [17] [16] or Hofberger et al. [18] [51] as 
their carbon products weren’t removed from the reactor between 
experiments. Instead, they accumulated and mixed making a 
quantification relating to single experimental conditions 
impossible. The attribution of specific carbon samples to 
individual experiments was realized for the first time as part of this 
study. It was achieved by adding argon as a carrier gas for the 
continuous and complete removal of carbon from the pyrolysis 
reactor. 

At 1100 °C, a discrepancy in the carbon yields obtained with PFG 
containing CO2 can be observed. Regarding the gas phase 
analysis (Figure 4 a and b), the results of the two experiments are 
very similar, though, indicating good repeatability. We assume 
that the different carbon yields are a result of a temporal blockage 
of the single orifice caused by tin weeping during the experiment 
with a higher carbon yield (#2 in table S5 in the SI). After applying 
a nitrogen flow for troubleshooting, the reactor went through a 
transient stage where the reactant gas is mixed with nitrogen to 
reach the target feed gas composition again. During the transient 
phase, carbon formation is already expected to take place. As will 
be discussed in the following section, intermediate methane 
concentrations result in higher carbon yields. The carbon yield 
during the transient operation might therefore be higher than 

during steady state operation. Carbon yields were calculated with 
an integral approach (see SI for details), considering both 
transient and steady-state operation. GC analysis of the gas 
phase on the other hand was only done once target conditions 
were reached. This could explain why no difference is seen for 
XCH4 and YH2, but YC differs for the two experiments with CO2 at 
1100 °C. The lower carbon yield of about 16 % obtained with CO2 
in the PFG during uninterrupted pyrolysis operation is therefore 
compared to the reactant gas mixture containing H2. In this 
comparison at 1100 °C, the carbon yield is lower for a PFG 
mixture with CO2 than for one with H2 as an impurity. This is 
probably due to additional carbon consuming reactions, e.g. 
carbon gasification with CO2 or H2O (equation 4 and equation 5). 
OH radicals, CO2 and H2O could attack either carbon already 
synthesized or important gas-phase intermediaries such as 
acetylene, [52] [53] thus reducing the final carbon yield. Besides, 
gas phase reactions such as dry reforming and steam reforming 
of methane (equation 6 and equation 7) might compete with 
pyrolysis reactions and thus lower the amount of carbon 
precursors.   In all coupled experiments, also the one with H2 as 
an impurity, some humidity remained in the gas mixture after the 
drying step. During the experiments with CO2 as an impurity, the 
presence of CO2 could have resulted in further steam formation 
via the rWGS reaction (equation 2). The analysis of the 
equilibrium constants Kp of the mentioned reactions (Figure S6 c 
in the SI) shows that at 1000 °C and above all of them would 
contribute to the formation of CO at the expense of carbon 
formation. In fact, the yield YCO,CO2 was more than 40 % at 1100 °C 
and about 20 % at 1050 °C (see table S5 in the SI), when CO2 
was present in the PFG as an impurity.  

After the operation of the pyrolysis reactor with CO2 and H2O 
containing reactant gas, no signs of tin oxidation were observed. 
Therefore, the overall reducing atmosphere either inhibited the 
formation of solid tin oxide or reversed it fast enough to prevent 
any noticeable oxidation.  

3.2.2 Effect of methane concentration  

For a pyrolysis temperature of 1050 °C, the dilution of methane 
resulted in higher methane conversions, as depicted in Figure 5 
a. This agrees with Geißler’s [46] observation that methane 
conversions increased slightly when the methane volume fraction 
in the reactant gas was reduced.  
 
However, he reported an absolute increase of only about 10 % 
over the range of 100 vol.% to 10 vol.% CH4 in the PFG. [46] In 
contrast, Figure 5 a shows that XCH4 rises by more than 20 % 
when yCH4,PFG is lowered from 87 vol.% to 25 vol.%. Reducing the 
methane concentration should result in slower reaction rates 
according to first order kinetics, e.g., the one suggested by 
Arutyunov and Vedeneev [54] for the thermal decomposition of 
methane. On the other hand, dilution also lowers the gas volume 
increase due to the decomposition of one methane molecule into 
two hydrogen molecules (Equation 3). Therefore, the bubbles 
remain smaller and rise slower when methane is diluted (in the 
relevant diameter range [48]). As a result, the residence time in 
the LM and in the upper gas filled part of the reactor increases. 
The latter needs to be considered as well when no quenching 
option is implemented. The observations of the present study, 
which support the findings of Geißler et al. [16], indicate that the 
increased residence time outweighs slower reaction rates, thus 
leading to higher methane conversions upon dilution. For our 
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experiments, the conversion increase appears to result from 
effects in the LM as the pyrolysis product gas (PPG) was 
quenched with argon above the LM surface.  

Hydrogen yields YH2,CH4 obtained at 1050 °C and three different 
initial methane concentrations are depicted in Figure 5 b. In 
contrast to methane conversion, YH2,CH4 does not show a trend. 

Reducing yCH4,PFG from 87 vol.% to 50 vol.% results in no 
noticeable change of the hydrogen yield. With a further reduction 
of yCH4,PFG to 25 vol.%, YH2,CH4 seems to decrease. The uncertainty 
ranges for the yields obtained with 25 vol.% and 50 vol.% CH4 in 
the PFG overlap, though. A decrease of the hydrogen yield for low 
initial methane concentrations contrasts Gleißler’s [46] findings.  

Figure 5. Effect of the methane volume fraction 𝑦େୌସ,୔୊ୋ in the pyrolysis feed gas (PFG) on methane conversion XCH4 (a), hydrogen yield YH2,CH4 (b) and carbon 

yield YC,CH4 (c). Data presented in a) and b) as red crosses originates from a previous study [46] and was reevaluated and extrapolated (e.p.) to obtain the data 

shown as yellow squares. 

For a pyrolysis temperature of 1175 °C, he observed increasing 
methane conversions and hydrogen yields upon methane dilution 
from 100 vol.% down to 10 vol.%. However, he did not test 
methane concentrations lower than 50 vol. % at 1050 °C, so the 
dilution effect might depend on pyrolysis temperature. Besides, 
the accumulated carbon layer on top of the LM might have 
affected his results in a different way than the gas quenching and 
continuous carbon removal of the present study. 

The concentration dependent carbon yields displayed in Figure 5 
c show a maximum for 50 vol.% CH4 in the PFG. For 25 vol.% 
CH4, hydrogen and carbon yields are significantly lower than 
methane conversion, indicating a low selectivity to the final 
pyrolysis products hydrogen (SH2,CH4 = 46.1 ± 11.4 %) and carbon. 
The carbon yield for the highest initial methane concentration was 
probably reduced by reactions of carbon or carbon precursors 
with CO2 and H2O as discussed in the previous section. Hydrogen 
inhibition effects [55] might also be more noticeable for higher 
initial methane concentrations. For the same methane conversion, 
the partial pressure of H2 would be higher for a methane rich 
reactant gas, thus blocking more surface sites. 

3.2.3 Effect of carrier gas addition 

In contrast to previous pyrolysis experiments in bubble column 
reactors filled with liquid tin, [17] [16] [46] [18] [51] argon was fed 
into the pyrolysis reactor just above the LM surface with two 
objectives. Firstly, it continuously removed the fine carbon powder 
produced by the pyrolysis reactions from the reactor and 
transported it to a filter for later analysis. The successful removal 
of the carbon powder by argon flushing was verified by visual 
inspection of the reactor interior at the end of an experimental 
campaign once the tin column had cooled down and solidified. 
After previous experiments without argon addition, the upper part 
of the reactor was filled with compacted carbon powder. In 

contrast, after experiments with argon flushing hardly any carbon 
residues were found and the space above the solidified tin column 
was empty. 

The second purpose of adding argon was to quench the pyrolysis 
reactions just above the LM surface to limit the carbon synthesis 
to the bubbles inside the tin column, which are considered close 
to isothermal (see Figure S3 in the SI). Without the addition of 
argon, the residence time in the upper section is longer than in 
the LM filled part [16] (see Figure S7 in the SI) and temperatures 
are still high enough for reactions to continue after the gas leaves 
the LM. Comparing the spatial temperature profile obtained with 
argon addition (Figure S3 in the SI) to the ones previously 
published, [46] [51] there is hardly any difference observable. 
However, a much higher cooling rate was realized in the case of 
9 LN min-1 Ar addition by significantly speeding up the gas velocity, 
thus reducing the residence time of the gas mixture in the hot 
reactor zone. Based on model calculations (Figure S7 in the SI), 
the gas temperature above the LM surface drops below 500 °C 
within < 0.8 s, while it takes 15.2 s without Ar addition.  

Furthermore, the quenching effect of dilution was exploited when 
9 LN min-1 argon were added. An examination of the gas phase 
composition indicates that the dilution and the strong increase of 
the cooling rate suffice to successfully quench the pyrolysis 
product gas. The GC analyses from the experiments with argon 
addition above the LM surface show low amounts of ethylene and 
acetylene but no ethane. When no argon was fed into the top 
reactor section, Geißler et al. [16] and Hofberger et al. [18] also 
detected ethylene as a side product of methane pyrolysis in 
reactors filled with liquid tin. However, the detection of acetylene 
instead of ethane is a significant difference to these previous 
studies. This finding agrees with the following analysis of the 
temperature dependent equilibrium composition and kinetic 
modelling.  
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Figure 6. Thermodynamic equilibrium yields of C2Hx (with x = 2, 4, 6) over the 

temperature range from 300 to 1300 °C for reactant mixtures containing either 

only CH4 and 10 % N2 or 5 % N2 mixed with 5 % of either CO2 or H2. 

Figure 6 shows that for C2Hx (x = 2,4,6) byproducts, at 
approximately 1000 °C the equilibrium composition of the gas 
phase shifts from containing ethane to containing acetylene. 
While lowering the temperature results in a sharp increase of 
ethane, higher temperatures lead to an exponential rise of the 
acetylene concentration. Ethylene experiences only a moderate 
increase. Based on the temperature of the liquid tin in the 
pyrolysis reactor and equilibrium considerations, acetylene and 
not ethane would be expected as a minor byproduct.  

In a previous article, [48] we introduced and validated a numerical 
model that, in agreement with experimental results, [46] predicts 
ethane and ethylene as byproducts when the temperature 
gradient and gas residence time in the upper part of the reactor is 
considered. This model is now used to get a spatial resolution of 
the gas phase composition inside the optically non-accessible 
pyrolysis reactor.  

Figure 7. Modelled C2Hx (x=2, 4, 6) molar fractions along the length of the 

bubble column reactor showing C2H4 and C2H2 production inside the gas 

bubbles. Without quenching above the LM surface, the molar fraction of C2H2 

drops while C2H6 increases during the slow cooling of the product gas. Model 

conditions: TLM=1100 °C, 𝑉̇୰ୣୟୡ = 350 mlN min-1, gas composition of experiment 

#1 (see Table S4 in the SI). 

Figure 7 depicts the evolution of the molar fractions 𝑦෤େଶୌ௫ (with x 
= 2, 4, 6) along the length of the reactor when no argon is added 
above the LM surface. The average gas composition of the 
coupled operation with H2 surplus (#1 in Table S4 in the SI) and 
an LM temperature of 1100 °C were chosen as input parameters 
for the model.  

Acetylene and ethylene are present in small amounts in the LM 
filled lower part of the reactor after a short initiation period. The 
concentration of ethane on the other hand remains close to zero. 
Above the LM surface, the most striking change in the gas phase 
composition is the complete shift from acetylene to ethane caused 
by the slow cool down without Ar addition. This matches the 
experimental observations that were previously reported, [16] [46] 

[18] where no acetylene was detected in the product gas leaving 
the reactor. In the present study, the addition of argon above the 
LM surface was intended to restrict the pyrolysis reactions to the 
bubbles inside the LM. Successful quenching would be indicated 
by a gas composition, which matches the mixture at the LM 
surface. According to our model, acetylene and ethylene should 
then be present in small amounts, instead of ethane and ethylene. 
This is exactly what we found when argon was added as a carrier 
gas (see Table S6 in the SI for all pyrolysis product gas 
compositions). 

Comparing the modelled acetylene molar fraction 𝑦෤େଶୌଶ,୫  of 
1.16 % at the LM surface in Figure 7 to our experimental results 
(𝑦େଶୌଶ,ୣ୶୮ =0.91 ± 0.40 vol.%) under the assumption of ideal gas 
behavior, there is good agreement between model and 
experiment. As already noted in our previous article, [48] the 
model overpredicts ethylene concentrations (𝑦෤େଶୌସ,୫ = 0.89 %,

𝑦େଶୌସ,ୣ୶୮ = 0.40 ± 0.14 vol%) but a lower ethylene molar fraction 
compared to acetylene is found both in the experimental and the 
model results. They also agree regarding the absence of ethane. 
All in all, the byproduct analysis demonstrates the successful 
quenching of the product gas above the LM surface. This is an 
important foundation for the carbon characterization presented in 
part 2 [29] of this study as it limits the pyrolysis reactions to the 
close to isothermal part of the reactor. Previously, the reaction 
conditions in the upper reactor section were only poorly defined. 
Radial temperature profiles, the effect of the carbon layer and the 
degree of backmixing were unknown. By quenching the pyrolysis 
gas and continuously removing the carbon powder, these 
uncertainties in the carbon synthesis conditions can be reduced 
significantly.  

A further effect of adding argon and continuously removing the 
carbon powder is the reduction of both methane conversion and 
hydrogen yield, as shown in Figure 4 a and Figure 4 b, 
respectively. At 1000 °C, a reactant gas flow of 200 mlN/min was 
fed into the reactor (blue diamonds), just as in previous 
experiments with pure methane (red crosses). The dilution of 
methane with nitrogen (8:2) cannot explain the reduced 
conversions and yields, as it should rather have the opposite 
effect (see previous section 3.2.2). Therefore, the addition of 
argon is seen as the cause for the lower methane conversions 
and hydrogen yields. This agrees with Palmer et al.’s [25] 
observation that the addition of argon to the reactor head space 
lowered methane conversion due to the reduced residence time. 
They did not report any changes in the byproduct distribution, 
though. As they added a smaller argon stream, the carbon powder 
still collected on the surface of the molten metal and might have 
affected the reactions above the LM surface. 
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Figure S8 in the SI shows data from previous experiments without 
carbon removal. [46] There is a noticeable increase over time for 
both XCH4 and YH2,CH4 at 1000 °C, when the carbon powder is left 
to accumulate in the upper part of the reactor. This hints at a 
catalytic activity of the produced carbon. Other studies [49] [50] 
have also reported catalytic effects of carbon in the context of 
methane pyrolysis, which supports the assumption that the 
accumulated carbon layer catalyzed further pyrolysis reactions in 
the upper reactor section. With the addition of argon, the amount 
of potentially catalytic carbon is reduced to the particles in the gas 
stream and the cooling rate increases sharply. Both would be 
expected to reduce XCH4 and YH2,CH4. The lower uncertainty 
ranges displayed in Figure 4 a and Figure 4 b for the extrapolated 
(e.p.) values (yellow squares), comprise the potential effect of 
carbon removal as explained in the SI. When the lack of a carbon 
layer is taken into account, XCH4 and YH2,CH4 obtained with argon 
addition lie within the range that would be expected for continuous 
carbon removal. 

3.3 Coupled process operation 

The overarching aim of the coupled CCU process is to produce 
carbon from atmospheric CO2. The highest total carbon yield from 
CO2 could probably be achieved by combining methanation with 
H2 surplus with pyrolysis at high temperatures. Additionally, the 
upper gas filled section of the pyrolysis reactor could intentionally 
be used to increase the carbon yield. As can be seen from Table 
S4 in the SI, an over stoichiometric amount of H2 results in almost 
complete (99.915 %) conversion of CO2 into methane. The carbon 
yield of the entire process is then determined by the carbon yield 
of the pyrolysis step, which was higher for a gas mixture 
containing H2 than for a reactant gas containing CO2. In this study, 
the overall carbon yield achieved with H2 surplus and a pyrolysis 
temperature of 1100 °C is 24.1 %. However, there is a strong 
influence of the pyrolysis temperature on the carbon yield, as 
shown in Figure 4 c. In previous studies, [16] [46] hydrogen yields 
could be increased up to 78 % in a comparable reactor by setting 
the pyrolysis temperature to 1175 °C.  The carbon yield is 
expected to increase along with the hydrogen yield, as we 
demonstrated in this study for the temperature range between 
1000 °C and 1100 °C (Figure 4 b and Figure 4 c). A significant 
further increase of YC,CO2 should therefore be achievable at higher 
pyrolysis temperatures.  When no isothermal carbon synthesis 
conditions are required, another optimization option to further 
increase the carbon yield would be to intentionally include the 
upper gas filled reactor part as a carbon formation zone. The 
carbon powder could then be removed batchwise to make use of 
the catalytic activity of the carbon.  

4 Conclusions 

For the first time, a carbon capture and utilization (CCU) process 
that combines direct air capture (DAC), catalytic methanation and 
methane pyrolysis to convert CO2 into solid carbon materials was 

demonstrated in coupled operation. An overall yield YC,CO2 = 
24.1 % of carbon powder from atmospheric CO2 was obtained 
during the coupled operation of the process steps.  

Regarding the methanation step, stable operation with either a 
surplus of CO2 or H2 in the reactant mixture was demonstrated. 
Due to fluctuations in the feed CO2 concentration, variations in the 
methanation product gas were observed. While for both modes of 
operation the CH4 content of the product gas was high (> 80 
vol. %), CO2 methanation with CO2 surplus yielded a more stable 
product gas composition. The synthesized methane contained up 
to 5.6 vol % CO2, 0.02 vol % CO and about 1 vol% H2. An average 
H2 concentration of about 10 vol % remained in the product gas 
mixture when the methanation was operated with a surplus of H2, 
while CO and CO2 were almost eliminated as side components. 
In addition to CO, CO2 and H2, up to 8 % of other gases (N2 and 
Ar) were detected in the gas mixture after the methanation step. 
Except for the observed fluctuations of the product gas 
composition, the utilization of CO2 from the DAC unit showed no 
adverse effects on the operability of the methanation unit. Toluene 
and oxygen are both likely impurities of CO2 provided either from 
a biogas plant or a DAC unit, respectively. In separate tests, no 
negative effects of those two impurities on methanation 
performance and catalyst stability were observed.  

The methane pyrolysis unit was operated with both types of 
methane gas mixtures obtained from the catalytic methanation of 
atmospheric CO2. The operability of the pyrolysis reactor was not 
affected by the presence of CO, CO2, H2, small amounts of H2O 
or other impurities. No signs of tin oxidation were observed after 
conducting experiments with oxygen containing components. 
With either gas mixture comparable methane conversions XCH4 
and hydrogen yields YH2,CH4 were obtained. Regarding the solid 
carbon yield, the mixture containing mainly H2 as a side 
component resulted in higher YC,CH4, though. The reduced carbon 
yield obtained with reactant gas containing CO2 is caused by 
reactions consuming carbon or intermediate products, which 
resulted in noticeable CO formation. The solid carbon product was 
successfully removed from the pyrolysis reactor via continuous 
pneumatic conveying. Thus, the carbon samples could be 
matched to their respective synthesis conditions and temperature 
dependent carbon yields of methane pyrolysis in a liquid metal 
filled bubble column reactor were reported for the first time. YC,CH4 

was shown to increase from about 0.5 % at 1000 °C to about 
24.1 % at 1100 °C. This article is the first of two parts. Details 
about the synthesized solid carbon products and possible 
applications are presented in the second part. 

The inert carrier gas used to remove the carbon powder was 
shown to act as a quenching agent. The quenching of the 
pyrolysis product gas resulted in the detection of acetylene as a 
byproduct in contrast to ethane detection in previous experiments 
without quenching. The presence of acetylene in the pyrolysis 
product gas is in good agreement with a thermodynamic analysis 
and kinetic modelling. 

  

10.1002/cssc.202401779

A
cc

ep
te

d 
M

an
us

cr
ip

t

ChemSusChem

This article is protected by copyright. All rights reserved.

 1864564x, ja, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cssc.202401779 by K
arlsruher Institut F., W

iley O
nline L

ibrary on [06/11/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



RESEARCH ARTICLE    

11 
 

Acknowledgements 

This work was part of the project NECOC (Creation of NEgative 

emissions by separating atmospheric CO2 into economically 

usable Carbon black and O2) and was supported by the German 

Federal Ministry for Economic Affairs and Climate Action (BMWK) 

[grant number FKZ: 03EE5009A and 03EE5009B] 

Keywords: carbon storage • hydrocarbons • methanation • 

methane pyrolysis • liquid metal 

References 
 

[1]  R. Chauvy, N. Meunier, D. Thomas, G. D. Weireld, Appl. Energy, 2019, 
236, 662–680. DOI: 10.1016/j.apenergy.2018.11.096 

[2]  P. Tcvetkov, A. Cherepovitsyn, S. Fedoseev, Sustainability, 2019, 11, 
5834. DOI: 10.3390/su11205834 

[3]  A. Ilinova, E. Kuznetsova, Energy Rep., 2022, 8, 1295–1301. DOI: 
10.1016/j.egyr.2021.11.243 

[4]  G. Kühner, M. Voll, in Carbon Black: Science and Technology, (Eds: J.-
B. Donnet, R. C. Bansal, M.-J. Wang), Marcel Dekker Inc., New York, 
USA 1993, Ch.1  

[5]  Orion Engineered Carbons GmbH, What is Carbon Black, 2015, 
http://orioncarbonsliterature.com/wp-
content/uploads/2021/09/WhatIsCarbonBlack.pdf, accessed Jan 2024 

[6]  Mitsubishi Chemical Carbon Fiber and Composites Inc., Pitch Fiber, 
2023, https://mccfc.com/pitch-fiber/, accessed Nov 2023.  

[7]  V. C. Hoang, M. Hassan, V. G. Gomes, Appl. Mater. Today, 2018, 12, 
342–358. DOI: 10.1016/j.apmt.2018.06.007 

[8]  K. Zhang, Y. Hou, H. Cao, T. Wang, H. Li, T. Wang, X. Zhang, Y. Niu, 
G. Qiu, C. Wang, J. Pet. Sci. Eng., 2022, 216, 110786. DOI: 
10.1016/j.petrol.2022.110786  

[9]  X. Liu, J. Ren, G. Licht, X. Wang, S. Licht, Adv. Sustainable Syst., 2019, 
3, 1900056. DOI: 10.1002/adsu.201900056 

[10] H. Wu, Z. Li, D. Ji, Y. Liu, L. Li, D. Yuan, Z. Zhang, J. Ren, M. Lefler, B. 
Wang, S. Licht, Carbon, 2016, 106, 208–217. DOI: 
10.1016/j.carbon.2016.05.031   

[11] S. Arcaro, W. Guaglianoni, A. K. Alves, C. P. Bergmann, Int. J. Appl. 
Ceram. Technol., 2021, 19, 451–458. DOI: 10.1111/ijac.13889   

[12] X. Wang, G. Licht, X. Liu, S. Licht, Adv. Sustainable Syst., 2022, 6, 
2100481. DOI: 10.1002/adsu.202100481 

[13] H. V. Ijije, C. Sun, G. Z. Chen, Carbon, 2014, 73, 163–174. DOI: 
10.1016/j.carbon.2014.02.052   

[14] X. Chen, Z. Zhao, J. Qu, B. Zhang, X. Ding, Y. Geng, H. Xie, D. Wang, 
H. Yin, ACS Sustainable Chem. Eng., 2021, 9, 4167–4174. DOI: 
10.1021/acssuschemeng.1c00028 

[15] C. Liang, Y. Chen, M. Wu, K. Wang, W. Zhang, Y. Gan, H. Huang, J. 
Chen, Y. Xia, J. Zhang, S. Zheng, H. Pan, Nat. Commun., 2021, 12, 
119. DOI: 10.1038/s41467-020-20380-0  

[16] T. Geißler, A. Abánades, A. Heinzel, K. Mehravaran, G. Müller, R. K. 
Rathnam, C. Rubbia, D. Salmieri, L. Stoppel, S. Stückrad, A. 
Weisenburger, H. Wenninger, T. Wetzel, Chem. Eng. J., 2016, 299, 
192–200. DOI: 10.1016/j.cej.2016.04.066   

[17] T. Geißler, M. Plevan, A. Abánades, A. Heinzel, K. Mehravaran, R. K. 
Rathnam, C. Rubbia, D. Salmieri, L. Stoppel, S. Stückrad, A. 
Weisenburger, H. Wenninger, T. Wetzel, Int. J. Hydrogen Energy, 2015, 
40, 14134–14146. DOI: 10.1016/j.ijhydene.2015.08.102 

[18] C. M. Hofberger, B. Dietrich, I. D. Vera, R. Krumholz, L. Stoppel, N. 
Uhlenbruck, T. Wetzel, Hydrogen, 2023, 4, 357–372. DOI: 
10.3390/hydrogen4020025 

[19] D. C. Upham, V. Agarwal, A. Khechfe, Z. R. Snodgrass, M. J. Gordon, 
H. Metiu, E. W. McFarland, Science, 2017, 358, 917–921. DOI: 
10.1126/science.aao5023 

[20] D. Paxman, S. Trottier, M. R. Flynn, L. Kostiuk, M. Secanell, Int. J. 
Hydrogen Energy, 2017, 42, 25166-25184. DOI: 
10.1016/j.ijhydene.2017.08.134 

[21] J. Kim, C. Oh, H. Oh, Y. Lee, H. Seo, Y. K. Kim, Carbon, 2023,  207, 1-
12. DOI: 10.1016/j.carbon.2023.02.053 

[22] K. Wang, W. S. Li, X. P. Zhou, J. Mol. Catal. A: Chem., 2008, 283, 153-
157. DOI:10.1016/j.molcata.2007.12.018 

[23] N. Rahimi, D. Kang, J. Gelinas, A. Menon, M. J. Gordon, H. Metiu, E. W. 
McFarland, Carbon, 2019, 151, 181-191. DOI: 
10.1016/j.carbon.2019.05.041 

[24] J. Zeng, M. Tarazkar, T. Pennebaker, M. J. Gordon, H. Metiu, E. W. 
McFarland, ACS Catal., 2020, 10, 8223-8230. DOI: 
10.1021/acscatal.0c00805 

[25] C. Palmer, E. Bunyan, J. Gelinas, M. J. Gordon, H. Metiu, E. W. 
McFarland, Energy Fuels, 2020, 34, 16073-16080. DOI: 
10.1021/acs.energyfuels.0c03080 

[26] Y. Tang, P. Peng, S. Wang, Z. Liu, X. Zu, Q. Yu, Chem. Mater., 2017, 
29, 8404-8411. DOI: 10.1021/acs.chemmater.7b02958 

[27] C. Qiao, J. Che, J. Wang, X. Wang, S. Qiu, W. Wu, Y. Chen, X. Zu, Y. 
Tang, J. Alloys Compd., 2023, 930, 167495. DOI: 
10.1016/j.jallcom.2022.167495 

[28] I. V. Kudinov, A. A. Pimenov, Y. A. Kryukov, G. V. Mikheeva, Int. J. 
Hydrogen Energy, 2021, 46, 10183-10190. DOI: 
10.1016/j.ijhydene.2020.12.138 

[29] N. Uhlenbruck, B. Dietrich, S. Heißler, C. Hofberger, R. Krumholz, L. 
Stoppel, V. Trouillet, P. G. Weidler, T. Wetzel, submitted to 
ChemSusChem, 2024 

[30] Climeworks AG, Direct air capture: our technology to capture CO₂, 
2023, https://climeworks.com/direct-air-capture, accessed Nov 2023 

[31] A. Becker, K. J. Hüttinger, Carbon, 1998, 36, 213–224. DOI: 
10.1016/s0008-6223(97)00177-2 

[32] G. Fau, N. Gascoin, P. Gillard, J. Steelant, J. Anal. and Applied 
Pyrolysis, 2013, 104, 1–9. DOI: 10.1016/j.jaap.2013.04.006 

[33] O. Olsvik, O. A. Rokstad, A. Holmen, Chem. Eng. Technol., 1995, 18, 
349–358. DOI: 10.1002/ceat.270180510 

[34] H. Richter, J. B. Howard, Prog. Energy Combust. Sci., 2000, 26, 565–
608. DOI: 10.1016/s0360-1285(00)00009-5  

[35] J. W. Martin, M. Salamanca, M. Kraft, Prog. Energy Combust. Sci., 
2022, 88, 100956. DOI: 10.1016/j.pecs.2021.100956 

[36] S. Dutta, C. Y. Wen, R. J. Belt, Ind. Eng. Chem. Process Des. Dev., 
1977, 16, 20–30. DOI: 10.1021/i260061a004 

[37] T.-W. Kwon, S. D. Kim, D. P. C. Fung, Fuel, 1988, 67, 530–535. DOI: 
10.1016/0016-2361(88)90350-x  

[38] C. Di Blasi, Prog. Energy Combust. Sci., 2009, 35, 121–140. DOI: 
10.1016/j.pecs.2008.08.001 

[39] P. L. Walker, F. Rusinko, L. G. Austin, Adv. Catal., 1959, 11, 133–221. 
DOI: 10.1016/s0360-0564(08)60418-6 

[40] M. F. Irfan, M. R. Usman, K. Kusakabe, Energy, 2011, 36, 12–40. DOI: 
10.1016/j.energy.2010.10.034 

[41] A. Zoulalian, R. Bounaceur, A. Dufour, Chem. Eng. Sci., 2015, 138, 
281–290. DOI: 10.1016/j.ces.2015.07.035 

[42] J. Tanner, S. Bhattacharya, Chem. Eng. J., 2016, 285, 331–340. DOI: 
10.1016/j.cej.2015.09.106 

[43] F. Bustamante, R. M. Enick, A. V. Cugini, R. P. Killmeyer, B. H. Howard, 
K. S. Rothenberger, M. V. Ciocco, B. D. Morreale, S. Chattopadhyay, S. 
Shi, AIChE J., 2004, 50, 1028–1041. DOI: 10.1002/aic.10099  

[44] M. Belimov, D. Metzger, P. Pfeifer, AIChE J., 2016, 63, 120–129. DOI: 
10.1002/aic.15461 

[45] J. Guilera, T. Andreu, N. Basset, T. Boeltken, F. Timm, I. Mallol, J. R. 
Morante, Renewable Energy, 2020, 146, 1301–1308. DOI: 
10.1016/j.renene.2019.07.044 

[46] T. G. Geißler, Doctoral Thesis, Karlsruhe Institute of Technology, 2017   

[47] D. G. Goodwin, R. L. Speth, H. K. Moffat, B. W. Weber, Cantera: An 
Object-oriented Software Toolkit for Chemical Kinetics, 
Thermodynamics, and Transport Processes. Version 2.5.1, 2021, 
https://www.cantera.org, accessed May, 2021 

[48] N. Uhlenbruck, B. Dietrich, C. Hofberger, L. Stoppel, T. Wetzel, Energy 
Technol., 2022, 10, 2200654. DOI: 10.1002/ente.202200654 

[49] D. P. Serrano, J. Á. Botas, P. Pizarro, G. Gómez, Int. J.Hydrogen 
Energy, 2013, 38, 5671–5683. DOI: 10.1016/j.ijhydene.2013.02.112 

[50] N. Muradov, Catal. Commun., 2001,  2, 89-94. DOI: 10.1016/s1566-
7367(01)00013-9  

10.1002/cssc.202401779

A
cc

ep
te

d 
M

an
us

cr
ip

t

ChemSusChem

This article is protected by copyright. All rights reserved.

 1864564x, ja, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cssc.202401779 by K
arlsruher Institut F., W

iley O
nline L

ibrary on [06/11/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



RESEARCH ARTICLE    

12 
 

[51] C. M. Hofberger, B. Dietrich, I. D. Vera, R. Krumholz, L. Stoppel, N. 
Uhlenbruck, T. Wetzel, Hydrogen, 2023, 4, 295–306. DOI: 
10.3390/hydrogen4020021 

[52] V. I. Savchenko, Y. S. Zimin, A. V. Nikitin, I. V. Sedov, V. S. Arutyunov,  
Pet. Chem., 2021, 61, 762–772. DOI: 10.1134/s0965544121070021 

[53] V. I. Savchenko, Y. S. Zimin, A. V. Nikitin, I. V. Sedov, V. S. Arutyunov,  
J. CO2 Util., 2021, 47, 101490. DOI: 10.1016/j.jcou.2021.101490 

[54] V. S. Arutyunov, V. I. Vedeneev, Russ. Chem. Rev., 1991, 60, 1384–
1397. DOI: 10.1070/rc1991v060n12abeh001154  

[55] A. Becker, Z. Hu, K. J. Hüttinger, Fuel, 2000, 79, 1573–1580. DOI: 
10.1016/s0016-2361(00)00030-2.  

[56] D. Neuschitzer, D. Scheiblehner, H. Antrekowitsch, S. Wibner, A. 
Sprung, Energies, 2023, 16, 7058. DOI: 10.3390/en16207058 

[57] Bronkhorst, ‘FLUIDAT’, https://www.fluidat.com/default.asp , accessed 
Nov 2023 

[58] M. E. Wieser, T. B. Coplen, Pure Appl. Chem., 2010, 83, 359–396. DOI: 
10.1351/pac-rep-10-09-14  

 
 
 

 
 

      
 

 
 
 
 

 
 
Entry for the Table of Contents 

 
 

Atmospheric CO2 was successfully converted into solid carbon 
products via a novel process, which combines direct air capture, 
catalytic methanation and liquid metal-based methane pyrolysis. 
The influence of impurities and operation parameters on the 
process performance regarding conversions and product yields is 
analyzed. 
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