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Abstract

:

This contribution presents the results of continued investigations on the production of hydrogen by means of pyrolysis in a liquid metal bubble column reactor, as developed at the Karlsruhe Institute of Technology in recent years. Part I of this contribution described the motivation and the methodology of this study, as well as a significant scale-up, and discussed its results for pure methane pyrolysis. Here in part II, two additional experimental campaigns with methane–ethane mixtures (MEMs) and high-calorific natural gas (nGH) will be presented and discussed for the first time, using the up-scaled liquid metal bubble column reactor. It could be proven that an MEM as the feed gas led to an increase in methane conversion at low temperatures, which is consistent with the literature data. The nGH pyrolysis confirms this trend and also results in a significant rise in methane conversion compared to pure methane pyrolysis. Furthermore, the nGH pyrolysis leads to an increased methane conversion even at higher temperatures compared to MEM pyrolysis. Additionally, both MEM and nGH pyrolysis also showed a shift in the formation of by-products toward lower temperatures.
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1. Introduction


Methane pyrolysis is a well-known process to which many publications refer [1]. However, recent publications deal mostly with pure methane pyrolysis in tubular, molten salt, fluidized bed or plasma reactors [2]. A liquid metal bubble column reactor was used in this publication. The focus is on the pyrolysis not only of methane but also of methane–ethane mixtures (MEMs) and natural gas. Proof of concept studies of the bubble column reactor concept with liquid tin have already been successfully performed by Plevan and Geißler and colleagues [3,4,5,6,7]. The reactor developed (reactor type [RT] 1) was scaled-up to a volume of 6 L and the authors investigated the reachable methane conversion compared to the 1.6 L reactor. That study and the methodology were described in part one of this publication. As the impact of the scale-up on methane conversion of pure methane (PM) pyrolysis was negligible, the following step for industrial applications was the pyrolysis of pipeline gas (high-calorific natural gas: nGH [8]) instead of PM. The most abundant minor components of European nGH pipeline gas are generally CmHn hydrocarbons (m = 2 or 3) [9], with dominant proportions of ethane (C2H6) [10]. Therefore, as a step towards natural gas pyrolysis, the influence of ethane admixtures to methane on pyrolysis was investigated, using the up-scaled liquid tin bubble column reactor technology for the first time. In the next step of this investigation, an nGH sample was pyrolyzed for the first-time and the product gas composition, methane conversion and hydrogen yields were compared to the data from the PM and MEM pyrolysis.




2. Experimental Results and Discussion


The reactors, measurement techniques and evaluation approaches used were described in detail in the first part of this publication.



2.1. Methane–Ethane Mixture Pyrolysis


Three MEMs were pyrolyzed using RT 2 with ethane molar fractions of 1, 5 and 10% in the feed gas composition, which led to higher methane conversion at about 1223 and 1273 K (Figure 1) compared to PM pyrolysis.



The methane conversion increasing effect seemed to vanish at about 1323 K. This tendency could be seen at every superficial gas velocity (SGV) adjusted (also at 1.1 and 1.5 mm/s). In order to explain this behavior, the methane and ethane pyrolysis mechanisms had to be examined in detail: Moldoveanu [11] considered the formation of a methyl radical by splitting off one hydrogen radical to be the first reaction step of methane pyrolysis as given in Equation (1). The first reaction step of the ethane pyrolysis is also assumed to be the building of methyl radicals, but, unlike methane pyrolysis, the C-C bond is split [11], as shown in Equation (2). Additionally, ethyl and hydrogen radicals are formed as a side reaction (3).


CH4 → CH3* + H*



(1)






C2H6 → 2 × CH3*



(2)






C2H6 → C2H5* + H*



(3)







Thus, the main initial reaction step for both methane and ethane pyrolysis is to build methyl radicals. The activation energy    E  A , i     of the first step of methane pyrolysis (1), with 450 kJ/mol [11], was found to be higher than that of the first step of ethane pyrolysis (2), with 372 kJ/mol [11], and its side step (3), with about 425 kJ/mol [11]. This indicates that methane should be more stable when undergoing thermal treatment than ethane [12].



Therefore, ethane should generate more radicals than the substituted amount of methane at the same temperature in gas mixtures. This higher concentration of mainly methyl radicals (and other radicals due to the ethane pyrolysis, as described by Khan and Crynes [11]) activates the methane pyrolysis since methyl radicals are involved in the other complex reaction network of methane pyrolysis. The methane conversion enhancing effect observed by adding ethane into the methane feed gas is in line with the findings of Keramiotis et al. [13] and Ogihara et al. [12] who investigated this effect in their experiments. Ogihara et al. [12] studied the pyrolysis of mixtures of CH4 and C2H6 between 973 and 1073 K, using a quartz tube reactor. The methane–ethane mixtures they pyrolyzed had ethane molar fractions of 50, 25 and 17%. They were compared to PM pyrolysis and argon–ethane mixtures with the same amounts of ethane as in the methane–ethane mixtures. They found that the pure CH4 pyrolysis did not proceed, even with the highest temperature and the lowest volume flow rate of 10 mL/min used in their study. By adding ethane to the methane feed, they observed that CH4 became part of the ethane pyrolysis reaction network. Keramiotis et al. The authors of [13] investigated the impact of 1% of ethane in a nitrogen–methane mixture (9% methane, 90% nitrogen) on methane conversion, compared to a nitrogen–methane mixture of 10% methane and 90% nitrogen. These investigations were carried out using a flow reactor between 1250 and 1500 K with a residence time of     4550    sK    T  K     . The experiment carried out by Keramiotis et al. [13] showed that the methane conversion of nitrogen–methane–ethane mixtures at 1323 K reaches almost 50%, whereas the methane conversion of the nitrogen–methane mixture reached about 25%. They also reported a reduction of the methane conversion increasing effect at higher temperatures, which fits the results of the MEM experiments in this study well (Figure 1): the methane conversion enhancing trend vanished at a temperature of about 1323 K. The explanation given by Keramiotis et al. [13] for the reduction of the conversion increasing effect was that the thermal decomposition of the ethane to methyl radicals (2) at high temperatures becomes faster than the decomposition of ethane to ethyl and hydrogen radicals (3). As the hydrogen radical shows a much higher accelerating impact on methane conversion than the ethyl radical, the methane conversion increasing effect diminishes at high temperatures [13]. Additionally, Olsvik et al. [14] and Khan and Crynes [15] found hydrogen (H2) inhibits pyrolysis reactions in general, which might also have resulted in a reduction of the methane conversion increasing effect of feed ethane. They observed that the impact of hydrogen inhibition becomes more important at higher hydrogen dilution and, thus, at higher methane conversions obtained at higher temperatures. The experiments of Olsvik et al. [14], using a tubular flow reactor between 1473 and 1773 K with residence times < 1 s, led to the outcome that hydrogen dilutions of the feed (H2:CH4 = 2:1 and 4:1) with a residence time of 0.05 s at 1573 K resulted in the lowest CH4 conversions. The effect of hydrogen inhibition increases with increasing residence time and temperature. The calculations with the model they developed indicated that the concentration of methyl and hydrogen radicals decreased with the increasing hydrogen mole fraction by reversing the reaction (1) of methane pyrolysis [14]. In the case of the bubble column experiments, despite the high hydrogen molar fractions achieved in the product gas (Figure 2), the ethane pyrolysis still showed high ethane conversions (Figure 3) but the hydrogen and methyl radical concentrations probably decreased. When the radical concentrations fell below a critical concentration to accelerate the methane pyrolysis, the conversion increasing effect was properly diminished. Furthermore, the hydrogen radical was estimated to be about a factor of 100 more reactive than the methyl radical [14]. Applied to the MEM pyrolysis of this study, the inhibition effect of the hydrogen formed in reaction (1) influenced the methane pyrolysis with the same intensity as the methyl radical concentration increase of the pyrolysis of ethane (2). Thus, the inhibition and acceleration effects balanced each other.



Khan and Crynes [15] conducted a literature review on methane pyrolysis in tube reactors. They discovered that the importance of hydrogen inhibition, observed in several non-shock tube reactor studies between 1373 and 2473 K, increases with higher hydrogen contents. Thus, the inhibiting effect should occur at high conversions of methane. In the present study, higher hydrogen molar fractions were gained at lower temperatures due to the ethane content (Figure 2), therefore, the hydrogen inhibition on methane pyrolysis probably becomes more important at lower temperatures in MEM pyrolysis than in the PM pyrolysis investigated [14,15].



The MEM pyrolysis led to a hydrogen molar fraction at 1323 K between 50 and 62%, as shown in Figure 2. The hydrogen content in the product gas increases with increasing ethane content. Since one ethane molecule contains six hydrogen atoms but methane four, the hydrogen content in the product gas naturally increases if methane is enriched with an increasing amount of ethane, particularly due to the high conversion of ethane compared to methane at the same temperature.



The differences between the hydrogen molar fractions in the product gases of MEM and PM pyrolysis decreased with increasing temperature. The PM pyrolysis generated about 50% hydrogen in the product gas composition at about 1323 K, which was in the range of the hydrogen molar fraction of all MEMs reached at this temperature. According to the calculations of Guéret et al. [16] and the literature reviews of Khan and Crynes [15] and Olsvik et al. [14], hydrogen inhibition is likely to occur for hydrogen concentrations about 50% and above. Thus, the methane conversion increasing effect seems to disappear at about 1323 K in the MEM pyrolysis. High ethane conversions were confirmed in this study and were apparently not or only negligibly affected by inhibition effects at all temperatures (Figure 3).



High ethane conversions were achieved even at moderate temperatures, confirming the experiments and calculations of Moldoveanu [11], Ogihara [12] and Xu [17]. The conversion of ethane reaches values greater than 64% at all the driven temperatures and SGVs reported here. The ethane conversion values may be distorted by the formation of ethane [16] as a by-product during the methane pyrolysis, as determined for PM pyrolysis in this study. The ethane conversion for all SGVs was higher for or similar to 5% ethane in the feed than for 1%. The ethane conversion of MEM pyrolysis for SGVs of 1.1 and 1.5 mm/s at about 1223 K seemed to be lower compared to higher temperatures at constant SGVs and ethane feed molar fractions.



In this study, a selectivity of 100% was presumed for Equation (4) for the ethane pyrolysis, hence the hydrogen yield of ethane pyrolysis    Y   H 2     C 2   H 6      corresponds to the ethane conversion    X   C 2   H 6     .


   C 2   H 6  → 2 · C + 3 ·  H 2   



(4)







This presumption could not be made for the methane conversion in PM pyrolysis. The by-products ethane (C2H6), ethene (C2H4) and ethyne (C2H2) were assumed to be formed in the PM pyrolysis. Only the formation of ethene (C2H4) and ethyne (C2H2) were considered for the MEM pyrolysis. Ethane in the product gas detected by the gas chromatograph was assumed to stem only from the feed ethane. The hydrogen yields of methane in the PM pyrolysis compared to the MEM pyrolysis showed the same trends as the methane conversion at every SGV (1.1 to 1.9 mm/s). The example of an SGV of 1.9 mm/s is shown in Figure 4.



As mentioned in part I of this publication, the formation of ethane (C2H6) due to methane pyrolysis was not taken into account for the calculation of the ethane conversion, but the ethane detected by gas chromatograph analysis was defined as residual feed ethane. However, the pyrolysis of PM resulted in the synthesis of ethane and ethene. Both gases could be determined with temperature-dependent molar fractions for PM and MEM pyrolysis (Figure 5).



Figure 5a,b show that no detectable amounts of ethane but low amounts of ethene were found in the product gas during PM pyrolysis at 1223 K. Significant amounts of ethene and ethane were formed due to PM pyrolysis above 1223 K, with a peak concentration of both ethane and ethene at about 1273 K. Above 1273 K, the amounts of ethane and ethene decreased with increasing temperature, reaching zero at 1380 K. On the other hand, the concentration peaks of PM disappeared in the MEM pyrolysis at every SGV and every ethane feed fraction. However, the proportions of ethane in the MEM pyrolysis product gas increased significantly below the temperature of the ethane peak of the PM pyrolysis. This indicates that the ethane peak may have shifted to lower temperatures or that the temperature-dependent ethane conversion may have decreased. The proportions of ethene in the product gas of the MEM pyrolysis showed the same increasing behavior with decreasing temperature.



Guéret et al. [16] modelled a reaction network for methane pyrolysis and predicted a peak in the ethene mole fraction in the product gas between 1373 and 1473 K, and for ethane between 973 and 1073 K at the thermodynamic equilibrium. Therefore, the tendency of temperature-dependent maxima in by-product molar fractions could be confirmed with the present experiments of this study. The temperature differences between the peak molar fractions predicted and the values measured in this study could be caused by the calculation of Guéret et al. [16], which was based on the thermodynamic equilibrium and idealized by taking only 14 species into account. By contrast, several thousand reactions and species were candidates to affect methane pyrolysis [18,19]. The reactor type might also have an effect on the product gas composition, as Abbas and Daud [1] reported. Ethyne, which should occur with higher molar fractions than ethane above 973 K and at higher molar fractions than ethene above 1373 K, calculated by Guéret et al. [16], could not be determined in any product gas analysis of this study. Keramiotis et al. [13] found that the ethyne mole fraction in the product gas predicted from their calculation models was fundamentally overestimated at above 1325 K. Nevertheless, they were able to detect ethyne concentrations of about 0.25 mole% in their experiments.



In contrast to the simplified reaction mechanism used by Guéret et al. [16], Uhlenbruck et al. [20] considered 10,000 reactions and 333 reaction species based on a reaction mechanism from the literature [21,22,23,24]. This model of a liquid metal bubble column reactor accounts for the residence time distribution of the gas bubbles in the liquid metal and the residence time distribution of the gas in the head room of the reactor. The ethane and ethene molar fractions modelled at the reactor outlet are in good agreement with the molar fraction peaks of ethane and ethene in this study. Furthermore, their model predicts an ethyne molar fraction of less than 0.1%, which is below the limit of detection of the gas chromatograph used in this study and, thus, also matches the experimental findings presented here. Ogihara et al. [12] predicted an ethene peak molar fraction in the pyrolysis of MEMs at a temperature range between 1020 and 1100 K. They used a mixture of ethane and argon for ethane pyrolysis, and estimated the ethene peak molar fraction at 1025 K. These values led to the consideration of shifted by-product molar fraction peaks caused by ethane addition to the feed gas compared to the PM in the present work.



As mentioned above, the increasing molar fraction of ethane with decreasing pyrolysis temperatures, found in the product gas of MEM pyrolysis, could be interpreted to derive from ethane production as one of the first reaction steps of methane pyrolysis, as reported by Moldoveanu [25], Arutyunov et al. [26] and others [4,13,14,15,19,20]. Another possible explanation is a lower ethane conversion compared to higher temperatures due to the drop in reaction rates at lower temperatures. If the lower reaction temperature led to lower ethane conversions, the ethane content of the product gas should increase by increasing the molar fraction of the ethane feed. However, as can be seen in Figure 5b and Figure 6a, this correlation has been proven at 1220 K.



The differences in ethane molar fractions in the product gas at all other pyrolysis temperatures did not systematically correlate with the ethane molar fraction in the feed. Ethene (Figure 6b), on the other hand, was formed as an intermediate and by-product in both PM and MEM pyrolysis [11,12]. The ethene molar fraction was also found to be independent of the ethane feed molar fraction within the measurement accuracy.




2.2. Natural Gas Pyrolysis


A commercially available nGH, whose composition is given in Table 1, was used for the studies with nGH.



As the most abundant minor species of nGH is ethane (Table 1), the pyrolysis of nGH was expected to lead to higher methane conversions compared to PM pyrolysis [12], as MEM pyrolysis did. This was successfully confirmed for each SGV (Figure 7).



The methane conversion of nGH pyrolysis was increased at every temperature conducted below 1373 K, compared to the PM pyrolysis. Furthermore, the methane conversion of nGH pyrolysis at approximately 1323 and 1423 K seemed to be SGV-dependent. Increased SGVs led to decreased methane conversions. The hydrogen yields of nGH and PM pyrolysis compared to each other showed the same temperature and SGV-dependent behavior (Figure 8).



In an attempt to determine whether the differences in conversion were due to the ethane content, the methane conversions of the nGH pyrolysis were compared with those of the MEM pyrolysis for 1 and 5% ethane ratios in the educt gas and the PM pyrolysis (Figure 9).



Whereas the enhanced methane conversions of MEM fell compared to the methane conversion of PM pyrolysis at about 1323 K, for nGH, this effect was only investigated at about 1383 K. As a result, the increase in the methane conversion in nGH pyrolysis was comparable to that of the MEM pyrolysis in the lower temperature range investigated (≤1273 K). The increase in the conversion of methane in the nGH pyrolysis remained up to 1323 K (Table 2) compared to the PM pyrolysis.



As shown in Figure 1, it could be verified due to MEM pyrolysis that ethane in the feed gas increased the conversion of the methane. Certainly, the ethane addition into the methane feed led only to higher methane conversions below 1323 K. Near to this temperature, no conversion enhancing effect could be determined in the MEM pyrolysis. As outlined above, commencing hydrogen inhibition could have caused the diminishing of the methane conversion increasing effect in the MEM pyrolysis. However, this inhibition effect was observed in the nGH pyrolysis as well, but at higher temperatures of about 1383 K. Consequently, the ethane content in the nGH feed could not have been the only factor increasing the methane conversion. The nGH used contains several other hydrocarbons (Table 1), which are likely to have also had an effect on the methane conversion. Greensfelder et al. [27] found that the overall rate constant of n-paraffin (CnH2n+2) pyrolysis increases by a higher C-Number. Safarik et al. [28] compared the Arrhenius parameters for the thermal decomposition reactions of n-alkanes with C-numbers above 4. They concluded that the overall decomposition of the educts generally follows first-order kinetics and the rate constants measured increase with increasing molecular size [28]. Therefore, at the same temperature and residence time, the conversion should increase with the increasing C-number (Table 3).



The activation energy for the initial steps of the additional components of nGH was even lower than that of the initial step of ethane pyrolysis, as summarized in Table 3. Compared to ethane, even lower activation energies are needed to activate the radical reaction network with higher hydrocarbons. Therefore, these higher hydrocarbons are suspected of causing the increase in the methane conversion of the nGH pyrolysis even at higher temperatures, as they further increase the concentration of radicals that counteract the hydrogen inhibition.



The ethane conversion in the MEM and nGH pyrolysis showed comparable values, as presented in Figure 10. The ethane conversion of nGH was expected to show values between the MEM experiments containing 1 and 5% of ethane in the feed gas. This expectation was met at about 1223 K (Figure 10). The expectation was also met at about 1323 K with interpolated ethane conversion values of 1 and 5% MEM pyrolysis.



The highest ethane conversion of nGH pyrolysis for an SGV of 1.9 mm/s was determined at about 1423 K with a value of 97 ± 2% (about 100% for all other SGVs). While ethyne could still not be detected in the product gas of the nGH pyrolysis, the maximum concentrations of both ethane and ethene were determined at 1223 K (Figure 11).



Since the temperature of the peak in the molar fractions of ethane and ethene of the PM pyrolysis (Figure 11b,c, about 1273 K) was not included in the nGH pyrolysis experimental campaign (Figure 11a,b), a definite conclusion about the peak shift of molar fractions was not appropriate. Nevertheless, at 1323 K, the ethane molar fraction in the product gases of the nGH pyrolysis was significantly lower than that of the PM pyrolysis. The same conclusion applies to 1323 K for SGVs of 1.1 and 1.5 mm/s (for reference, a poor reproducibility was obtained at 1323 K with 1.9 mm/s).



In the case of the ethene molar fraction of the product gas, a molar fraction peak between 1223 and 1323 K seems to be unlikely. The methane and the ethane conversion of the nGH pyrolysis show a similar behavior to the MEM pyrolysis (Figure 12). Furthermore, if an additional molar fraction peak of ethene were to form at 1232 K, it would have to be above 1.2 mol%, which is already the highest value determined for any by-product concentration in the present pyrolysis study. Additionally, the decrease in the molar fraction of ethene in the product gas from 1273 to 1323 K would have to be sharper than any other temperature-dependent reduction in the molar fraction found in the present experiment.



Contrary to the decrease in the maximum ethane molar fraction, the ethene molar fraction of the product gas from the nGH pyrolysis obtained at 1223 K had increased by a factor of two compared to the ethene molar fraction of the MEM pyrolysis product gas (Figure 12).



A possible explanation for the higher molar fraction of ethene in the product gas during the nGH pyrolysis at 1223 K is the enhanced ethene formation during the pyrolysis of higher hydrocarbons, which has been described several times in the literature [11,28,30].



All pyrolysis experiments which were conducted showed a common feature: only minimal amounts of C2H4 and C2H6 could be detected from 1323 K and above. However, in detail, the comparison between the PM, MEM and nGH pyrolysis shows differences. The product gas molar fractions of ethane of the MEM pyrolysis (containing 1 and 5% ethane in the feed) and the nGH pyrolysis were below 0.4% and did not show any substantial peak in the molar fraction, but were, in both cases, significantly higher than in the PM pyrolysis at 1223 K. The ethene molar fractions in the product gas of the nGH and MEM pyrolysis at 1223 K were also higher than in the product gas of the PM pyrolysis. On the other hand, the ethene molar fraction in the product gas of the nGH pyrolysis at 1223 K was even higher than in the MEM pyrolysis (Figure 12b). The pyrolysis mechanism of propane and n/iso-butane (as these higher alkanes were present in nGH as well) were found from Moldoveanu [11] to generate ethene as a by-product of the high molar fraction. Thus, the higher ethene molar fraction found in the product gas of the nGH pyrolysis compared to the MEM pyrolysis was expected in principle.



The increased methane conversion naturally increased the hydrogen content in the product gas composition. Therefore, an increased hydrogen content in the product gas was also found (Figure 13) in the temperature range of the increased methane conversion due to the ethane content of the MEM pyrolysis (Figure 1).



The hydrogen content was additionally increased by the ethane pyrolysis with conversions between 67 and 98%. The MEM pyrolysis still showed a slightly higher hydrogen value in the product gas at 1323 K, where the methane conversion was equal to the PM pyrolysis. This was caused by the ethane pyrolysis and became more significant with increasing ethane feed content. The hydrogen content in the nGH pyrolysis was also significantly improved compared to PM and as expected from the increased methane conversion rates (Figure 7) and hydrogen yields (Figure 4). On the other hand, the hydrogen content of the product gas of the nGH pyrolysis at 1223 K was lower than that of the MEM pyrolysis, which was presumably an effect of the greater formation of ethene in the nGH pyrolysis at this temperature compared to the MEM pyrolysis.





3. Conclusions


Using the enlarged reactor and the evaluation methodology developed and described in part I of this publication, decisive statements could be made about the MEM and nGH pyrolysis: Ethane in the feed gas led to increased methane conversion and hydrogen yield below a tin temperature of 1323 K. Since ethane was the most abundant minor component of nGH, this pyrolysis resulted in an increased methane conversion compared to that of PM, as expected in accordance with the literature and proven by the pyrolysis experiments of MEM in this study. The methane conversion increasing effect of the nGH pyrolysis, however, still occurred at temperatures up to 1350 K. Therefore, the ethane content in nGH does not fully account for the conversion increases observed in pyrolysis. The small amounts of higher hydrocarbons in the feed mixture of nGH are considered to affect methane conversion as well and may contribute to the increased methane conversion up to 1350 K. Furthermore, it was shown that the use of nGH significantly increases the ethene formation as a by-product at lower temperatures compared to PM and MEM. The hydrogen content of the product gas was significantly increased by both MEM and nGH compared to PM pyrolysis at low temperatures. The hydrogen content in the product gas of MEM and nGH pyrolysis at about 1323 K and above converges to the PM pyrolysis. It follows from the experimental campaigns presented in this study that the liquid metal bubble column technology is not only capable of pyrolyzing nGH, but the pyrolysis of nGH leads to an increased methane conversion and hydrogen yield at lower temperatures.
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	RT 1/2/3
	Reactor type 1/2/3



	PM
	Pure methane



	MEM
	Methane–ethane mixture



	nGH
	High-calorific natural gas



	SGV
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Figure 1. Comparison of the methane conversion of a pure methane (PM) feed (blue) with a methane–ethane mixture (MEM) feed containing 1% (red), 5% (orange) and 0% (yellow) ethane in reactor type (RT) 2 with a superficial gas velocity (SGV) of 1.9 mm/s. The methane conversions were calculated using the system of equations for PM and MEM developed in part I of this publication. 
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Figure 2. Comparison of hydrogen molar fractions in the product gas from PM feed (blue), with feed MEMs containing 1% (dark red), 5% (red) and 10% (yellow) ethane in an RT2 with an SGV of 1.9 mm/s. The pyrolyzed MEM feeds contained 1, 5 and 10% of ethane. 
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Figure 3. Temperature-dependent ethane conversions in the RT2 for ethane feed molar fractions of 1% (blue), 5% (red) and 10% (green) with SGVs of (a) 1.1 mm/s, (b) 1.5 mm/s and (c) 1.9 mm/s. Calculated using systems of equations. The methane conversions were calculated using the system of equations for MEMs developed in part I of this publication. 






Figure 3. Temperature-dependent ethane conversions in the RT2 for ethane feed molar fractions of 1% (blue), 5% (red) and 10% (green) with SGVs of (a) 1.1 mm/s, (b) 1.5 mm/s and (c) 1.9 mm/s. Calculated using systems of equations. The methane conversions were calculated using the system of equations for MEMs developed in part I of this publication.



[image: Hydrogen 04 00025 g003]







[image: Hydrogen 04 00025 g004 550] 





Figure 4. Comparison of methane to hydrogen yield of a PM feed (blue), with MEM feed containing 1% (red), 5% (brown) and 10% ethane (orange) in RT2 with an SGV of 1.9 mm/s. Calculated using systems of equations for PM and MEM developed in part I of this publication. 
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Figure 5. Temperature dependences of the molar fractions in the product gas of PM (black) and MEM (1% C2H6 blue, 5% C2H6 green and 10% C2H6 red) pyrolysis: (a) ethane in the product gas and (b) ethene in the product gas. SGV = 1.5 mm/s. All trends shown in Figure 5 were similar at every SGV in the range of existing data points. 
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Figure 6. Temperature dependences of the molar fractions in the product gas of MEM pyrolysis for (a) ethane and (b) ethene, for different feed ethane molar fractions (1% C2H6 blue, 5% C2H6 green and 10% C2H6 red) at an SGV of 1.9 mm/s. 
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Figure 7. Comparison of the methane conversion of the PM pyrolysis (red and orange) carried out in RT2 to the pyrolysis of the high-calorific natural gas (nGH) (blue) carried out in RT3. Calculated using the systems of equations for PM and MEM developed in part I of this publication. 
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Figure 8. Temperature-dependent hydrogen yield for temperature experiments of the PM pyrolysis (red and orange) carried out in RT2 compared to the pyrolysis of nGH (blue) carried out in RT3. Calculated using the systems of equations for PM and MEM developed in part I of this publication. 
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Figure 9. Comparison of the hydrogen yield of the pyrolysis of PM (blue) and MEM (red) using RT2 to the pyrolysis of nGH (green) using RT3. Calculated using the systems of equations for PM and MEM developed in part I of this publication. 
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Figure 10. Comparison of the ethane conversion of the MEM pyrolysis in the RT2 to the pyrolysis of nGH in RT3. Calculated using the system of equations for MEM developed in part I of this publication. 
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Figure 11. Comparison of the molar fraction of ethane in the product gas of (a) nGH and (b) PM pyrolysis and of ethene in the product gas of (c) nGH and (d) PM pyrolysis. Calculated using the systems of equations for PM and MEM developed in part I of this publication. 
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Figure 12. Comparison of by-product molar fractions of (a) ethane and (b) ethene in the product gas of PM, MEM and nGH pyrolysis at an SGV of 1.5 mm/s. Calculated using the systems of equations for PM and MEM developed in part I of this publication. 
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Figure 13. Hydrogen molar fraction in the product gas from the PM, nGH and MPM pyrolysis at an SGV of 1.9 mm/s. 
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Table 1. Determined composition of the high-calorific natural gas (nGH) sample used. Analyzed in compliance with DIN EN ISO 6975 (gas chromatographic data). This Analysis was carried out by DVGW (German Association for Gas and Water at the Engler-Bunte-Institute of KIT): Report 21-01501-PB01.
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	Component
	Concentration in Mol %





	Methane (CH4)
	98.20



	Ethane (C2H6)
	1.71



	Propane (C3H8)
	0.062



	iso-Butane (C4H10)
	0.015



	n-Butane (C4H10)
	0.014



	iso-Pentane (C5H12)
	0.001



	n-Pentane (C5H12)
	0.001



	n-Hexane (C6H14)
	<0.001



	Carbon dioxide (CO2)
	<0.004



	Nitrogen (N2)
	<0.003
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Table 2. Absolute increase in average methane conversion during the nGH pyrolysis compared to average methane conversions from the PM pyrolysis. Calculated using the systems of equations for PM and MEM developed in part I of the publication.
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Average Tin Temperature:

	
1223 K

	
1323 K






	
SGVs

	
Increase in CH4 conversion




	
1.1 mm/s

	
6.4%

	
12%




	
1.5 mm/s

	
7.1%

	
12%




	
1.9 mm/s

	
7.6%

	
14%
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Table 3. Initial steps of alkane pyrolysis. Radical species were marked (*).
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	Feed
	Dominant Initial Step

(298 K)
	Activation Energy
	Reference





	Methane
	CH4 → CH3* + H*
	450 kJ/mol
	[11]



	Ethane
	C2H6 → 2 CH3*
	369 kJ/mol
	[11]



	Propane
	C3H8 → CH3* + C2H5*
	357 kJ/mol
	[11]



	n-Butane
	C4H10 → 2 C2H5*

C4H10 → C3H7* + CH3*
	344 kJ/mol

359 kJ/mol
	[29]



	iso-Butane
	C4H10 → CH3*+ C3H7*
	299 kJ/mol
	[29]
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