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Abstract

:

With the increasing role of hydrogen in the global market, new ways of hydrogen production are being sought and investigated. One of the possible solutions might be the plasma pyrolysis of methane. This approach provides not only the desired hydrogen, but also valuable carbon-containing products, e.g., carbon black of C2 compounds. This review gathers information from the last 20 years on different reactors that were investigated in the context of methane pyrolysis, emphasizing the different products that can be obtained through this process.
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1. Introduction


The constantly increasing global concern regarding climate change caused by anthropogenic CO2 emission has resulted in great attention given to hydrogen as one of the possible solutions [1]. Hydrogen utilization is discussed and slowly implemented in almost every crucial area, e.g., automotive industry [2,3], railway transport [4], household applications [5,6], energy production and storage [7], and heavy industry [8]. In these scenarios, the most-common assumption is that the hydrogen origin is green, meaning it is produced with the use of electrolysis. However, more and more attention is being given to turquoise hydrogen. This color is assigned to hydrogen derived from methane pyrolysis, which can be described as in Equation (1):


    C H   4   →   2 H   2   + C  



(1)







The enthalpy of this reaction, calculated based on H2 mol (37.4     k J     m o l     H   2        ), is several times smaller than that of water electrolysis (285.8     k J     m o l     H   2        ). Moreover, the cost of turquoise hydrogen can be lower than that of green hydrogen [9]. Therefore, with a developed natural gas network and its easy storage and transportation, methane pyrolysis is often considered a short-to-medium-term approach that could be used until water electrolysis becomes more available and widespread [9,10]. Opposite steam methane reforming (SMR), pyrolysis produces no CO2. If carbon capture and storage (CCS) is taken into account, the price of turquoise hydrogen can be on the same level as blue hydrogen (SMR + CCS) [9], yet without the technical problems and risks arising from CCS on a large scale [11]. While the aim of using fossil fuels like natural gas can be questioned due to their depleting resources and in light of recent geopolitical developments, it should be noted that natural gas is not the only source of methane. Other possible sources are flared gas, refinery gas, landfill gas, and biogas. The last two are especially crucial, as they will be produced even in the scenario of a complete abandoning of fossil fuels, and their utilization can provide negative CO2 emissions. Taking into account the potential of biogas that has not yet been explored in many regions [12,13], coupling these two into biomethane pyrolysis appears to be very promising.



Methane pyrolysis processes can be grouped into three main categories: thermal, catalytic, and plasma. Perhaps surprisingly, the plasma methods are the most-mature technology. As pointed out in [9], plasma methane pyrolysis is a technology that was already industrially applied, granting a technology readiness level (TRL) of 8. In comparison, thermal and catalytic methods are presently at a TRL of 4 at best. An up-to-date presentation of some companies’ efforts toward methane pyrolysis is given in [9,14]. The main benefit of plasma technologies is a direct energy transfer to the processed gas and an instant ON/OFF procedure. In other words, while thermal and catalytic methods will require a slow and controlled heating up and cooling off, with their reactors operating for as long as possible, plasma reactors can be turned off at any time with no repercussions. This seems to match perfectly with time-dependent renewable energy sources based on solar or wind energy. Nevertheless, a comprehensive review of many methane pyrolysis methods can be found in [15,16,17,18,19].



When considering methane pyrolysis, the most-common approach is to focus on H2 and carbon black production (as in Equation (1)). This seems reasonable in the context of H2 production, as the process conducted in this manner will provide the highest yield of hydrogen. Moreover, the process is relatively easy to predict and control, as it simply requires severe enough conditions (temperature and time). However, this is not always the case. Methane pyrolysis gives the potential of many other valuable products. In fact, aiming for combined hydrogen/carbon black might be short-sighted as the market for the latter has a limited capacity [10,14]. For instance, as pointed out by N. Sánchez-Bastardo et al. in [10], in 2017, the global annual demand for hydrogen was ca. 60 million t. This amount would result in the production of 180 million t of carbon black. Meanwhile, the current carbon product demand is estimated at a level of ca. 15–20 million. It should be noted that the hydrogen demand will soon increase sharply from the 2017 levels, making the potential carbon black demand–supply even more unbalanced. Therefore, it seems reasonable to look for other possible by-products. One of the potentially high-value products would be C2 olefins, with their demand reaching hundreds of millions of tons annually and expected to increase [20,21]. It should be highlighted that, normally, these products are obtained from crude oil with CO2 as a byproduct [21]. Therefore, applying much more available substrates, such as methane/biomethane, in a CO2-neutral process seems a much-more-sustainable approach. In fact, coupling methane into C2 molecules is often considered a “Holy Grail” for chemists [22]. The process of methane coupling can be oxidative or non-oxidative. In the first case, the main problem is the low selectivity of C2 products and the high carbon oxides [22]. Therefore, non-oxidative methods are in higher demand. As this process is basically pyrolysis in its principles, it can be grouped again into thermal, catalytic, and plasma methods. As the thermal methods suffer from a wide range of products and the catalytic methods from a catalyst deactivation, many researchers focus on plasma applications [22,23], especially since this kind of technology was already tested on an industrial scale in the Huels process [24].



Although there have already been a few review articles that consider the plasma pyrolysis of methane, these works often emphasize different parts of the topic. For example, works [9,25] focus mainly on hydrogen production. Work [26] discusses plasma-assisted methane reforming in general, e.g., including steam and dry reforming. The most-comprehensive study considering specifically methane plasma pyrolysis appears to be the work of M. Scapinello et al. [23]. However, it focuses mainly on process efficiency and acetylene formation and only briefly presents thermal plasma reactors. Therefore, the objective of this review is to present an up-to-date wide range of plasma reactors used for plasma pyrolysis. The main point that distinguishes it from the other reviews is the focus given to the very different products that can be obtained in different reactors.




2. Basics of Methane Pyrolysis


Methane pyrolysis is an endothermic process requiring high temperatures due to the strong C-H bond (434 kJ/mol) [27]. Very often, it is represented as in Equation (1) with its enthalpy being 74.9 kJ/mol. This one-step reaction is justified if the process is conducted in severe enough conditions (time and temperature). Normally, the formation of intermediate products (e.g., unsaturated hydrocarbons) is faster than a complete dehydrogenation of methane [28]. Therefore, in the temperature range of 1000–3000 K, a wider range of products is possible (including C2H6, C2H4, C2H2, and benzene), and the reaction can be described as follows:


    2 C H   4   →   C   2     H   6   +   H   2   →   C   2     H   4   + 2   H   2   →   C   2     H   2   +   3 H   2   → 2 C + 4   H   2    



(2)







It should be noted that the selectivity of the products shifts more to the right with an increase in the reaction temperature and time [29]. In practice, all products can coexist, but, due to the high temperature required for methane pyrolysis, the main carbon products are usually soot, C2H2, and C2H4 to a lesser extent [15,28,30]. The presence of aromatics is also possible [31], as they are intermediate products in the HACA mechanism, leading to the formation of soot [32,33]. However, their concentration is negligible if no catalyst is applied [30,31]. C2H6 is another product that can be present in the products’ stream, yet its high selectivity is typical for non-thermal plasmas [23]. Regardless of the products, the initial step in methane pyrolysis is the formation of methyl radicals (Equation (3)):


    C H   4   + M →   C H   3   + H + M  



(3)




with M being a neutral molecule with energy high enough to detach hydrogen (e.g., another methane molecule).



The presence of H radicals is crucial for the propagation of methane pyrolysis reactions (Equation (4)), as it is the dominating path leading to methyl radical formation [34,35].


    C H   4   + H →   C H   3   +   H   2    



(4)







The CH3 radical is crucial for the methane pyrolysis mechanism. It can dimerize into C2H6, which is considered the initial product of methane pyrolysis [10], or undergo subsequent dehydrogenation into CHx radicals (i.e., CH2, CH) [36]. Subsequently, the C2 compounds can be produced via ethylene dehydrogenation and CHx radical coupling [37].



If plasma methods are applied for methane pyrolysis, new routes of this molecule dissociation are possible. The first one involves a direct impact of highly energetic electrons present in the plasma, as expressed in Equations (5)–(8) [22,23]:


    C H   4   + e →   C H   3   + H + e  



(5)






    C H   4   + e →   C H   2   +   H   2   + e  



(6)






    C H   4   + e →   C H + H   2   + H + e  



(7)






    C H   4   + e →   C + 2 H   2   + e  



(8)







These types of reactions require high electron energy (from 9 eV to 14 eV) [23], which is typical for non-equilibrium plasmas. Conversely, low-energy-level electrons (ca. 1–2 eV), typical for microwave and gliding arc plasma, can result in methane molecule vibrational excitation [38]. The vibrational excitation increases the energy of methane molecules gradually, lowering the dissociation activation energy and making the process more efficient [38]. However, these vibrationally excited states are very short-lived [38,39] and may not play any crucial role in methane decomposition, as computational simulations showed [40]. Surely, in many cases, plasma provides a gas temperature high enough that thermally driven processes, like in classical pyrolysis, are accessible. A more-comprehensive description of the plasma-assisted methane decomposition mechanisms is given in [25,26]. Finally, it should be noted that the discussed process of methane conversion can be referred to as pyrolysis, decomposition, dissociation, coupling, or non-oxidative coupling. The last two are used specifically for the case when the formation of C2 molecules is the main goal. In this review, all these names will be used.




3. Types of Plasma Reactors Used for Methane Pyrolysis


In essence, plasma is an ionized gas, often referred to as a fourth state of matter. Plasma is widely used in many technical fields on an industrial scale, for example in lamps, in the production of electronic devices, in metallurgy, in chemical synthesis, or in waste disposal. The multitude of applications of plasma results from its unusual properties. Firstly, the temperature of the plasma exceeds values that are not achievable by other solutions. Secondly, plasma is characterized by a high concentration of highly energetic and chemically active particles (e.g., electrons, ions, radicals, excited particles). Third, plasma may be far from thermodynamic equilibrium, which means that some of its particles may have a different temperature than others. The temperature of the particles is indeed one of the basic parameters describing plasma. Energy transfer in plasma starts with electrons, e.g., by accelerating them in an electric field, which then transfers it to heavier particles (neutral particles). As a result, electrons and heavier particles may have different kinetic energies (temperatures). Under appropriate conditions, i.e., with high energy supplied to the plasma, after a sufficiently long time and with small heat losses, the energy between the particles equalizes, and the temperature of the electrons (Te) becomes equal to the temperature of the heavier particles (T0), which is identified as the gas or translational temperature (Tg). When this happens, the plasma is in local thermodynamic equilibrium (LTE), and the plasma itself is called thermal or equilibrium plasma [41]. Thermal plasma is characterized by a temperature of 103–104 K and is usually used as a source of high-temperature heat [42]. At such a high temperature, all chemical compounds are usually decomposed by thermal dissociation [42]. In a situation where both temperatures (Te and T0) differ significantly, the plasma is called non-equilibrium, non-thermal, or cold plasma. The rule is, due to the direction of energy transfer, in non-equilibrium plasma, Te >> T0. Moreover, for many non-thermal plasmas, the following relation between temperatures is true: Te > Tv > Tr ≈ Ti ≈ T0. The electron temperature is followed by the vibrational temperature Tv (oscillatory energy of molecules) and then by the rotational temperature Tr (energy of rotation of molecules), which is close to the temperature of ions (Ti) and neutral particles (the same as the temperature of the gas) [41]. In non-equilibrium plasma, chemical conversion is initiated by a high temperature of free electrons, i.e., greater than or equal to 104 K, at a relatively low gas temperature of 103 K [42]. The nature of the plasma, i.e., the presence or absence of LTE, depends on many factors, including the type of electrical discharge, its power density, its duration, the degree of ionization, and pressure [43,44]. Despite this simple division into equilibrium and non-equilibrium plasmas, the different types of discharges within the same category can differ significantly from each other. Therefore, the most-precise categorization of plasma is probably based on the type of discharge. With this assumption, among the most-widely used plasmas in methane pyrolysis, one can distinguish dielectric barrier (DBD), corona, spark, streamer, glow, microwave (MW) plasma, gliding arc, and arc discharges. All these types of plasma reactors will be described in more detail in the following sections. A brief summarization of the differences between the discharges is given in Figure 1 (based mainly on [44,45]).




4. Non-Thermal Plasma Methane Pyrolysis


4.1. DBD Plasma


4.1.1. Introduction


One of the most-commonly investigated types of plasma, in the context of methane coupling, is DBD plasma. In its basis, the DBD plasma reactor consists of two electrodes, which are usually parallel or cylindrical (with the coaxial geometry of a central rod acting as a power electrode), with the latter being most commonly used for gas processing. What is crucial is that the electrodes are separated with a dielectric (very often a quartz tube, but also alumina, ceramic, or plastic). The dielectric layer accumulates charged particles with an even distribution and prevents arc formation, thus limiting the current and temperature in the reactor [46,47]. Examples of the cylindrical geometry of a DBD reactor are shown in Figure 2 [48]. Usually, the plasma is sourced with AC voltage in the range of 1–30 kV with the frequency typically up to 20 kHz [47]. A higher frequency might be ineffectual or can even lower the process parameter, e.g., CH4 conversion and desired product selectivity, as proven experimentally by C. Xu and X. Tu [49]. The DBD plasma is an explicit representation of non-thermal plasma with a high non-equilibrium between Te and the gas temperature. While the former can be as high as 10 eV (enough to enable the reaction presented in Equation (5)), the latter is usually close to ambient temperatures. Depending on the applied voltage and experiment time, the gas temperature can sometimes reach 375 K [50,51,52,53]—a temperature that is too low to allow thermally driven methane decomposition. However, the gas temperature can be easily controlled (e.g., by an external heating source) [47,54,55]. Additionally, the reactor does not require a vacuum to sustain the plasma and can be filled with a catalyst or packing material [47,50,56]. All these traits make the DBD plasma a common choice in gas processing, including methane pyrolysis.




4.1.2. Standard Reactors


The experimental DBD reactors tested in the context of CH4 decomposition are usually small, cylindrical devices with flow rates varying from as low as 0.01 SLM [57] up to 1.5 SLM [58]. The input power is, therefore, low, varying by a few to dozens of Watts. The reactors usually work at ambient pressure. The conversion of methane rarely exceeds 50%, and the main hydrocarbon product is C2H6. This is caused by the electron-driven methane decomposition (Equation (5)) and the coupling of CH3 radicals into ethylene [54]. However, many other products are coproduced as well.



In the work of L. Liu et al. [59], the authors investigated methane coupling in a typical cylindrical DBD reactor. A steel rod was used as a high-voltage electrode and aluminum foil wrapped around a quartz tube as a ground electrode. A 30 kV voltage with a 10 kHz frequency was applied. The input power varied from 7 W to 72 W, while the gas flow rate was kept at 0.02 SLM. The gas was composed of pure CH4 or a mixture of CH4 and He in equal parts. In the given input power range, the methane conversion reached 7–37%. The corresponding C2 compounds’ selectivity was from 15–19%. The low C2 selectivity was explained by multiple coexisting side reactions, resulting in the formation of higher hydrocarbons and coke. In the same work, a case with the use of a catalyst (Pt/CeO2) gave more-detailed information on the distribution of the products. The C2 compounds’ share was in the range of 46–59%, followed by the C5+ compound (26–48%), and then C3 (5–9%) and C4 (1–6%), depending on the discharge power. In the C2 compounds’ group, C2H6 was dominant (79–92%), with C2H4 reaching a 5–11% share and C2H2, 3–10%. While these results were achieved with the use of a catalyst that increased the C2 compounds’ selectivity, the general product distribution is similar to other works in the field. For instance, in work [49], the selectivity of the hydrocarbons was as follows: C2H6 > C4H10 > C2 olefins > C3H8. However, depending on the discharge power and residence time, butane and C2 olefins could switch places. The authors did not mention any presence or problems connected to soot formation. The conversion rate of methane was dependent mostly on the input power, and for the range of 15 W to 55 W, it changed from ca. 10.5% to 21.8%. The tests were performed with pure CH4 (0.05–0.3 SLM). The DBD reactor was supplied by an AC high-voltage power supply with a peak voltage of 40 kV and a variable frequency of 20−50 kHz. More-detailed results from this work are shown in Figure 3. In the work of S. Zhang et al. [53], the main compound after C2H6 was C3H8, followed by C2H2, C4H8, and C2H4. It should be noted that the selectivity of these compounds summed up to 50%, and the rest was attributed to possible liquid hydrocarbons and solid particles, which were difficult to observe or measure. The achieved conversion was between 6.2% and 9.6% for a voltage ranging from 16 kV to 20 kV.



In the work of R. Snoeckx [48], a N2-CH4 DBD plasma was investigated in the context of nitrogen’s influence on CH4 conversion to H2. The results showed that, despite a significant share of nitrogen (from 1 ppm to 99%), no nitrogen-containing compounds (i.e., HCN and NH3) were detected. The presence of HCN was also assumed in the work of X. Mao et al. [60], yet it was not confirmed experimentally. In this work, however, the DBD reactor was working at a pressure of only 60 Torr, and the nitrogen-excited molecules were said to play a major role in methane pyrolysis. Regardless of the conditions, the main product was again C2H6, and a solid deposit was observed in the reactor. Another deviation from a typical cylindrical atmospheric-pressure reactor used in methane pyrolysis is a plane reactor. Despite this change in the reactor’s geometry, the results were not so different. The experiments of K. Thanyachotpaiboon et al. [61] showed that the major products were C2H6 (ca. 40% selectivity), C3H8 (15%), C4H10 (8%), and C2H4 (3%), which were accompanied by soot formation. Summarizing the distribution of the products in DBD reactors, a general trend was clearly presented in the work of N. Garcia-Mocanda et al. [62]: C (carbon deposit) > H2 > saturated hydrocarbons > unsaturated hydrocarbons. Out of the saturated hydrocarbons, the unambiguously dominating compound is C2H6, which can be followed by C3H8 or C4H10, depending on the conditions, and some other heavier compounds. In the case of unsaturated hydrocarbons, they usually include C2H4 and C2H2. However, some research reported the presence of small amounts of C3H6 [50] and even C4–C5 olefins [55,58]. While the soot/coke/deposit product is often the main one, very little information on it is given. It is assumed that its formation proceeds through acetylene, which is considered the main precursor of carbon formation [62]. J. Kim et al. [51] analyzed the deposit with the use of TG/DTA, XRD, and FT-IR. The result indicated that the deposit consists of two carbon species with an amorphous form dominating. In the work of Boutot et al. [58], the carbon deposit was accompanied by oily liquids. In fact, a greasy/polymeric character of the deposit was also reported in another paper [48]. The FT-IR analyses of the deposit in works [51,58] confirmed the presence of long-chain hydrocarbons. This suggests that the deposit might be a mixture of heavy chain hydrocarbons and carbon deposit. The SEM/TEM analyses of the deposit showed that the 20–30 nm carbon particles tend to agglomerate into 3–5 μm-diameter particles [58].



To improve the selectivity of the most-desirable products, usually considered C2 olefins, a few different approaches were introduced.




4.1.3. Two-Stage DBD Thermal Reactor


In the recent work of R. Liu et al. [54], it was shown that a higher selectivity of C2H4 was possible if a high temperature (over 800 °C) was applied. However, this was accompanied by a low conversion rate of CH4, creating a specific trade-off: high conversion rate or high C2H4 selectivity. A solution was found in the separation of the plasma stage from the high-temperature stage. As a result, the saturated hydrocarbons from the DBD plasma were pyrolyzed in a high-temperature stage, converted mainly into C2H4. The differences between the results from the DBD discharge process alone, thermal process alone, and combined processes are presented in Figure 4.




4.1.4. Catalyst-Assisted DBD


Another possible modification is to introduce packing/a catalyst into the DBD reactor. While catalytic CH4 pyrolysis is not the topic of this review, it is hard to omit it completely, as it is very common to match this type of plasma with packing material. The low temperature of the plasma prevents the sintering of the catalyst and can create unique phenomena via the interaction between the reactor’s filling and the plasma active species.



Even without any active metallic catalyst, the packing material itself can significantly influence methane coupling in a DBD reactor. This is assumed to be due to many factors, such as the enhanced local electric field, increased electron energy, and improved gas-plasma contact [51]. In the work of J. Kim et al. [51], the influence of the different sizes of three different packing materials (i.e., α-Al2O3, sea sand, and KIT-6) was investigated. The tests were performed with the use of a cylindrical DBD reactor working at atmospheric pressure. A gas mixture of CH4 and N2 (with equal shares) was applied with a volumetric flow rate of 0.04 SLM. The applied voltage and the frequency were 15 kV and 1 kHz, respectively. The discharge power was in the range of 36–44 W. The presence of packing material increased the methane conversion rate from ca. 20% for the blank test to 60%, depending on the packing material and its particle size. Considering the products, the presence of packing material significantly increased the selectivity of C2 olefins and H2 at the cost of C2H6 and, to a lesser extent, C3 and C4 hydrocarbons. Although a carbon deposit was produced on the surface of the packing material, it was not determined whether it affected the process in the long term. Similar results were obtained in the work of M. Taheralsani and H. Gardeniers [50], who investigated the influence of the dielectric constant of the packing material on the methane coupling process. It was proven that a low dielectric constant material, such as γ- and α-alumina, can increase the conversion rate from ca. 48% to 55–65%. However, with the formation of the carbon deposit, this improvement loses its significance with time, and after ca. 120 min, the results were almost the same for the alumina and blank tests. Similar to the previously discussed work [51], the alumina packing increased the selectivity of C= olefins at the cost of C2H6 and C3H8. In other words, the presence of alumina enhanced dehydrogenation. As a result, a higher yield of hydrogen and a higher selectivity of carbon deposit was observed.



Alumina is also used as catalyst support in DBD reactors. Many active metals were investigated for the purpose of methane pyrolysis, e.g., Pt [59], Cu/Zn [55], Pd [52,62], and Ni [63]. In all of this work, a typical cylindrical, atmospheric-pressure reactor was used, usually with a packed catalyst bed. In the work of Górska et al. [55], a stationary Cu/ZnO/Al2O3 catalytic bed was investigated in the context of methane coupling. The presence of the catalyst increased the conversion rate only slightly, from 22.0% to 24.3%. Moreover, the selectivity of ethane was almost doubled at the cost of other hydrocarbons (saturated and unsaturated C2–C5 hydrocarbons). This phenomenon might have been caused by the presence of hydrogen (12.5%) in the gaseous mixture consisting otherwise of CH4 (50%) and Ar (37.5%). When a Pt/CeO2 catalyst was applied [59], with the use of a CH4-He mixture, the conversion rate again increased slightly from 7–37% (without the catalyst) to 9–43%, depending on the conditions. However, the selectivity of C2 compounds rose from 15–19% (without the catalyst) to 53–65% depending on the process conditions and Pt loadings. The major product was yet again C2H6. In the case of a Ni catalyst, its presence nearly tripled the conversion rate from ca. 2.5% up to 6%, yet the selectivity of C2H6 increased only from ca. 40% to 50% at best. In some cases, depending on the catalyst support, the selectivity could even decrease. Similar results were achieved using Pd/Al2O3: a slight decrease in methane conversion, but a significant increase in C2H6 selectivity, caused by hydrogenation reactions [52,62]. A more-detailed analysis revealed that the loss in selectivity is mostly due to a problematic carbon deposit and acetylene. Other compounds, e.g., C2H4, C3H6, C3H8, and non-specified C4 compounds, might achieve higher selectivity thanks to the catalyst, yet not as high as for C2H6. It is worth mentioning that the work of N. Garcis-Moncada investigated a layer catalyst showing an advantageous product distribution when compared to a typical bed catalyst geometry.





4.2. Corona, Streamer, Spark, and Glow Discharges


4.2.1. Introduction


In this sub-section, a few types of plasma reactors will be discussed. The main reason to present all of them together is the fact that their design is very similar. Moreover, these types of discharges, i.e., corona, stream, spark, and glow, can be obtained in the same type of reactor by slightly changing the geometry of the reactor and the electric parameters, e.g., the electrode gap and shape, voltage, power pulse frequency, and input power [64,65,66], or the electric elements of the circuit [67]. Very often, the discharge character can change swiftly, and one type of discharge can be derived from another [68]. For instance, spark discharges might evolve from a corona or streamer discharge [69,70]. Often, the distinction between the specific types of these discharges is very blurry, but the common feature is that the development of arc plasma discharge is prevented (e.g., due to the electrodes’ gap, low current, or pulse character of the electric source). Moreover, the design and principle of working are similar regardless of the discharge type. Two common geometries are point-to-point and point-to-plate, where both of the electrodes are sharp or the second one (ground electrode) is plane. The pin can sometimes be substituted with a wire, while the plate with a cylinder. Another common feature of all these discharges is the selectivity of the products, with the dominant one being acetylene.




4.2.2. Pulsed Spark Plasma Reactors


One of the most-intensively investigated types of reactors (in the context of methane coupling) is the pulsed plasma reactor. The spark discharge in this type of reactor is created when the power pulse is not long enough to develop the discharge into an arc; before his happens, the discharge is quenched [70]. Consequently, the created plasma is non-equilibrium plasma, as the lifetime of the discharge is too short for the equilibrium to be obtained. Very often, the spark discharge evolves from the streamer or corona variety [69,70]. Since the spark discharge is most commonly obtained with the use of pulsed power sources, this type of plasma is often called pulsed plasma. The pulse duration is usually in the range of tens of nanoseconds [71]. The mechanism of the pulsed plasma methane coupling has been discussed at length. Recent studies indicate that the process is initiated by an electron impact that mainly creates CH3 radicals, which recombine further. However, the recombination products, mainly in the form of C2Hy molecules and radicals, can further decompose, not only due to electron impact, but also due to high-temperature decomposition [72]. This is because, within nanoseconds, the discharge can heat up to over one thousand Kelvins, which is enough to drive the thermal decomposition of methane. The role of vibrational excitation, although once emphasized as an important pathway of methane decomposition in pulsed plasmas [73], was recently questioned due to computational simulations showing vast relaxation of vibrationally excited stats [40,72]. It should be noted that, while the spark’s temperature is very high, it is almost instantly quenched, resulting in a bulk temperature much lower than in the case of a typical arc plasma. In the context of methane pyrolysis, the two most-commonly used reactor geometries are coaxial (with a rode electrode in the center surrounded by another cylindrical electrode) or plate-to-plate. An example of the former is presented in Figure 5 (based on [71]).



A significant contribution to the pulsed plasma application in methane coupling was made by S. Yao et al. [69,74,75,76] at the beginning of the 2000s. In their studies, they investigated coaxial cylindrical, wire-to-plate, and point-to-plate pulsed plasma reactors, changing many factors, e.g., reaction temperature, input voltage, pulse frequency, and methane flow rate. In all cases, the tests were performed with pure CH4 at atmospheric pressure with a volumetric flow rate of 0.1–0.3 SLM. The temperature in the discharge channel was estimated to be in the range of 2500–3500 K with a background temperature lower than 727 K [74]. The methane decomposition was driven by the collision with highly energetic electrons and because of the high temperature [74,76]. These conditions favored the high selectivity of acetylene, reaching 85% with the conversion rate of methane being 23.5% [69]. The remaining products were C2H4, C2H6, and carbon/polymer deposit. The higher selectivity of C2H4 and C2H6 was achieved by lowering the capacitor voltage or the pulse frequency, albeit at the cost of lower methane conversion. For instance, a ca. 13% selectivity of C2H4, 5% selectivity of C2H6, and 70% selectivity of C2H2 were possible to achieve, yet the conversion of methane dropped to ca. 16% [69]. The maximum conversion achieved was 40% at a voltage above 11 kV. In the work of R. Lotfalipour et al. [73], an Ernst profile cathode and plate anode were applied with a voltage higher than in the works of Yao (15–24 kV compared to 7–15 kV). Nevertheless, the conversion rate was in a similar range, varying in the range of 32–50%. Again, C2H2 was the dominating product, reaching a selectivity of 60–70%. The selectivity of C2H4 and C2H6 did not exceed 5% altogether. However, other compounds, i.e., non-specified C3–C6 compounds, were indicated with their summed-up selectivity reaching ca. 15%. The pulsed spark was characterized as non-equilibrium with an electron temperature of ca. 2–3 eV, a plasm channel temperature of 1000–2000 K, and a background gas temperature at the level of 300–500 K, which is very close to the estimations made by Yao [74]. The authors concluded that such a characteristic of the plasma discharge should result in a great role of methane vibrational excitation in its decomposition mechanism.



In recent years, the application of nanosecond pulsed plasma in methane coupling was comprehensively investigated and developed by M. Scapinello, E. Delikonastantis, and G. D. Stefanidis [37,71,72,77]. In their research, they managed to significantly increase C2H4 selectivity by increasing the reactor’s pressure (up to 5 bar) and co-feeding hydrogen [70], as presented in Figure 6. Keeping a constant volumetric gas flow rate of 0.2 SLM, increasing the pressure to 5 bar, and providing a H2:CH4 ratio of 1:1 resulted in a C2H4 selectivity of ca. 53%, a C2H2 selectivity of ca. 6.4%, and a conversion rate of ca. 32%. Similar results were obtained by implementing a pressure of 3.3 bar and an H2:CH4 ratio of 1:1. If the process was conducted for pure CH4 at atmospheric pressure, the results were similar to those obtained in previous research—acetylene was the dominating product, with a selectivity of ca. 64%, low C2H6 and C2H4 selectivities, and a conversion of ca. 21%. The test was performed with the applied voltage in the range of ca. 14–21 kV and the input power from ca. 5 to 6 W. It should be noted that, with a H2:CH4 ratio of 1:1, the amount of required hydrogen was provided via the process itself. The increase in C2H4 selectivity was explained by the high temperature obtained at elevated pressure conditions and a high quenching rate. The high temperature allowed for the ethane-to-ethylene reaction, but a high quenching rate inhibited a further ethylene-to-acetylene reaction. Additionally, it was indicated that the addition of hydrogen could have increased the H radical concentration, which enhances methane decomposition. The main problematic issue was the formation of carbon particles, whose yield increased with the elevated pressure and hydrogen addition. After a given time, the carbon deposit led to discharge suppression. This phenomenon was partly mitigated by applying a plate-to-plate geometry rather than co-axial [77]. However, in the plate-to-plate geometry, a lesser energetic discharge was produced, resulting in a lower yield of C2 olefins, but with a higher energy efficiency. Additionally, the C2H4 output could have been enhanced even more by applying a catalyst [71]. The introduction of a Pd catalyst allowed the achievement of C2H4 selectivity and a yield of 63.6% and 25.7%, respectively. This two-step process was based on the catalytic hydrogenation of acetylene produced in plasma. It should be noted that no external hydrogen or heat was needed for this process, as both were provided by plasma methane decomposition. The reason for the increases in C2H4 selectivity due to overpressure was investigated with the use of simulation and isotopes [37,72]. It was revealed that one of the main channels of C2 olefins’ formation goes through C2H3 radicals, which tend to dehydrogenate at atmospheric pressure, forming C2H2, and hydrogenate at a pressure from 3–5 bar to C2H4 [72]. Additionally, some share is in the formation of C2H4, via C2H2 hydrogenation, which can be attributed to the catalytic effect of the reactor’s copper-based electrode [37].




4.2.3. Corona Discharge


A corona discharge reactor (wire-to-cylinder) was investigated by A. Zhu et al. [78]. The tests were conducted on pure methane at ambient temperature and atmospheric pressure. Interestingly, the research investigated two corona modes—positive and negative. Undoubtedly, better results were obtained for the positive corona, as its streamer can propagate across the electrode gap, while the negative mode was limited to the close range of the wire. Therefore, a greater volume of positive corona allowed the processing of more methane molecules. Changing the pulse voltage peak (from 18 kV to 36 kV), the pulse frequency, and the input power density, the conversion rate varied from ca. 10% to 44%. The highest obtained selectivity of C2H2 was ca. 78%, and it significantly surpassed the selectivity of C2H4 and C2H6, which were below 5%. Similar results were obtained by A.B. Redondo et al. [79], where a pin-to-plane reactor was used. The research investigated the influence of electrode distance, flow, and power on the process of methane coupling. Usually, the dominant product was acetylene, and its selectivity tended to increase with power. However, exceeding a certain amount of input power resulted in a uniform selectivity between C2 compounds. This was attributed to a shift in the reaction mechanism, which favored ethane formation and its gradual dehydrogenation. The authors emphasized the problem of carbon fibers, which tended to create a deposit on the electrodes, which enabled the sustainment of the discharge. Additionally, C3H8 and C3H6 were detected, but with a summed selectivity lower than 6%. Similarly, the presence of higher hydrocarbons (C3–C5), a carbon deposit, and a more-even distribution among the C2 compounds was reported for a point-to-point corona reactor in the work of Kado et al. [66]. However, obtaining higher selectivities of C2H6 and C2H4 required high gas flow rates and resulted in a significant drop in methane conversion (from 24.8% to 4.2%). On the contrary, in the work of Y. Yang [64], the dominating selectivity of acetylene (34–50%) was reported once again, along with the presence of heavier hydrocarbons (i.e., C4H2 and C6H6) and a high conversion of methane (25–60%). The main reason for the difference in Kado’s and Yang’s work might come from the applied power. For the same gas flow rate of 0.03 SLM, in Kado’s work, the input power was 4 W, while in Yang’s work, 10 or 30 W. The increase in methane conversion with the increasing input power was demonstrated in the work of A. Zhu et al. [78].




4.2.4. Streamer Discharge


In the work of X-S. Li et al. [67], a streamer and spark discharge were used in methane coupling. The results of both plasma types were very similar: for the power of 6 W and the flow rate of 0.015 SLM, the conversion rate was ca. 40% and the main product was C2H2. Interestingly, when hydrogen was mixed with methane (at a ratio of 2:1), the conversion rate and yield of the C2 compounds increased. An identical effect was observed in the work of B. Dai et al. [80], where a corona/pulse streamer plasma was applied. However, a more-precise product analysis revealed that the addition of hydrogen (at a ratio of 5:1) not only increased the C2 compounds’ yield, but also slightly shifted the selectivity of the C2 products from C2H2 (93.1% → 87.7%) to C2H4 (4.2% → 7.4%) and C2H6 (2.7% → 5.0%). In both works, the presence of hydrogen inhibited the formation of soot. The impact of the addition of hydrogen on the methane coupling process was attributed to the presence of H radicals [67,80] and good hydrogen heat conductance [80].




4.2.5. Glow


An electrode glow discharge reactor was applied to pyrolyze methane in the work of Y. Yang [64]. The tests were performed with pure methane (0.03 SLM), with the discharge being generated with 2 kV pulses (ca. 0.5 ms) at atmospheric pressure. The input energy varied from ca. 10 kJ/L to 25 kJ/L. It is worth mentioning that the higher input energy led to a transition from glow discharge to streamer. For the highest power applied, the methane conversion rate reached 10%. The C2 compounds’ selectivity was as follows: C2H6 (28.1%) > C2H4 (25.9%) > C2H2 (20.0%). For lower powers, the selectivity of C2H6 remained constant, while the selectivity of C2 olefins was in the range of 14–18%. No higher hydrocarbons were detected, and the presence of soot was not mentioned. Another electrode glow discharge (bar-to-plate) was investigated by D. Wai et al. [81]. The tests were performed at atmospheric pressure, with a gas flow rate of 0.3 SLM, a voltage of 4–5 kV, and an input power of ca. 400 W. A notable feature was the use of CH4-H2 mixtures. It was found that, with a CH4:H2 ratio of 2:8 or 3:7, the soot formation was significantly limited, which allowed the reactor to function stably. The decrease in soot output was caused by increased the C2 olefins’ selectivity. Additionally, the presence of hydrogen enhanced the methane conversion rate. For instance, in the most-extreme cases, for a CH4:H2 ratio of 9:1, the conversion rate was ca. 35%, the selectivity of C2H2 was 60%, and the selectivity of C2H4 was ca. 5%. For a ratio of 2:8, the conversion rate increased to ca. 91%, C2H2 selectivity to 90%, and C2H4 selectivity ca. 8%. The impact of hydrogen was also investigated in the work of P. Patiñ et al. [82]. Contrary to the two previous works, the applied reactor was a low-pressure radio-frequency reactor. A 13.4 MHz generator was used with power up to 100 W. The pressure changed in the range of 0.045–0.20 mbar, and the CH4/H2 ratio changed from 3:5 to 1:4. In these ranges, the conversion rate was from as low as 6.9% up to 46.4%. The C2, C3, and C4 selectivity changed in the ranges of 56.7–95.7%, 2.9–7.1%, and 1.4–36.4%, respectively. The highest conversion rate was attributed to lower pressure and higher input power. It should be noted that this type of plasma produced a significant amount of C4 compounds. For instance, for the case with the highest conversion rate (100 W, 0.07 mbar, CH4:H2 ratio of 1:2), the selectivity of n-butane/isobutane was 35.1%—second only to ethane at 45.2%. The authors concluded that the ratio of CH4:H2 had the smallest impact on the process compared with the pressure and power, yet if the CH4:H2 ratio was higher than 1:2, a significant increase in the output of carbon black and polymeric material was observed.





4.3. Other Types of Discharges


Besides the above-mentioned groups of non-thermal plasma reactors, there are some unique solutions that have proven difficult to categorize. Such examples are gliding pulse spark plasma [83], vacuum radio-frequency plasma [84], pulsed electron beam plasma [85], or swirl-induced point-plane arc plasma [86]. However, considering the performance, e.g., methane conversion or product distribution, these reactors show results within the range typical of non-thermal plasmas; thus, they will not be discussed here in detail. One exception is the gliding pulse spark plasma, which produces relatively high amounts of C6 compounds (selectivity of ca. 9–13%). However, the authors did not elaborate on this [83].





5. Thermal Plasma Methane Pyrolysis


5.1. Introduction


In the context of methane pyrolysis, the typical thermal discharge used is arc plasma. This kind of discharge is a continuous one and is characterized by high current. The temperatures of the discharge are quickly equilibrated, and the gas temperature can reach 10,000 K [87]. The plasma can be DC- or AC-sourced. It should be noted that arc plasma reactors comprise a relatively mature technology that has been applied at a pilot scale and commercially [14,88]. The arc plasma reactors are usually at a much bigger scale than non-thermal plasma. Their design and geometry can be very different from each other, having a crucial effect on the process results. In thermal arc plasmas, the process of methane decomposition is thermally driven. Due to the high temperature in arc plasma reactors, the main products are usually hydrogen and carbonaceous material (carbon black). To provide a stable, continuous operation of the plasma, a plasma agent gas has to be used. Usually, it is Ar, N2, or H2.




5.2. Arc Plasma Reactors


A comprehensive study in the field of arc plasma applications in hydrocarbon pyrolysis has been performed by L. Furcheri, who has been developing a three-phase arc plasma reactor since the mid-1990s [88,89,90,91,92]. In his recent work [88], the reactor (Figure 7) was applied in methane pyrolysis. The main goal was the simultaneous production of H2 and carbon black. The reactor used N2 or a H2-N2 mixture as the plasma gas, and methane was introduced separately. The input power delivered by torches (utilizing graphite electrodes) was 60–69 kW. The mean reactor temperature was close to 2000 K, and it worked at atmospheric pressure. The reactor allowed the achievement of the near-complete conversion of methane—99.5–99.6%. The yield of hydrogen was 96–99%, while the yield of solid carbon was 92–95%. This means that sensitivity towards C2 olefins or other possible hydrocarbons was negligible. Despite using nitrogen as a plasma agent, no cyanides were detected, as proven in previous research with a similar reactor [92]. A comprehensive analysis of the solid carbon product revealed that the particles, highly aggregated, had a diameter of 30–50 nm [92]. The surface area of the carbon, the toluene extractable’s concentration, and some other parameters were very close to those characterizing commercial carbon blacks.



A highly crystallized carbon black with a highly developed surface area was obtained in a hybrid plasma reactor using DC and RF plasmas by K.S. Kim et al. [93]. The obtained properties indicated that the carbon black could find application in electrical cells. The reactor works at atmospheric pressure with Ar as the plasma agent. The gas is fed into a DC torch of 7.6 kW, followed by an RF (4 MHz) torch of 14.76 kW. The temperature in the reactor was assumed to exceed 2000 K. While the authors did not provide data considering conversion, selectivities, or yields, the small quantities of CH4 and C2H2 in the outlet gas suggest that the main products were H2 and carbon black.



A high selectivity of hydrogen and carbon black was also obtained in the research of A. Mašláni et al. [94]. The reactor, shown in Figure 8, had an input power of 120 kW. The temperature in the reaction zone was estimated to be ca. 3000 K. It should be noted that the plasma agent gas was a mixture of Ar and H2O. Consequently, the process was not pure pyrolysis. Nevertheless, the amount of feed steam was very low compared to the input stream of CH4. As a result, the yield of solid carbon was close to 60%. The concentration of H2 was 72% vol. The remaining carbon was mostly in the form of CO (12% vol). The conversion rate of methane reached 87%.



While carbon black can be relatively easily obtained in arc plasma reactors, another byproduct, due to the reactors’ high temperature, may be acetylene. This was suggested by Fincke et al. [28,95]. In his work, a DC arc reactor was applied. The plasma agent was a mixture of Ar and H2, while methane was injected downstream. Originally, the reactor was designed to produce C2H2 and H2 [95], but after extending the reactor’s length, limiting cooling, and reducing the total gas flow rate, the product selectivity shifted from acetylene (yield decreased from 85.5% to 47.5%) to carbon black (yield increased from 4.67% to 30.5%) and, to a lesser extent, some other compounds (e.g., C6H6 and C2H4) [28]. These changes were explained using detailed chemical kinetics and chemical thermodynamics [28]. Basically, for temperatures above 2000 K, which are typical for arc plasma reactors, both products are thermodynamically accessible. With the increase in temperature, acetylene becomes more favorable. However, the formation of PAHs, and later, soot, from acetylene is possible if the residence time is long enough. Therefore, the product’s distribution can be controlled based on the gas flow rate, the reactor’s dimension, and applying cooling/quenching, which was also shown in a simulation performed by H. An et al. [96]. In both works of Fincke, the conversion rate of methane was above 99%. The reactor worked at a pressure of 77–85 kPa, with a net power of 60 kW and with a total flow rate of 260 SLM (for the case with carbon black production) or 360 SLM (for the case with acetylene production).



The effect of quenching on the high selectivity of acetylene was also shown in the work of Y. H. Lee et al. [97] and T. Li [98]. In the former, a triple DC torch reactor was investigated (Figure 9). Nitrogen (15 SLM) was used as a plasma agent while a stream of methane was injected in between the torches with a flow rate of 50–80 SLM. Additionally, N2 and Ar were used as the quenching gas (100–200 SLM). It occurred that the natural quenching rate, resulting from the reactor’s design, was enough to provide the high selectivity of acetylene (ca. 60%). The conversion rate of methane depended on the methane flow rate, and with a fixed input power of 29.3 kW, it varied from ca. 97% to 65%. No other products were emphasized except carbon black, which was compared with commercially available carbon blacks. The initial results showed that the product obtained in the plasma reactor was more graphitized. In later work [98], the tests were performed in a 2 kW DC arc plasma reactor. In this case, acetylene was also the main product. Its selectivity was affected by quenching and residence time. However, the main goal of the research was to investigate the impact of two different methane injections—with the plasma agent gas or downstream of the discharge. While the former allowed achieving a conversion rate reaching 90–99%, the latter resulted in the conversion rate variating from ca. 25% to 88%, depending on the conditions. On the other hand, feeding methane with the plasma agent led to problems with arc stability and shortened the lifetime of the electrodes due to their erosion.





6. Warm Plasma


6.1. Introduction


Warm plasma is a term used to describe discharges that, despite relatively high temperatures of a few thousand Kelvins, still show a significant degree of non-equilibrium. While the category of warm plasma is not strictly defined, the two most-common discharges that are often included in this group are microwave plasma (MWP) and gliding-arc plasma (GAP) [40]. However, spark discharges are sometimes included as well [34]. Both MWP and GAP have been extensively investigated in the context of non-oxidative methane conversion. The products of warm plasma methane pyrolysis can be very different, depending on the type of the reactor and process conditions.




6.2. Microwave Plasma


The coupling of methane in an MWP reactor can be performed either at atmospheric pressure or in a vacuum. The principle of operation and construction of these types of reactors is similar. The plasma in an MWP reactor is generated by supplying energy to the gas in the form of electromagnetic microwave radiation (usually at 2.45 GHz or 915 MHz). The microwaves are generated by magnetrons and then delivered to the gas stream using waveguides. Usually, MWP reactors are electrodeless, but some concepts include an inner electrode [99]. The plasma is generated directly in a quartz tube. To increase the stability of the plasma flame and shield the reactor walls from high temperatures, the gas is introduced into the reactor tangentially, creating a swirling flow [36]. Typically, most of the MWP reactors have a very similar design, differing only in geometry, generator power, or the presence of additional components, e.g., tuners, circulators, or vacuum pumps. An example of an MWP reactor is presented in Figure 10.



The reactors working in a vacuum seem to be investigated sooner and more thoroughly [22,36,101,102,103,104,105]. The vacuum MWP can be characterized by a gas temperature range from ca. 1000 K to 3000 K. The exact temperature heavily depends on the input power and the pressure [22,36,101,102]. The wide range of temperatures results in different distributions of the products. This phenomenon is additionally enhanced by the reaction time, much shorter in deep vacuum systems, which prevents further reactions, e.g., ethane or ethylene dehydration or soot formation from acetylene [36]. For instance, in the work of K. Onoe et al. [103], applying 200 W input power in an MWP reactor working at a pressure varying from 2.3 to 8.5 kPa and a flow rate from 0.009 SLM to 0.04 SLM, respectively, resulted in acetylene being the main product; its selectivity varied for lower and higher pressure from 75.4% to 97.4%, respectively. By lowering the pressure, the drop in C2H2 selectivity was accompanied by an increase in the selectivities of other C2 compounds and some other, unidentified compounds. With this power input, the conversion rate varied slightly from 85.7% (for the lowest pressure) to 92.7% (for the highest pressure). On the other hand, if lower input power was applied (at a pressure of ca. 5 kPa), a significant drop in the conversion rate and changes in product distribution were observed. In the lowest input power case (10 W), the conversion rate was only 7.0%, and the selectivity of C2H6, C2H4, and C2H2 was 25.5%, 31.9%, and 41.9%, respectively. Similar observations were achieved in the work of T. Minea et al. [22]: the higher the pressure and the input power, the more the distribution of the products was shifted towards C2H2 and soot and the higher the conversion rate. In the extreme case of a 15 mbar pressure and input power of 0.25 eV/molecule, the highest selectivity was attributed to ethane (ca. 80%), but the conversion rate was below 1%. In the works of M. Heintze et al. [101,102], it was demonstrated that, with high enough pressure and input power, acetylene can be the main product, and the soot formation can be surpassed by putting the power source into pulse mode. On the contrary, in the work of W. Cho [104], the vacuum MWP reactor was applied to produce mainly hydrogen and carbon black. This was possible due to relatively high input power (1–5 kW) considering the pressure (13–40 kPa) and gas flow rate (0.5–10 SLM). The obtained carbon black had properties similar to the carbon black obtained in a classical furnace process. Summarizing, the MWP discharge can work in two distinctive regimes. With low pressure and input power, the discharge is similar to a DBD discharge, with a relatively low conversion rate and high selectivity of C2H6 formed through plasma-driven CH radical coupling [22]. With higher pressure and input power, the plasma discharge becomes more constricted, resembling thermal plasmas with the domination of thermally driven reactions [22,36]. Additionally, higher pressure results in a higher residence time, which can provide deeper dehydrogenation and the formation of soot [36]. Some influence on the distribution of the products can be provided by hydrogen addition, as investigated by Wnukowski et al. [36]. With a H2:CH4 ratio of 1:1, an increase in methane conversion was observed. Additionally, the selectivity of C2 olefins increased at the cost of carbon black. However, this phenomenon was more significant for C2H2 rather than C2H4.



Since vacuum reactors are not convenient for industrial applications [106] and vacuum pumps can consume much energy, which is often omitted when determining the energy efficiency of the vacuum process, atmospheric-pressure MWP reactors might be the solution. However, as was already explained, high pressure results in acetylene being the dominant product, which is additionally enhanced by the high temperature of atmospheric MW plasma discharges, exceeding 4000 K [107,108]. In the work of Jasińki et al. [109], who investigated different atmospheric-pressure MWP reactors for hydrogen production from methane, the main carbon-containing products were acetylene and soot. A similar effect was observed in other works, which investigated the addition of hydrogen for the purpose of changing the distribution of the products [106,110,111]. In the work of C. Shen et al. [110], the tests were performed for a CH4:H2 ratio varying from 5:1 to 1:5 with the CH4 flow rate in the range of 0.1–1 SLM and microwave power in the range of 200–800 W. Regardless of the conditions, the selectivity of C2H2 was always above 80%. However, an increase in the H2:C4 ratio led to a decrease of C2H2 from ca. 90% to 82% and a simultaneous increase in C2H4 selectivity from ca. 10% to 18%. At the same time, the conversion rate increased from 30% to ca. 78%, and the carbon black yield decreased from ca. 18% to 5%. Broader results considering the influence of hydrogen on the performance of the process are shown in Figure 11.



Similar effects and values were observed in the work of J. Zhang et al. [106], despite the fact that the reactor was working in a slight overpressure (0.13 MPa) and the discharge was hybrid, involving an AC high-voltage source and microwaves. In the work of Wnukowski et al. [111], the effect of hydrogen addition was not that distinct, but it might have been due to the fact that methane was diluted in Ar, which was not the case in the two previous works. Nevertheless, with the highest applied H2:CH4 ratio (4:1), the conversion rate and C2 compounds’ selectivity increased when compared to the case with no hydrogen addition. It was indicated that the beneficial effect of hydrogen addition comes from the additional pool of H radicals that are formed in the plasma and play a crucial role in methane decomposition (Equation (4)). Additionally, it was pointed out that the presence of molecular hydrogen could have surpassed soot formation, which otherwise consumes acetylene according to the HACA mechanism [36,111]. Consequently, the addition of dihydrogen resulted in a higher selectivity of C2H2 at the cost of carbon black. A similar mechanism was used to explain the increase in ethylene selectivity—the inhibition of ethylene dehydrogenation to acetylene. Interestingly, in the presence of hydrogen and nitrogen, the carbon black formation could have been inhibited completely and substituted by the formation of HCN. The formation of HCN was at the cost of acetylene, yet did not affect C2H4 selectivity. This phenomenon was explained by the interaction of nitrogen molecules and radicals with acetylene and related radicals (that otherwise would transform into carbon black) and possibly the interaction between hydrogen and nitrogen-containing soot. Considering the carbon black products, their composition was mainly C (99%), with a small amount of hydrogen (ca. 1%), as indicated in the works of R.V. Wal et al. [107] and S. Kreuznacht [31], which focused specifically on the carbon black analyses. It was shown that the MWP-derived carbon black had a mostly amorphous structure consisting of particles of 50–70 nm in diameter agglomerated into bigger structures. The surface area was varying from 50 to 136 g/m2. All these properties were close to commercial carbon blacks and those obtained in the previously mentioned arc plasmas [88,92]. However, a higher degree of graphitization was recognized when compared to commercial carbon blacks. Additionally, some hollow capsule structures were identified in the work of R.V. Wal [107]. The analyses of the sample were performed with the use of Raman spectroscopy [31], XRD [31,107], and high-resolution transmission electron microscope (HRTEM) [107]. The addition of hydrogen also increased the size of the carbon black agglomerates. However, the reason has not yet been clarified [111]. It should be noted that the presence of carbon black can be problematic for MWP operation. While these types of reactors do not have electrodes that can be influenced by the carbon black deposit, its layer on the quartz tube can absorb microwaves, preventing their propagation. Consequently, they may result in quenching the plasma or even melting the quartz tube.




6.3. Gliding Arc Plasma


Gliding arc plasma reactors are based on the conception of an increasing gap between “knife”-shaped electrodes. The discharge is initiated in the narrowest gap, and it “glides” upward until quenched due to the distance between the electrodes. Afterward, the cycle repeats. A single discharge last milliseconds, which prevents the production of a thermal arc [112]. However, the input power is usually high enough that the discharge results in a temperature increase above 1000 K, despite its non-equilibrium nature [34,45,112]. An interpretative scheme of a typical gliding arc plasma reactor was given in [26] and is presented in Figure 12. It is assumed that the high temperature of the discharge is the main force driving the methane decomposition reaction. However, the role of some plasma-typical particles, such as electrons and excited molecules, cannot be denied, especially in the initial stage of forming the discharge [34].



The concept of the gliding arc is attributed to A. Czernichowski. His works included methane pyrolysis with two types of reactors working with a natural gas feed in the range of 2.2–38 SLM and an input power reaching 1.6 kW [113]. The maximum achieved conversion was 34%. The main products were H2, C2H2 (selectivity of 70–90%), and soot (selectivity of 10–30%). A noticeable increase in C2H4 selectivity was achieved when the reactor was working in a vacuum (0.16 bar). A similar product distribution was achieved in other works. In the work of A. Indarto et al. [114], methane pyrolysis was investigated with and without additional gases. The reactor consisted of two knife-shaped electrodes sourced with an AC power supply with a maximum voltage and current of 10 kV and 100 mA, respectively. With a pure methane feed of 1.5 L/min, the maximum achieved conversion was 45%. The selectivity of hydrogen and acetylene was 40% and 20–22%, respectively. No other products were mentioned, but as the products were analyzed with gas chromatography techniques, which should reveal the presence of other hydrocarbons, it can be assumed that the remaining products might have been soot. With the addition of helium or argon, keeping a constant gas flow rate of 1 SLM, the conversion rate and H2 selectivity increased with the increase of methane dilution. On the other hand, the selectivity of acetylene dropped. The dilution with the noble gases also decreased the power consumption due to easier ionization of the noble gases. A similar effect was achieved with the addition of nitrogen. However, the selectivity of acetylene also increased with the dilution. With the initial concentration of CH4 being 20% and the rest nitrogen, 65% conversion was achieved, with H2 and C2H2 selectivity reaching ca. 65% and 40%, respectively. A 60% selectivity of C2H2 was possible if the CH4 concentration was 50%. A similar reactor design was investigated by M. Zhou et al. [112]. The tests were performed with an input power of 300 W and a constant gas flow rate of 4.5 SLM (with 0.5 SLM of N2) varying the H2/CH4 ratio. It was concluded that the dilution of methane increased its conversion rate, achieving a maximum of 40%. The main product was C2H2 with a selectivity of ca. 90%, and it was not significantly affected by the H2 dilution. However, adding hydrogen influenced the remaining products, shifting selectivity from C3 compounds to C2H4. It should be noted that no deposit was mentioned in the study. Taking into account that the gaseous mixture contained CH4, N2, and H2, it might have been possible that no carbon black was present due to the formation of HCN, just as in the previously mentioned work with MWP [111]. On the contrary, soot was mentioned as one of the main products, along with C2H2 and hydrogen in the works of H. Lee and H. Sekiguchi [115] and M. Młotek et al. [116]. Again, the tests were performed with almost an identical electrode configuration as in previously mentioned works, with a pure CH4 [115] or a CH4/H2 mixture [116]. In a later work, the selectivity of soot was well defined, reaching up to 40%. One of the possible modifications to enhance the interaction between the GAP discharge and the flowing gas is a rotating gliding arc [45,117], shown in Figure 13. In the work of H. Zhang et al., a rotating GAP was applied for CH4/N2 mixture conversion. The influence on the process of different CH4/N2 ratios (from 0.1 to 1.6) and gas flow rates (from 6 to 24 SLM) was investigated with a constant input power of ca. 224 W. Depending on the conditions, the conversion rate varied from 16.4–91.8%, and the selectivities of H2, C2H2, and C2H4 were in the range of 20.7–80.7%, 10.7–31.7%, and 0.5–1.0%, respectively. C2H6 was not detected, but soot formation was observed, with some part of it being deposited on the surface of the electrodes, and the presence HCN was confirmed with its concentration varying from 0.24% to 1.28%. Regarding the above-mentioned soot formation, it displayed ambiguous characteristics. In the previously mentioned work of A. Czernichowski [113], the soot was characterized as amorphous carbon with a structure similar to classically obtained carbon blacks with no graphitized structures. On the other hand, in the work of S. Kreuznacht et al. [31], the authors indicated a significantly higher degree of graphitization when compared to commercial, classically obtained carbon blacks, which could have been attributed to large plate-like crystallites observed in the carbon black structure. This difference might have been a result of different process conditions. In the work of S. Kreuznacht et al., the gas was significantly diluted with Ar. Another reason could have been a different design of the reactors in S. Kreuznacht’s work, as the authors indicated that the soot is presumably formed on the surface of the inner electrode rather than in the gas phase.



To improve the value of the GAP methane coupling products, the plasma-catalytic process was investigated. This was performed in a one-reactor setup with the catalyst being placed downward of the plasma discharge in a packed bed [112] or as a spouted bed located above the discharge [115,116]. The two tested metal catalysts were Pt and Pd (on Al2O3), with the latter being more promising due to the higher selectivity of C2 hydrocarbons and better resistance to soot deactivation [115,116]. Moreover, the presence of a catalyst reduced the selectivity of soot formation [116]. The presence of Pd resulted in shifting the distribution of the products from C2H2 towards C2H6, C2H4, and, to a lesser extent, some higher hydrocarbons (C3-C5), with ethane being the main product. However, with the addition of Ag (Ag/Pd ratio of 5), the high selectivity of C2H2 (90%) was shifted to almost 90% selectivity of C2H4 with the rest being C4, C5, and C2H6 (in that order) [112]. Similar to the work of E. Delikonstantis et al. [71] on pulsed plasma, also with a Pd catalyst, the process was based on C2H2 hydrogenation. It should be noted that the plasma-catalytic setups did not require any external heat source, as the process temperature was provided by plasma. The comparison of the product distribution without and with catalyst is presented in Figure 14 and Figure 15, respectively.





7. Summary and Conclusions


Having analyzed different types of plasma discharges and their performance in the context of methane pyrolysis, it is clear that a wide variety of process conditions leads to a variety of results. Even within the same type of plasma discharge, there are many possibilities to modify the process conditions, e.g., by additional gases or different geometries, input power, or pressure. Nevertheless, this section will aim to compare the performance of different types of plasma reactors. However, these comparisons are rather illustrative; their goal is to show trends rather than define the best-available solution.



7.1. Conversion Rate


Figure 16 presents the conversion rate of methane depending on the specific energy input (SEI). The SEI is the ratio between the input power and the inlet stream of CH4 (in moles). The clear trend is that, with an increase in the SEI, the conversion rate increases as well. However, the most-desirable result is a high conversion rate with a relatively low SEI. Therefore, the closer to the upper-left corner of the chart, the better it is. With this assumption, it can be indicated that arc plasma and GAP show good conversion rates with relatively low energy consumption. On the opposite side, DBDs provide a relatively low conversion rate (lower than 50%) and require a significant amount of input power. Pulsed, corona, and MWP discharges are somewhere between. Pulsed plasma provides relatively low conversion, but with low input power. MWPs and corona plasmas can achieve high conversion rates, but at the cost of high input power.



While these results can be useful in estimating the potential conversion rates, they are not highly valuable on their own, as they do not involve the specifics of the products. A high input energy can be justified if the products show high market value. It should also be noted that this chart was designed to include a wide range of results for different types of plasma, but it certainly does not involve all cases. It is possible that better or worse results could be attributed to any of the involved discharges. The results included in the chart are based on the literature presented in Fig 9. These works provided enough data to calculate the SEI or it was given directly within the article. If the authors provided numerical values, then all of them are included in Figure 9. If the results were provided only in the chart, then only the extreme values are included in Figure 9. This approach was also carried out in the case of specific energy requirements (see Figure 11) and energy cost (see Figure 12).




7.2. Products Composition


Figure 17 presents the distribution of the products of major discharge types. Again, it should be noted that the chart presents only selected cases. However, they should clearly indicate some trends and distinguish different types of discharges. The “other” in the chart should be understood as carbon black/soot. While this is essentially a simplification and some other compounds might be involved in this group, e.g., benzene or C5 compounds, their share is usually small, and in most cases, the authors classified all the unidentified products as some carbonaceous material. From the figure, three general groups could be distinguished. The first one, DBD, is characterized by a high share of C2H6 and the presence of C3 and C4 hydrocarbons. The second group involves the remaining non-thermal plasmas, e.g., pulsed, corona, or glow, which can give different products depending on the conditions (SEI, pressure, addition of H2). The last group involves thermal and warm discharges, which provide mostly acetylene and carbon black. One exception is the vacuum MWP, which can be characterized by the distribution of the products typical for non-thermal plasma. This is due to the fact that, at low pressures, MWP shows a much-more-distinct non-equilibrium property [22]. The differences in the products derive from the discharge properties, which were discussed in the previous sections. It should be noted that the chart presents pure plasma cases, with no catalyst or a second-stage processing that can impact the final product distribution.




7.3. Energy Efficiency


Other indicators that can be used to compare plasma reactor performance are connected to the energy efficiency of the process. The specific energy requirement (SER) is the energy required to convert one mole of CH4. Some exemplary values for different plasmas are given in Figure 18. Energy cost (EC) is a parameter describing the energy required to produce one mole of a C2 compound. Exemplary values of EC are given in Figure 19. It should be noted that, very often, EC is given for a specific compound, e.g., C2H2 or C2H4. In the case of this work, the EC involves the sum of all the C2 compounds. These results partly coincide with the result from Figure 16 (as the SER and EC depend on the SEI): DBD plasma seems to be the least-effective, while arc, pulsed, and GAP plasmas show the highest efficiency. However, again, it should be emphasized that much depends on the products’ value. GAP and arc plasmas produce mostly C2H2 and carbon black, while pulsed plasma can give high shares of C2H4. Moreover, it should be noted that the energy efficiency parameters can be partly misleading. Very often, they involve only the electric energy that supplies the plasma torch. However, there are many other factors that might be energy-consuming and could be attributed to a specific type of discharge. For instance, arc plasma almost always requires a plasma agent, such as Ar, N2, or H2. However, their costs are never included. In the case of pressurized or vacuum systems, the costs of providing the demanded pressure are also usually omitted. In the case of MWP, it is not always indicated whether the input power is the absorbed microwaves or the supplied power. This is important, as contrary to other discharges, which show almost 100% efficiency of converting electric energy, 2.45 GHz microwave generators show ca. 65% efficiency.



Finally, when analyzing methane pyrolysis, it remains challenging not to mention hydrogen production, as it is typically the main motivation in considering this process. Figure 20 presents the energy efficiency of hydrogen production (energy requirement, in kWh, for the production of 1 kg of H2). The trend is very clear: the values are more or less in the same range for all the discharges that produce mostly carbon black and acetylene. In other words, due to deep dehydrogenation, these types of plasma can be characterized by a high output of hydrogen. In some cases, the energy efficiency of plasma systems is better than in the case of electrolysis, with n energy consumption of ca. 50 kWh/kgH2 for a PEM electrolyzer [118]. However, such a comparison does not include the fact of different substrates being used (H2O vs. CH4) and additional products obtained (O2 vs. carbon black/C2H2), which might be far more important for the final profitability of the process. On the contrary, DBD plasma, which requires a high SEI and produces mostly C2H6, shows significantly worse energy efficiency in terms of hydrogen production. However, it should be noted that hydrogen production is hardly ever considered as the main purpose of CH4 pyrolysis in the case of non-thermal plasmas and rarely do the articles involve any data on that matter.




7.4. Perspectives


Figure 21 shows the changes in the number of publications (included in this review), considering plasma pyrolysis of methane, within ca. 30 years. This period was divided into 5-year windows except for the last one, which additionally includes about half of 2023. It can be seen that, before the 2000s, the number of publications was relatively low. A significant increase occurred around the 2000s. Afterward, the number of publications was rather stable until very recently. The first increase in the years 1998–2002 is not obvious. It might have been affected by the increasing environmental awareness, which was strongly emphasized in the Kyoto Protocol from 1997. In fact, this issue is mentioned in the works of Finkce from 2002 [28,95]. On the other hand, other main authors of this period, i.e., Yao (2001–2002) [69,74,75,76] and Heintze (2002) [101,102], do not mention this issue. The background of their work was simply to develop a new efficient way of acetylene production. Interestingly, a significant share of only these three authors in the total number of publications from 1998–2002 (8 out of 13) might suggest that this peak of publications could have been just a coincidence. On the contrary, the period 2018–2023 shows much more diversity among the authors. In this case, it seems much more credible that the increased interest in plasma pyrolysis of methane is due to environmental awareness. Most of the publications from this period mention the problem of CO2 emissions and the need for H2 production.



In the author’s opinion, this trend is going to continue in the near future. Global efforts to switch the industry to hydrogen are one of the reasons. CO2-neutral methane pyrolysis could be one of the possible solutions. Matching it with the constantly increasing share of renewable energy in the energy market makes it even more appealing. Furthermore, in the context of the production of C2 olefins, plasma methane pyrolysis could be a promising alternative to classic crude oil cracking. Methane seems much more accessible than crude oil, and its pyrolysis is far more neutral in terms of CO2 emissions. The possibility of using biomethane makes the plasma pyrolysis process even more sustainable. All of these factors should result in a stable, if not increasing, interest in the process of methane plasma pyrolysis.



Right now, it is impossible to determine which type of plasma will play the main role in the development of the methane pyrolysis process. Thermal plasma seems to be in an advanced stage and is soon to become a commercial process. The question is of the potential demand. Taking into account recent years, it seems that strictly non-thermal plasmas are losing interest, with the one exception of DBD plasma. Nevertheless, right now, it is the warm plasma (i.e., pulse, GAP, and MW) that seems the most promising in terms of C2 olefins production, and the author expects further studies in that field.



Although the present circumstances are favorable for the further development of methane plasma pyrolysis, there are a few bottlenecks that must be solved to switch the scale from laboratory to commercial. The first is the energy cost. Even for the most-developed thermal plasmas, the costs of H2 production are at best close to water electrolysis. Carbon black production might compensate for some of the costs, especially if new applications, such as carbon-based vanadium redox flow batteries, are considered [119,120], but the market capacity for this product is rather limited. The formation of carbon black is a problematic issue on its own. The presence of carbon deposits is problematic for all electrode reactors, as well as for the MW plasma reactors. Shifting the production from carbon black to C2 olefins could be a desired approach. However, this process is at a much earlier stage, and more studies are still needed to focus on increasing the process’s energy efficiency and selectivity. Another potential issue to overcome might be the completely different structure of the potential process facilities compared to the present ones. Whether the product is hydrogen or olefins, these products are produced on a large, centralized scale. Using plasma, sourced with renewable energy and/or biomethane, would be rather based on small-scale, local start-ups. This will not allow for a quick replacement of the classic industry processes.




7.5. Conclusions


This article gives a brief description of the plasma reactors that are most commonly used in the context of methane pyrolysis and characterizes the products of this process. A short summarization of the performance of the most-widely used reactor types is given in Table 1.



An obvious conclusion is that plasma reactors provide a vast opportunity due to a wide range of possible products. For the same reason, it is hard to compare different types of discharges. However, some general trends can be emphasized:




	-

	
Pyrolyzing methane into hydrogen and carbon black, with the use of arc plasma reactors, is a mature and relatively efficient technology. However, limited demand for carbon black might be a limiting factor.




	-

	
Non-equilibrium and warm plasmas give the potential for the simultaneous production of hydrogen and C2 compounds. However, the more hydrogenated the C2 compounds are, the less effective the hydrogen production.




	-

	
Ethylene seems to be the most-valuable product as an important chemical substrate, yet its production is not as straightforward as in the case of ethane or acetylene. Some of the modifications that could enhance the process are: two-stage processes, catalyst application, and hydrogen addition.




	-

	
High carbon black selectivity might be problematic in all cases, as its presence may lead to the erosion of electrodes, problems with plasma stability, and catalyst deactivation. Strategies mitigating this issue might be necessary for the further development of plasma methane pyrolysis technologies.




	-

	
The increasing number of articles on the topic of methane plasma pyrolysis and favorable political circumstances may suggest that this technology will develop. Recent research work indicates that DBD, warm plasmas (MWP, GAP, and pulsed spark), and arc plasma will be the main reactor types for further development and investigation.
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Figure 1. Short summarization of the main differences between different types of plasma. The blue arrow shows the increase in the temperature of electrons, the red arrow represents the increase in the gas temperature. 
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Figure 2. Scheme of a cylindrical DBD plasma reactor [48]. Reprinted from International Journal of Hydrogen Energy, vol 38, R. Snoeckx, M. Setareh, R. Aerts, P. Simon, A. Maghari, A. Bogaerts, Influence of N2 concentration in a CH4/N2 dielectric barrier discharge used for CH4 conversion into H2, p. 16098–16120, 2013, with permission from Elsevier. 
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Figure 3. Influence of DBD discharge power on CH4 conversion (a), selectivity of products (b), and yield of products (c) (for a gas flow rate of 100 SLM) [49]. Reprinted from Journal of Energy Chemistry, vol 22, C. Xu, X. Tu, Plasma-assisted methane conversion in an atmospheric pressure dielectric barrier discharge reactor, pp. 420–425, 2013, with permission from Elsevier. 
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Figure 4. Product distribution and conversion rate for DBD discharge (Stage 1), thermal reactor (Stage 2—880 °C), and a hybrid reactor (1 + 2) [54]. Reprinted from Chemical Engineering Journal, vol 463, R. Liu, Y. Hao, T. Wang, L. Wang, A. Bogaerts, H. Guo, Y. Yi. Hybrid plasma-thermal system for methane conversion to ethylene and hydrogen, 142442, 2023, with permission from Elsevier. The red squares show the conversion rate of methane. 
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Figure 5. Simplified scheme of a coaxial pulsed spark plasma reactor. n-PS—nanosecond pulsed generator, HVP—high-voltage probe, WFG—waveform generator. Based on the reactor from [71]. 
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Figure 6. Distribution of the product in a pulsed plasma reactor, depending on the pressure and hydrogen content [70]. Reprinted from Fuel, vol 222, M. Scapinello, E. Delikonstantis, G.D. Stefanidis, Direct methane-to-ethylene conversion in a nanosecond pulsed discharge, pp. 705–710, 2018, with permission from Elsevier. 
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Figure 7. Scheme of the 3-phase arc plasma reactor setup [88]. Reprinted from International Journal of Hydrogen Energy, vol 48, L. Fulcheri, V-J. Rohani, E. Wyse, N. Hardman, E. Dames, An energy-efficient plasma methane pyrolysis process for high yields of carbon black and hydrogen, pp. 2920–2928, 2023, with permission from Elsevier. 






Figure 7. Scheme of the 3-phase arc plasma reactor setup [88]. Reprinted from International Journal of Hydrogen Energy, vol 48, L. Fulcheri, V-J. Rohani, E. Wyse, N. Hardman, E. Dames, An energy-efficient plasma methane pyrolysis process for high yields of carbon black and hydrogen, pp. 2920–2928, 2023, with permission from Elsevier.



[image: Energies 16 06441 g007]







[image: Energies 16 06441 g008] 





Figure 8. Scheme of the PlasGas reactor setup [94]. The red circle shows the gas sampling point. Reprinted from International Journal of Hydrogen Energy, vol 46, A. Mašláni, M. Hrabovský, P. Křenek, M. Hlína, S. Raman, V.S. Sikarwar, M. Jeremiáš, Pyrolysis of methane via thermal steam plasma for the production of hydrogen and carbon black, pp. 1605–1614, 2021, with permission from Elsevier. 
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Figure 9. Scheme of the triple DC thermal plasma system setup (a,b). The three dimensional geometry of the triple plasma system [97]. Reprinted from International Journal of Hydrogen Energy, in Press, Y.H. Lee, J-H. Oh, S. Choi, Evaluation of process conditions for methane pyrolysis applying the triple thermal plasma system, Available online 15 April 2023, with permission from Elsevier. 
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Figure 10. Scheme of an atmospheric MWP reactor [100]. Reprinted from Journal of CO2 Utilization, vol 19, S.M. Chun, Y.C. Hong, D.H. Choi, Pyrolysis of methane via thermal steam plasma for the production of hydrogen and carbon black, pp. 221–229, 2017, with permission from Elsevier. 
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Figure 11. The effect of the CH4/H2 molar ratio on the conversion of methane (X), the yield (Y), and the selectivity (S) of products in an MWP reactor [110]. Reprinted from Journal of Natural Gas Chemistry, vol 20, C. Shen, D. Sun, H. Yang, Methane coupling in microwave plasma under atmospheric pressure, pp. 449–456, 2011, with permission from Elsevier. 
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Figure 12. A universal scheme of gliding arc plasma. Acquired from [26] under the terms of the Creative Commons CC BY license. 
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Figure 13. Schematic configuration of the rotating gliding arc plasma reactor [45]. Reprinted from International Journal of Hydrogen Energy, vol 39, H. Zhang, C. Du, A. Wu, Z. Bo, J. Yan, X. Li, Rotating gliding arc assisted methane decomposition in nitrogen for hydrogen production, pp. 12620–12635, 2014, with permission from Elsevier. 
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Figure 14. Methane conversion rate (X) and selectivity (S) of products in a gliding arc plasma reactor for different H2/CH4 ratios [112]. Reprinted from International Journal of Hydrogen Energy, vol 48, M. Zhou, Z. Yang, J. Ren, T. Zhang, W. Xu, J. Zhang, Non-oxidative coupling reaction of methane to hydrogen and ethene via plasma-catalysis process, pp. 78–89, 2023, with permission from Elsevier. 
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Figure 15. Methane conversion rate (X) and selectivity (S) of products in a gliding arc plasma reactor for different catalyst loadings [112]. Reprinted from International Journal of Hydrogen Energy, vol 48, M. Zhou, Z. Yang, J. Ren, T. Zhang, W. Xu, J. Zhang, Non-oxidative coupling reaction of methane to hydrogen and ethene via plasma-catalysis process, pp. 78–89, 2023, with permission from Elsevier. 
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Figure 16. Methane conversion depending on the SEI for different types of plasma. Pulsed: [70], DBD: [57]—blue cross, [54]—orange cross, [53]—yellow cross, [49]—green cross. Corona: [78]—blue square, [79]—orange square, [64]—yellow square. Glow: [64]. Arc: [88]—blue triangle, [97]—orange triangle, [28]—yellow triangle. GAP: [114]—blue dash, [112]—orange dash, [116]—yellow dash. MWP vacuum: [103]. MWP: [110]—blue circle, [111]—orange circle. 
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Figure 17. Examples of product selectivity for different types of discharge. If the same reactor type was used with different process conditions, the main difference is indicated at the top of the column. * In this case, carbon black was the only determined product. It can be assumed that the remaining few % are C2 compounds, mostly C2H2. 1—[62]; 2—[57]; 3—[54]; 4—[53]; 5—[70]; 6—[79]; 7,8—[64]; 9—[80]; 10—[88]; 11—[97]; 12—[28]; 13—[112]; 14—[116]; 15—[103]; 16—[36]; 17—[109]; 18—[110]; 19—[111]. 
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Figure 18. Exemplary SER values depending on the plasma reactor type. DBD [49,53,54,57], pulsed [70], corona [64,78,79], streamer [80], glow [64], arc [28,97], GAP [112,116], MWP vacuum (vacu.) [36,103], MWP [110,111]. 
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Figure 19. Exemplary EC values for different discharges. DBD [49,53,54,57], pulsed [70], corona [64,78,79], streamer [80], glow [64], arc [28,97], GAP [112,116], MWP vacu. [36,103], MWP [110,111]. 
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Figure 20. Energy efficiency of hydrogen production for different discharges: arc [88,97], GAP [31,45], MWP [31,99], and DBD [49]. 
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Figure 21. Changes in the number of publications considering plasma application in methane reforming in the years 1993–2023. 
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Table 1. Basic summarization of the most-widely used reactors for methane plasma pyrolysis.
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	Type of plasma:
	DBD
	Pulse spark, MWP,

GAP
	Arc



	Main carbon-containing products:
	C2H6, C3+, carbonaceous material
	C2H2, C2H4, carbon black
	Carbon black, C2H2



	Hydrogen yield:
	Low
	Moderate to high
	High



	TRL:
	~4–5
	~4–5
	8



	Remarks:
	Very often combined with a catalyst, relatively low conversion rate and a high SEI, possible hybrid reactor (plasma–thermal) with high C2H4 yield
	A wide range of product distribution depending on the process conditions (pressure, addition of hydrogen), possible to combine with a catalyst, a relatively low SEI, and a moderate conversion rate
	Mostly designed for hydrogen and carbon black/acetylene production, a high conversion rate and a moderate SEI, requires the use of a plasma agent gas (e.g., Ar, H2, N2)
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