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ABSTRACT 

 

Catalytic Methane Chemistry in High-Temperature Molten Environments 

 

by 

 

Clarke Adam Palmer 

 

At present there are few, if any, alternatives to fossil hydrocarbons that will provide 

continued growth in global economic prosperity while significantly reducing global CO2 

emissions.  Meanwhile, the continuous discovery of new natural gas reserves will likely 

provide abundant, low-cost methane in the United States (and elsewhere) for the next 

several decades.  Methane pyrolysis (MP; CH4 ⇄ 2H2 + C(s)) could provide cost-

competitive, CO2-free industrial hydrogen and serve as a ‘bridging’ solution until a long-

term sustainable energy infrastructure is developed and deployed.  Critically, there are two 

fundamental roadblocks to the widespread industrialization of MP: (1) finding a catalytic 

pathway that does not deactivate due to coking from the formation of solid carbon as 

traditional heterogeneous catalysts do, and; (2) a low-cost separations process that can 

separate the hydrogen and solid carbon continuously from the reactor.  Although reactors 

can be “decoked” with oxygen or steam, this would result in the stoichiometric production 

of CO2.  

A promising route to overcome both roadblocks are molten environments (i.e., molten 

metals and molten salts) that have recently been demonstrated to both facilitate the 

separation of solid carbon while providing a continuously-renewed, catalytic, gas-liquid 
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interface.  Although the basic chemical transformation appears relatively simple, the atomic 

level mechanisms and microkinetics of the catalytic pathways are not known, and the role of 

inter-phase transport is not understood.  The goal of this thesis project is to characterize the 

catalytic chemistry of methane pyrolysis (and other associated chemistries) in these high-

temperature liquid environments and to leverage this understanding in the engineering of 

novel, multiphase chemical reactors. 

This dissertation presents work examining the catalytic activity of molten metal and 

molten salt surfaces, reaction pathways and mechanisms thereon, and carbon morphologies; 

formation routes; and separation strategies from residual molten media.  Copper-bismuth 

(Cu-Bi) alloys are observed to have considerable activity for MP which is attributed to the 

surface metal compositions and electronic properties derived from intermetallic charge 

transfer.  The pyrolysis of other hydrocarbons (e.g., propane, benzene, and crude oil) is 

explored in a molten Ni-Bi alloy in order to demonstrate that these liquid environments can 

accommodate any fossil fuel resource while producing CO2-free molecular hydrogen and 

solid carbon.  This unique capability to continuously produce solid carbon is utilized in 

concert with dry reforming of methane (CH4 + CO2 ⇄ 2H2 + 2CO) to produce synthesis gas 

(syngas; H2 + CO) with variable H2:CO ratios.  

Work exploring similar catalytic activities and chemical transformation pathways in 

molten salt environments is also presented.  Alkali-halide salts such as KCl and NaBr are 

found to possess little activity for MP, although are attractive mediums to utilize at 

commercial scale due to their low-cost, high thermal stability, and low toxicity.  

Hydrocarbon feed additives (such as ethane and propane) are shown to be effective at 

increasing the overall decomposition rate of methane by increasing the number of radical 

reactions in the gas phase.  Molten salt surfaces with inherently higher catalytic activity such 



 

 
ix 

as mixtures of FeCl3-KCl-NaCl are also shown to considerably increase reactions rates.  

Overall, the understanding of methane transformations on and in molten media is furthered 

and key insights into the barriers for commercialization have been elucidated. 
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Dissertation Overview 

The work described in this dissertation is directed at improving our understanding and 

control of the non-oxidative thermal decomposition (i.e., pyrolysis) of methane for CO2-free 

hydrogen production.  The objectives of this dissertation are stated, along with the major 

scientific questions addressed in the introductory statements of each chapter.  The individual 

chapters 2-7 are first-authored manuscripts produced during the period of my research.  The 

numbering on Figures will reset at the beginning of each chapter.  Technical appendices, if 

needed, are included (or directed to) after each chapter for convenience.  A detailed chapter-

by-chapter overview is as follows: 

 

Chapter 1: Background, Promise, and Challenges of Methane Pyrolysis  

The historical development of the mechanistic understanding of methane pyrolysis both 

in the gas phase and using catalysts is outlined, culminating in a summary of the present-day 

understanding of the process chemistry.  The applications of molten metals and salts to 

methane pyrolysis are then discussed, including the historical development of molten media 

applications for hydrocarbon decompositions in which the gaps in the fundamental scientific 

understanding are highlighted.  The current status of industrial efforts surrounding methane 

pyrolysis are summarized, followed by a discussion of the major barriers preventing 

commercialization. 

 

Chapter 2: Methane Pyrolysis using a Cu-Bi Alloy Catalyst 

A combined experimental-computational investigation of the catalytic capabilities of 

mixtures of molten copper and molten bismuth.  Melts of either pure metal alone are found 
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to have no activity, while surprisingly their mixtures possess considerable catalytic activity.  

This activity is attributed to surface compositions and electronic properties of the melts. 

 

Chapter 3: Catalytic Pyrolysis of Different Hydrocarbon Feedstocks in Molten Ni-Bi 

The catalytic molten metal mixture of 27 mol% Ni – 73 mol% Bi (or ~10 wt% Ni) is 

used as a pyrolysis environment for different hydrocarbon feedstocks (i.e., methane, 

propane, benzene, and crude oil).  The product yields are reported for each feedstock and a 

universal model for carbon formation is proposed for hydrocarbon decompositions in molten 

metal environments. 

 

Chapter 4: Dry Reforming of Methane Catalyzed by Molten Metal Alloys to Produce 

H2-Rich Syngas  

Although the focus of this thesis is CO2-free hydrogen production from methane 

pyrolysis, this investigation of the dry reforming of methane (DRM) in molten metal alloys 

involves relevant chemistry and is of both scientific and industrial interest.  Here we 

demonstrate H2-rich syngas production from a CH4-rich feed (with CO2) made possible by 

the continuous production of solid carbon in a nickel-indium melt selected for its favorable 

thermodynamics. 

 

Chapter 5: Methane Pyrolysis in Low-Cost, Alkali-Halide Molten Salts 

Alkali-halide molten salts (i.e., NaCl, KCl, NaBr, and KBr) are investigated as high-

temperature mediums for methane pyrolysis.  Effective kinetic parameters are reported, and 

scale-up calculations utilized to estimate the best-case scenario reaction rates at commercial 
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volumes.  Hydrogen is observed to significantly inhibit methane decompositions rates and 

the salt is difficult to remove from the end carbon product. 

 

Chapter 6: Influence of Hydrocarbon Feed Additives on the High-Temperature 

Pyrolysis of Methane in Molten Salt Bubble Column Reactors 

To increase methane decomposition rates in molten salt reactors without incorporating 

additional catalysts or contaminants to the system, hydrocarbon feed additives such as 

ethane and propane are shown to be effective by increasing the amount of radical reactions 

in the gas phase.  The effects on carbon morphology and cleanliness are discussed.  

 

Chapter 7: Catalytic Methane Pyrolysis in Molten Alkali-Chloride Salts containing 

Iron 

A high temperature mixture of FeCl3-NaCl-KCl is found to be catalytic for methane 

pyrolysis, with the activity attributed to an Fe-containing molecular ion that forms as a result 

of complexation of the molten salt constituents (e.g., FeCl3 + KCl → K+ + FeCl4
-).  The 

molecular complex is characterized using X-ray and Raman spectroscopy techniques.  The 

morphology and cleanliness of the carbon products are also discussed. 

 

Chapter 8: Identification of Intercalation Compounds in Carbon Products Synthesized 

from Methane Pyrolysis in High-Temperature Molten Salt Environments 

In carbon products synthesized from methane pyrolysis in high-temperature molten salt 

bubble column reactors, the residual salt species are characterized by X-ray Photoelectron 

Spectroscopy (XPS) which indicate there are both physically- and chemically-intercalated 

salt species. Ongoing work in collaboration with Dr. Raphaële Clement’s group includes 
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Transmission Electron Microscopy (TEM) and solid-state Nuclear Magnetic Resonance 

(NMR) characterizations. 

 

Appendix: Technoeconomics of Commodity Chemical Production Using Sunlight 

A technoeconomic analysis of chemical production using different solar energy-driven 

routes.  While not a core manuscript to this thesis work, the conclusions of this work 

highlights the fact that solar-to-chemical conversions are not currently cost competitive with 

fossil-based conversions, such as steam methane reforming. 
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Chapter 1: Background, Promise, and Challenges of Methane Pyrolysis  

Reproduced in part from McFarland, E. W.; Palmer, C.; Zeng, J. Methane Pyrolysis for 
CO2-Free Hydrogen Production. In Methane Conversion Routes, 1st Edition; Bos, René; 
Galvita, Vladimir; Green Chemistry Series; Royal Society of Cambridge: UK, 2022; In 
Preparation with permission from the Royal Society of Chemistry. 

 

A. Motivation 

Combustion of low-cost, widely-available fossil resources, such as natural (or shale) gas 

in the United States, has provided ubiquitous, low-cost power that has driven global 

prosperity since the industrial revolution.  However, we now recognize the risk of significant 

adverse effects on the environment due to the emission of CO2 into the atmosphere from 

hydrocarbon combustion.1, 2  Therefore, while the combustion of fossil fuels currently 

provides ~84% of the energy consumed globally today,3 a sustainable, long-term energy 

infrastructure will need to involve fuels that do not produce CO2 when oxidized, such as 

hydrogen (H2). 

Hydrogen has long been an attractive potential fuel and energy carrier; it can be 

combusted similarly to a fossil feedstock without CO2 co-production and/or utilized 

electrochemically in a fuel cell for direct electric power generation.  Currently, low-cost H2 

is critical for use in hydrocarbon refining and for production of ammonia.  In the United 

States, 95% of industrial hydrogen is produced by steam methane reforming (SMR) 

combined with the water-gas shift (WGS) reaction:4 

 
which generates ~9 kg of CO2 for every 1 kg of H2 product.1, 2, 5, 6  The energy value (i.e., 

MJ of energy produced by combustion per kg of reactant) of the H2 produced as a chemical 

product is greater than the value of the methane consumed. Furthermore, the energy input 
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required to drive the endothermic SMR reaction is less than the combustion energy obtained 

from burning the hydrogen product. It is worth noting that the necessary energy to vaporize 

liquid water (~41 kJ/mole) is often omitted in the required enthalpy for the combined SMR 

and WGS reaction;7 nature does not supply steam. 

Methane is (and will continue to be) a low-cost, abundant resource for the next several 

decades5 – therefore, a short-term ‘bridging’ solution for producing H2 without CO2 is 

economically-incentivized to use methane as a feedstock.  One such promising technology is 

methane pyrolysis (MP); MP utilizes low-cost, abundant natural gas and produces CO2-free 

hydrogen: 

 
Unlike SMR in which the carbon in methane is oxidized to CO2 (or CO), in MP the carbon 

in methane is only partially oxidized to C0.  The solid carbon can either be utilized in 

material or chemical applications or easily stored in perpetuity at low cost, unlike gaseous 

CO2 which is costly to separate, compress, and sequester.   

Hydrogen can also be produced by thermal or electrochemical decomposition of water 

without co-production of CO2: 

 

However, more energy input is required than the energy obtained when utilizing the 

hydrogen (assuming efficiencies of production and utilization are <100%), and thus it is 

simply a means of chemical energy storage with unfavorable economics.8-10  Although, there 

is an argument to be made that the energy used to ‘split’ the water can be received for free 

through sunlight or taken from other sources that nature has provided and processed for free 

(e.g., nuclear fuels).   
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Additionally, it is undeniable that fossil-based resources are limited and will one day 

become depleted and, therefore, significantly more expensive.  On the other hand, water is 

one of the few feedstocks from which hydrogen can be sustainably produced at commercial 

scales.  Methane pyrolysis for hydrogen production will only be important if there is a 

demand for carbon dioxide-free hydrogen as a fuel product in the near-term.  If a meaningful 

economic cost were to be applied to carbon dioxide emissions, disruptive hydrogen 

production technologies such as MP might first replace SMR in ammonia and chemical 

applications, and – with lower costs of hydrogen production and increased costs for CO2 

emissions – potentially fuels.   

 

B. Historical Development of the Mechanistic Understanding of Methane Pyrolysis 

Scientific interest in methane decomposition began towards the end of the industrial 

revolution in the early 19th century, which was coupled with the earliest commercial 

motivation for humans to decompose methane: carbon black production for use in inks and 

pigments.11-13  The first systematic studies of methane decomposition into carbon and 

hydrogen were carried out by John Dalton in 1809 when he decomposed methane with an 

electric discharge.14  The earliest catalytic methane conversion was reported by Humphry 

Davy in 1817 when he reported the catalytic combustion of coal bed methane over 

platinum.15  In the 1860’s, Berthelot comprehensively investigated the decomposition of 

hydrocarbon molecules at elevated temperatures.16  He concluded that a hydrocarbon never 

directly decomposes into elements; instead, two kinds of reactions contribute to the complex 

decomposition: (1) polymerization of small molecules (such as acetylene polymerization to 

benzene); and (2) coalition of small molecules into denser hydrocarbons with elimination of 

hydrogen.  The latter reactions will eventually evolve into the formation of solid 
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carbonaceous substances when sufficient dehydrogenation and complex aggregation of 

small molecules have taken place.  Specifically, acetylene was identified as a key 

intermediate with superior stability over other intermediates in this process at high 

temperatures. 

Work in the early 1900’s was critical in establishing the understanding of radical-

mediated pathways for gas-phase pyrolysis, which followed the first identification of a free 

radical species (triphenylmethyl) by Moses Gomberg in 1900.17  In 1908, Bone and Coward 

speculated that although methane’s decomposition was largely a surface-mediated process, 

radical intermediates such as CH3, CH2, and CH were present and that the hydrogenation of 

these radical intermediates to form CH4 was an important consideration under hydrogen-rich 

conditions.16   

Methane decomposition on heterogeneous solid catalysts was also investigated early in 

the 1900’s.  In 1916, Slater et al. published a milestone systematic investigation of 

heterogeneous catalysts such as metal oxides (e.g., Al2O3), carbons, ceramic materials, and 

metals (e.g., Fe and Cu) for methane pyrolysis in which he reported significant differences 

in the hydrogen produced using different catalysts.18  In 1924, Cantelo found Ni was 

significantly more active for methane pyrolysis than other catalysts under the same 

conditions.19  Nickel became a centerpiece metal in subsequent studies due to its inherent 

activity for C–H bond activation; it was the heterogeneous surface of nickel that was used in 

1925 by Hugh Scott Taylor20 as an illustration when he famously postulated that the activity 

of metal catalysts was a result of varying degrees of coordination, whereby the most active 

catalytic centers were the surface sites with the lowest coordination.   

It was posited that in many methane reaction environments, there were both gas-phase 

radical reactions as well as surface-mediated reactions and, therefore, the surface area to gas 
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volume ratio was an important consideration.  In 1928, Wheeler and Wood found that 

increasing the surface area of silica by introducing quartz chips increased the rate of reaction 

for a static (batch) setup, but not in an analogous flowing system.21  They also recognized 

that the reaction product distributions were dependent on gas residence time and that 

products other than carbon and hydrogen might be more selectively produced at shorter 

residence times.  A major effort followed from this observation for the production of widely-

sought-after acetylene from methane using short residence times.22   

Critical observations by Holliday and Exell were published in 1929 which showed that 

between 900 and 1200°C, methane decomposition occurred at a rapid initial rate in batch 

reactors made from silica, carbon, and porcelain (ceramic clay).23 However, far from 

thermodynamic equilibrium conversion, the reaction was strongly inhibited, obtaining what 

they termed as a “false” or “pseudo” equilibrium.  Interestingly, when a similar experiment 

was performed on a nickel-coated silica reactor, the true thermodynamic equilibrium was 

rapidly approached.23   

Kassel published early kinetic studies in 1932 that supported a homogeneous, first order 

reaction rate limited by methane activation to form molecular hydrogen and a methylene 

radical with an activation energy of 332 kJ/mole (79.4 kcal/mole): CH4 → CH2 + H2.24  He 

postulated primary activation was followed by a rate that was twice the initial rate governed 

by the reaction of the methylene radicals with methane to form ethane, CH4 + CH2→ C2H6, 

with subsequent decomposition of the ethane to ethylene, acetylene, and eventually carbon.  

Also in 1932, Storch et al. decomposed methane on a heated carbon filament within a quartz 

bulb reactor.25  The bulb was surrounded by a liquid nitrogen bath to condense and 

characterization short-lived intermediate species.  The measured effective rate parameters fit 
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Kassel’s model of initial methylene radical formation and intermediates such as ethylene 

were identified.   

By the early 1930’s, no direct experimental evidence had yet been published to describe 

the initiation of gas-phase (i.e., homogeneous) methane decomposition.  Both the formation 

of a methylene radical (and molecular hydrogen) and the formation of a methyl radical (and 

a hydrogen radical) were considered as possible initial steps.  In beautiful experiments 

relying on the reactions of radical intermediates with tellurium or iodine ‘mirrors,’ both 

Belchetz26 and Rice and Dooley27 in 1934 attempted to ascertain the initiation step.  

Belchetz posited that methylene radical formation was the first elementary step based on the 

selective formation of methylene iodide (CH2I2) and telluroformaldehyde ([HCHTe]n) 

species.26  Rice and Dooley argued that [HCHTe]n would have deposited downstream as a 

red substance, which was not observed in their experiments.27  Instead, they found dimethyl 

ditelluride (CH3TeTeCH3) as the dominant reaction product, suggesting the initial 

elementary step was methyl – not methylene – radical formation.  Their measured activation 

energy of 420 kJ/mole (100 kcal/mole) for methane decomposition was also consistent with 

the methyl radical formation energy.   

Although there remained some debate about the specific initial radical reaction (methyl 

vs methylene formation), most researchers accepted that the overall gas-phase reaction was 

radical-mediated in nature.  Taking advantage of this in 1941, Kobozev and Shneerson28 

were the first to show that adding small amounts of ethane to methane feeds induced the 

cracking of methane, as ethane decomposes into radical constituents at faster rates (and 

lower temperatures).  The radicals formed from ethane decomposition (such as methyl 

radicals) would then, in turn, react with methane. 
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In addition to the initial steps of methane decomposition, the terminal reactions (e.g., 

involving solid carbon formation) also attracted interest in the 1930’s.  It was well known at 

the time that the reaction pathways were complex, involving a milieu of aliphatic and 

aromatic intermediates.  Positions included that carbon formation from gas-phase methane 

pyrolysis should be viewed as a C2 polymerization process,29 as well as a gradual, multi-step 

dehydrogenation process.30  Consistent with these theories, another important hypothesis 

proposed in 1950 by Parker was the “droplet” theory; in which, the precursor or nuclei of the 

final solid carbon produced in hydrocarbon decomposition is a “liquid droplet” of complex 

polycyclic aromatic molecules.31  These viewpoints, changed profoundly the way methane 

pyrolysis was discussed and approached, as carbon formation was no longer considered as a 

simple transition from gas directly to solid, but a complex and variable process involving the 

formation of multiphase intermediates and phase transitions.   

It had long been recognized that the gas phase and surface reactions of methane occur by 

different mechanisms and must be separated.  In the late 1950’s and 1960’s, chemical shock 

tube reactors were developed that allowed the wall and surface effects to be eliminated from 

the gas phase process.  In a shock tube reactor, ~106 collisions occur in the gas phase for 

every 1 collision a molecule or radical makes with the wall,32 allowing for wall effects to be 

neglected.  In 1959 Skinner and colleagues33 measured methane pyrolysis in shock tubes 

from 900-1500°C and found an activation barrier of 424 kJ/mole (or 101 kcal/mole) 

consistent with the earlier work by Rice and Dooley27 which supported the methyl radical 

initiation step.  Kevorkian and coworkers32 in 1960 reasserted that the initiation step of 

methane decomposition was, instead, the formation of a methylene radical based on their 

measured activation energy of 389 kJ/mole (93 kcal/mole).  However, they acknowledged 

this value was likely within experimental error of the 101 kcal/mole value that would 
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correspond to methyl radical formation.  The shock tube study by Kozlov and Knorre34 

followed soon after and supported the conclusions of Kevorkian and leaving no clear 

resolution to the methyl vs methylene radical question.  

Isotope measurements were used as powerful tools to probe reaction mechanisms 

starting in the 1960’s.  Work with isotopes also allowed the initial radical identity question 

surrounding methane activation in the gas phase to be definitively resolved.  In 1968, Yano 

and Kuratani performed seminal H-D exchange experiments with an equimolar mixture of 

CH4 and CD4 in a shock tube at 1287 °C (1560 K); the concentration of HD produced was 

approximately twice that of H2 and D2 at a gas residence time of ~1 msec.35  The observed 

high concentration of HD is only consistent with the formation of an initial methyl radical 

(CH3 or CD3) and random recombination of the radical hydrogen and deuterium.  These 

experiments unequivocally demonstrated that gas-phase methane pyrolysis is initiated with 

the formation of a methyl radical and hydrogen radical, which supports the original 

conclusions of Rice and Dooley in 193427 from their tellurium mirror experiments.   

Isotope exchange was also useful in elucidating the surface chemistry of methane.  

Kemball investigated the CH4-D2 exchange reaction on Ni, Rh, Pt, W and Pd films.36  He 

discovered that CD4 is the dominant product of the exchange reaction on Ni and Rh, 

whereas selectivity to CH3D  was observed to be greatest on other catalysts such as W.  

These results were accompanied by the conclusion that on metals such as Ni and Rh, 

subsequent dehydrogenations occur rapidly after the initial dissociative chemisorption of 

methane; whereas in catalytic systems in which singly deuterated methane (i.e., CH3D) was 

the selective product, the second dehydrogenation (to a bound CH2 moiety) was hindered 

either by larger spacing between metal atoms or the barrier for the methyl moiety to 

dehydrogenate and further coordinate to the metal surface  
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More detailed evaluations of the pathways leading to solid carbon formation in 

hydrocarbon pyrolysis proliferated in the 1980’s.  Academia had largely reached the 

consensus that polycyclic aromatic hydrocarbon (PAH) molecules, as opposed to vaporized 

carbon atoms, acetylene, or other substances, are the precursors for carbon nuclei, but this 

consensus was still lacking concrete experimental support.37, 38  The decisive experimental 

evidence that consolidated this theory was provided by Lahaye and Garo in the 1980’s,39 in 

which the detection of carbonaceous solids (from elastic laser scattering) was directly 

preceded by detection of PAHs (from fluorescence signals).  Lahaye’s work also supported 

the hypothesis that the phase of the intermediate carbon particle nucleation form is indeed 

liquid and used it to explain the observed morphology of carbon black (aggregates of small 

spherical particles) produced in hydrocarbon pyrolysis and incomplete combustion.40  

In 1985, Frenklach proposed the famous hydrogen-abstraction-C2H2-addition (HACA) 

model for gas phase carbon growth.41, 42  In which, he posited that the dominant pathway for 

hydrocarbon molecules to grow in gas phase pyrolysis is to first have atomic hydrogen 

abstracted by  a hydrogen radical, and subsequently assimilate with a molecule of acetylene 

to achieve one step of solid carbon particle growth.  The HACA mechanism has become one 

of the few models for gas phase carbon growth that has widespread acceptance amongst 

academic researchers.  While the growth steps are posited to be chemically reversible in 

nature, the formation of more stable products (namely PAHs) resulted in irreversibility for 

the entire process.43  Subsequently Weiner et al. proposed the surface HACA mechanism, 

expanding HACA from purely gas phase molecule growth to heterogeneous solid carbon 

growth.44  Despite an overwhelming acceptance surrounding the HACA mechanism, there 

still remained some debate regarding PAH formation and side reaction pathways.  For 
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example, how the first aromatic ring (i.e., benzene) forms was still disputed by 

researchers.41, 45   

A mechanistic understanding of methane’s interactions with solid catalyst surfaces (such 

as nickel) was not achieved until the late 1980’s.  This interaction between methane and 

nickel surfaces was studied using molecular beam techniques combined with HREELS 

(High Resolution Electron Energy Loss Spectroscopy). 46, 47  Goodman and coworkers 

combined HREELS with AES (Auger Electron Spectroscopy) to follow the rate of carbon 

buildup.48-50  Their experiments concluded that the chemisorption of methane on nickel is 

dissociative (i.e., adsorption and dissociation of methane into bound methyl and hydrogen 

moieties occurs simultaneously) and the methyl moiety formed subsequently 

dehydrogenates on the surface.46, 47, 51   

Another type of methane activation mechanism is methyl radical ejection after methane 

dissociative absorption on solid surfaces. For example, the extensive work by Lunsford et al. 

in the late 1900’s exploring oxidative coupling of methane (OCM) concluded that n-doped 

MgO surfaces form surface [O-] centers that abstract atomic hydrogen from methane and 

eject a methyl radical into the gas-phase;52 the methyl radical subsequently undergoes 

continued reactions in the gas-phase.  Similarly, the single Fe site catalyst recently 

developed by Bao and others in 2014 is touted to cleave the first C-H bond in methane at its 

surface and then eject a methyl radical which further reacts in the gas-phase to form 

aromatics, C2 olefins, and H2.53   

Carbon-based catalysts are also important to highlight as they have specific advantages 

over metal-based catalysts including: (1) a higher tolerance to sulfur and other methane 

feedstock impurities; (2) no metal carbide formation; (3) no post metal-carbon separation 

necessary; and(4) autocatalytic behavior of carbon formed.54  Muradov and coworkers have 
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extensively explored carbon catalysts in the late 1900’s and early 2000’s, using both 

different types of carbons (e.g., graphitic, amorphous, and activated) and the same type of 

carbon (e.g., activated) sourced from different raw materials.54-57  The general conclusion 

from these works is that the activity of carbons increases with decreasing order (i.e., a lower 

extent of graphitization) and increasing overall surface area.58  In amorphous carbons (which 

have some of the highest activity), their activity decreases with reaction time on stream as 

more ordered (graphitic) carbon is deposited over the native, amorphous structure.   

 

C. Present Understanding of Homo- and Heterogeneous Methane Pyrolysis 

Today, the mechanism of methane activation in the gas phase is in agreement with the 

original position of Rice and Dooley in 1934:27  the initiating (and rate-limiting) step is the 

homolytic cleavage of methane into a methyl radical and hydrogen radical (CH4 → CH3 + 

H) with an activation energy approximately equal to the C-H bond strength in methane 

(~420 kJ/mole).  The subsequent conversion steps include hydrogen abstraction from 

methane (H + CH4 → H2 + CH3) and the formation of ethane from the recombination of two 

methyl radicals (CH3 + CH3 → C2H6).59  These primary, initial reactions are followed by a 

complex network of radical reactions; some researchers posit the number of individual 

reactions that contribute to this network is on the order of thousands!   

Despite the consensus of the 1980’s on the overall picture of hydrocarbon pyrolysis and 

carbon formation, molecular level understanding on many issues, such as how PAHs form 

and eventually evolve to solid carbon, are still unclear today.  In addition to the widely-

accepted HACA mechanism, more growth models, such as phenyl addition/cyclization and 

methyl addition/cyclization, have been proposed since 2000.60, 61  Questions regarding the 

detailed pathway from PAHs to carbon nuclei remain.  Recent work in 2018 suggested that 
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radicals with extended conjugation would form covalently-bound complexes with other 

hydrocarbon species and promote further growth and clustering by regenerating resonance-

stabilized radicals, providing one pathway to form clusters of PAHs and other hydrocarbons 

as inceptive soot particles that would otherwise be too small to condense at high 

temperatures.62   

While the fundamental activation scheme for methane using transition metal catalysts 

(e.g., Ni, Fe, and Co) is generally accepted, countless works have aimed to optimize catalyst 

performance by modifying both physiochemical properties of the catalyst as well as reaction 

parameters.  These works have been recently reviewed in 2020.63, 64  The accepted 

fundamental mechanism of methane pyrolysis on these catalytic transition metal surfaces is 

in good agreement with the observations made by Gilbert N. Lewis, Wayne Goodman, and 

others in the 1900s.48-51  Specifically, methane conversion is initiated (and often limited) by 

the dissociative chemisorption on a metal surface, in which the activation energy is highly-

dependent on the coordination (or lack thereof) of the metal facet.65  The bound methyl 

moiety then undergoes continued dehydrogenations at the metal surface.  During the initial 

interaction, the partially filled orbitals in d-band metals such as Ni and Fe can accept 

electrons to weaken and activate the C-H bond, also known as electrophilic activation.66, 67  

Although, cases of back donation of charge from catalysts to the antibonding orbitals in 

methane and cases where charge flows both directions (known as nucleophilic and 

ambiphilic activations, respectively) have also been cited for C-H bond activation.68  A 

second type of methane activation mechanism, different from the first one, does not require 

subsequent C-H bond cleavage after the first methane dissociative chemisorption.  Instead, 

methyl radical ejection from the catalyst surface is believed to take place, leading to 

subsequent, complex gas phase reactions as mentioned above.   
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Despite considerable efforts from academic and industrial researchers, most solid 

catalysts for methane pyrolysis inevitably coke and deactivate.  The deposited carbon can be 

oxidized using air or steam but would result in the production of CO2.  The inclusion of a 

liquid phase,69-71 or the use of a liquid phase as the catalyst itself,72-83 can remedy the issue 

of carbon coordinating permanently to catalyst surfaces, and will be discussed thoroughly in 

the subsequent section.  Attempts have been made to physically attrit formed carbon off of 

catalyst surfaces.84-86  Catalysts have also been designed to generate methyl radicals to 

prevent carbon-catalyst coordination, such as Bao’s single site Fe catalyst.87-89  These 

attempts have maintained activity on the order of hours, but none have been proven 

industrially.   

 

D. Molten Metal and Molten Salt Mediums for Methane Pyrolysis 

Molten metals and molten salts are well known high temperature heat transfer media and 

both have been explored for methane pyrolysis applications.  In a liquid environment, 

accumulated solid carbon can potentially be readily transported and removed from the 

reactor interior.  When methane is bubbled through high temperature liquids, the gas-liquid 

interface surfaces are continually renewed as the bubbles move through the reactor and solid 

carbon does not accumulate at fixed points as on solid surfaces.   

After Taylor20 proposed his theory of active sites for catalysis on metals in 1925, 

researchers generally came to believe that a metal would lose the active undercoordinated 

reaction sites upon melting.90  However, already in 1901, the first documented use of a 

catalytic molten metal had been described by German scientist Ipatiew 91 who had observed 

that certain metals continued to catalyze the decomposition of alcohols above their melting 

temperatures.   
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The first use of molten metals for methane decomposition to produce hydrogen is found 

in a 1931 patent by Tyrer Daniel.  A molten iron chemical looping process was described 

whereby pyrolysis of methane on the molten iron surface is favored by the formation of the 

metal carbide.  In a spatially separate second step, the carbide reacts with oxygen to produce 

carbon oxides and regenerate the reduced metal.92   

Later in a 1956 patent, Oblad et. al described a nebulized suspension of iron group 

molten metals in a pyrolysis reactor whereby the metals were catalytic for methane 

pyrolysis.93  Also disclosed is a design concept in which Ni-Al melts would be contacted 

with methane gas to non-oxidatively decompose the methane and the vapor phase metal 

would be cooled and refluxed back into the hot zone of the reactor.93   

A variety of catalytic molten metals and molten metal alloys were explored in the 1970’s 

and 1980’s by Yoshisada Ogino.94  Although alkane pyrolysis was not specifically 

investigated, chemistries explored included dehydrogenation of alcohols,95-99 amines,100 and 

hydrocarbons;101-104 hydrogen transfer reactions;105 and coal hydrogenation.106, 107  In these 

works, Ogino et al. drew specific attention to the surface compositions of molten metal 

mixtures as well as the electronic properties (e.g., work functions) which were correlated to 

catalytic performance.94   

In the late 1900’s, work to couple nuclear reactor heat to chemical processes 

demonstrated that molten metals used to cool nuclear reactors could serve as heat exchange 

fluids for methane pyrolysis.  Steinberg and colleagues described in a 1998 patent a process 

for using molten iron and/or molten tin to produce a solid carbon product from methane 

pyrolysis that is removed from the top of a bubble column reactor.108, 109  Serban et al. also 

suggested using the heat generated from generation IV nuclear reactors for direct contact 

pyrolysis of methane in molten media; they demonstrated a 60% conversion of methane at 
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750 ⁰C in a suspended mixture of liquid Sn and solid SiC.110  Martynov et al. suggested Pb, 

Pb-Bi, and Na may be suitable heat transfer and reaction media and posited that molten Pb-

Bi could be introduced to the reactor as a molten metal shower.111  In 2003, Marshall and 

colleagues at Argonne National Laboratory showed that indeed metals used for nuclear 

reactor cooling were potentially suitable for methane pyrolysis including Pb and Sn.112  In 

2008, Wang et al. developed a hydrocarbon (methane and ethane) decomposition process 

using liquid Mg; although, the process was limited by the evaporation of Mg at higher 

temperatures.113   

Recently, work at the Karlsruhe Institute of Technology demonstrated methane pyrolysis 

in molten tin bubble columns with quartz packing between 930 and 1175 °C.8, 81, 114  It was 

concluded that the molten tin did not function as a catalyst for methane pyrolysis, but a 

lower selectivity to C2 and aromatic products was noted in the presence of Sn compared to a 

gas-phase reactor.  In work published in 2017, molten copper heated to between 1150 and 

1350 °C was used to produce graphene sheets from methane.115  Pure copper is not active for 

catalytic C-H bond activation in either the solid or liquid phase; however, molten copper 

was shown to effectively transfer heat to the methane for decomposition and provide a 

support for effective growth of graphene structured carbon.  The solid carbon product was 

carried out of the reactor in the high-velocity product gas and collected.  

A catalyst is required to obtain high methane conversions rapidly at lower temperatures 

where common reactor materials of construction might be used safely at high pressures.  

Researchers at the University of California, Santa Barbara investigated mixtures of high-

melting-point transition metals (e.g., Ni, Pt, and Cu) in alloys with relatively low-melting-

point, post-transition metals (e.g., Sn, Bi, Ga, and In).73, 75, 77, 116  A melt consisting of a 

27:73 mole ratio alloy of Ni with Bi (or ~10 wt% Ni) was found to be particularly active for 
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methane pyrolysis with near equilibrium conversion (95%) achieved in a 1.1 meter bubble 

column reactor at 1065 °C with high H2 selectivity.77  Other investigations include 

experimental work on gallium as a catalytic liquid for methane pyrolysis117 and 

computational investigations of methane activation and conversion on molten indium 

surfaces, which suggested C-H bond activation, C-C coupling, and subsequent desorption of 

the C2 product (i.e., ethane) was the likely pathway.118   

Like molten metals, high temperature molten salts have long been used industrially as 

heat transfer fluids in chemical processes.  Molten salts have been proposed for use in solar-

thermal119 and nuclear120 applications, and they are commonly deployed as electrolytic 

media for the production of metals such as aluminum.121  Molten salts have also been 

employed as catalysts for decades in a wide array of oxidation and partial oxidation 

chemistries; among the most important is the production of sulfuric acid.  The 

comprehensive review paper by Kenney in 1975,122 highlights their importance in industrial 

chemistry but does not describe specifically what makes molten salt surfaces active for 

different chemistries.   

Although most applications of molten salt catalysts involve oxygen containing 

feedstocks (biomass, CO2, steam, etc), in hydrocarbon processes, the Lewis acidity of 

molten salts have been used widely for alkylation and cracking processes.  For example, 

Nakatsuji and coworkers’ explored metal chlorides (e.g., ZnCl2 and CuCl2) as hydrocracking 

catalysts for oils, large hydrocarbons, and coal.123-125  Carbonate salts with suspended solid 

catalysts have been explored for the production of syngas from partial oxidation of 

methane126 and dry reforming of methane.127, 128  Upham et al. explored the CO2-free 

generation of power from the partial combustion of methane in a catalytic LiI-LiOH melt.72  

Works exploring the pyrolysis of biomass in molten salt bubble columns are abundant.129  
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Kamali et al. recently explored the pyrolysis of waste plastics in molten NaCl for the 

production of conductive carbon materials.130   

Simple, binary salts (e.g., alkali halides) are industrially-attractive media for methane 

pyrolysis because they are cheap, abundant, and environmentally benign.  In studies of 

methane pyrolysis, researchers consistently measure effective reaction activation energies 

for methane pyrolysis in alkali-halide molten salts (i.e., KCl, NaCl, KBr, and NaBr) between 

220–310 kJ/mole.69, 82, 83, 116  Although indicating a relatively low activity, these activation 

energies are significantly lower than the gas-phase activation energy of ~420 kJ/mole 

measured in shock tubes131-133 and the activation energy of 347–420 kJ/mole measured in 

non-catalytic flow reactors.133  Parkinson et al. concluded these salts are minimally active as 

catalysts for methane pyrolysis based on the overall reaction rate having a molten surface 

area dependence – albeit, a weak one.69  It is unclear if acceptable methane conversions can 

be achieved industrially using these inactive simple salt systems based on the initial rates 

published and ‘pseudo-equilibrium’ limitations.   

Although not markedly catalytic, these alkali-halide molten salts were explored by 

Rahimi et al. as a “wash column” in two-phase, mixed molten metal and salt bubble column 

reactors to decrease the metal retained in carbon produced in catalytic molten metals.116  

Methane was introduced into a catalytic molten metal where pyrolysis occurred and the gas 

and carbon was carried upward into the salt section which was suspended above the molten 

metal by virtue of its lighter density.  The carbon product was found to contain far less of the 

metal contaminants than in the absence of the molten salt  

Only relatively recently have catalytic molten salts received attention for methane 

pyrolysis.  The work done by Kang et al. in 201983 is the only existing investigation into 

methane pyrolysis in catalytic molten salt bubble columns.  Similarly with molten metal 
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systems, using catalytic salts can improve overall rates of reaction and potentially produce 

higher quality carbon products.  Kang and coworkers explored MnCl2-KCl mixtures at 

several compositions,83 in which the active component is believed to be a molecular ion with 

a Mn center that forms as a result of complexation of the molten salt constituents (e.g., 

MnCl2 + 2KCl → 2K+ + [MnCl4]2-).  These complex ions may not be stable for long times at 

the high reaction temperatures required, leading to the formation of reduced metal (i.e., Mn) 

and HCl gas.  Lu et al. recently explored a KCl-promoted Ni-Fe solid alloy catalyst for MP71 

and Patzschke et al. explored suspensions of solid Co-Mn catalyst particles in alkali-halide 

molten salt bubble columns.70  In both works, the researchers posited their high conversion 

of methane was achieved due to the presence of a solid catalyst and that carbon removal 

from the catalyst surfaces was facilitated by the molten salt, although the long-term stability 

of the systems is unclear and the role of the molten salt requires further confirmation.   

Overall, it is unclear whether the enhanced catalytic activity in these catalytic molten 

salts is enough of a tradeoff between additional costs of raw salts and additional separations 

required.  Regardless, in all molten salt works published, it is clear that the end carbon 

product is difficult to separate from the molten salt and clean of any molten salt 

contaminants.  Engineering an effective, low-cost separation process for the carbon and the 

liquid medium is critical for industrialization of this process.   

 

E. Current Industrial Status of Methane Pyrolysis  

An up-to-date review of potential industrial implementations of methane pyrolysis was 

published in 2020 by Schneider et al.7 which includes both ongoing efforts and 

decommissioned plants.  Today, the only operating, commercial-scale facilities for methane 

pyrolysis is to produce valuable carbon black as a primary product from methane at 
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relatively low pressure and rely on heating relatively low-pressure methane with 

electromagnetic energy or combustion gases (by the company Monolith Materials®).  

Alternative process options based on circulating solid materials and high-temperature liquids 

are under development.   

One moving solid heat transfer material that has been employed successfully is carbon.  

It is well known that many carbons formed by pyrolysis are themselves catalytic.134  Clever 

process designs making use of solid carbon as both a heat transfer medium and a catalyst 

have been implemented at various scales.  Muradov and colleagues studied carbon’s 

catalytic activity for pyrolysis and were among the first to propose use of the heated solid 

carbon as both the catalyst and the thermal heat source.57  They demonstrated the process 

with a fluidized bed of carbon which was partially oxidized for heating to approximately 

900 °C and to activate the carbon as a catalyst.57  The heated activated carbon was contacted 

with methane and the pyrolysis carbon deposited on the circulating carbon; a portion of the 

carbon stream was recirculated to serve as the ongoing catalyst and heat exchange media.  

Later, BASF developed a process based on a moving bed of solid carbon which moves 

slowly downward under gravitational counter-current flow to the gas flow.135  Relatively 

low-temperature methane is introduced at the bottom of the reactor and rises, cooling the 

descending carbon which in turn heats the rising methane.  Energy is added directly to the 

carbon resistively near the center of the column, heating that section to near 1400 °C where 

pyrolysis of methane deposits carbon on the downward moving solid carbon bed while the 

hydrogen continues to rise, cooling as it contacts the descending carbon inserted at low 

temperature at the top of the reactor.  This tightly integrated heat transfer design is capable, 

in principle, of high thermal efficiency.   
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A circulating solid concept has also been recently demonstrated by Hazer Group® in 

Australia where, reportedly, a fluidized solid iron oxide is reduced in methane producing a 

fluidized, iron-containing carbon catalyst.136  Experimental data is difficult to obtain, 

however, carbon must develop around the reduced or partially reduced iron particles and 

potentially retain some activity.  Based on their patent application,136 a multistage fluidized 

bed is used.  The catalyst is not separable from the produced carbon.  Details are lacking on 

the difficult challenge of transferring heat into the solids and moving the accumulated solids 

out to atmospheric pressure from such high-pressure reactors.   

Alternatively, designs utilizing high temperature molten media are also being pursued 

globally but no such design has yet been demonstrated at the pilot plant level.  In the 

Netherlands, TNO has indicated they are moving forward with scale-up designs of the two-

phase (molten metal – molten salt) system described by Rahimi et al.116 for large-scale 

methane pyrolysis, known as the EMBER project.137   

Following on Oblad’s 1956 work with nebulized metal droplets with high surface 

areas,93 researchers at the Xerox® Palo Alto Research Center proposed a reactor design 

using a molten metal “mist” to introduce heat and a catalytic medium into a methane 

pyrolysis reactor.138  The mist is composed of two components: a liquid phase element that 

is easy to “nebulize” such as lithium, sodium, aluminum, antimony, bismuth, tin, zinc, etc; 

and another component functioning as the active element for methane pyrolysis such as 

nickel, cobalt, manganese, etc.  The mist is reported to provide both heat and a catalytic 

surface for methane pyrolysis; although, it is unclear whether liquid droplets or metal vapor 

is produced.  
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F. Technoeconomic, Scientific, and Engineering Barriers to Commercialization 

As a commodity chemical or fuel, economics requires that the hydrogen be produced for 

approximately $1/kg (or ~$8/GJ).  Unlike most other hydrocarbon-based commodity 

chemical processes, pyrolysis produces a solid (carbon) co-product with 3 times the mass of 

the primary product (hydrogen).  Since the global market for carbon is relatively small, for 

widespread deployment of pyrolysis to produce hydrogen as a fuel, the carbon must be 

considered a waste product with a potentially negative disposal value.  With methane 

(natural gas) priced at $0.15/kg (~$3/GJ), the cost of the 4 kg of methane used to produce 1 

kg of hydrogen is approximately $0.60/kg H2.   

In addition to abundant low-cost methane, to meet a production cost of $1/kg H2 requires 

an energy-efficient process with a relatively low capital investment such that the energy and 

capital cost of production is less than approximately $0.40/kg H2.  These costs will be 

largely determined by the pyrolysis reactor kinetics, thermal process design, and the means 

for removal of the two-phase products.  As will be discussed below, fundamentals limit the 

process to high temperatures and necessitate imaginative means of energy transfer into the 

reaction environment in order to manage the solid carbon co-product.  The basic cost of 

production (COP) depends on process variables and fixed costs.  For hydrogen production, 

the primary variable costs today are feedstocks and energy.  In the future, there may be 

economic disincentives associated with CO2 emissions which will bring additional variable 

costs.  The major fixed cost for large commercial-scale operations will be the cost associated 

with the total capital investment.  These minimum COP values for hydrogen production 

have been compared thoroughly in the literature for the three aforementioned major 

technologies (SMR, MP, and electrolysis),139-141 with the major points summarized here: 
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I. If there is no negative cost associated with CO2 emissions, reforming low-cost 

methane is the lowest cost means of producing hydrogen.  

II. For pyrolysis to be cost competitive with SMR, there must be a cost associated with 

CO2 emissions and the pyrolysis system capital cost must not be very different 

(higher) than for SMR.  Increased energy efficiency for new pyrolysis processes will 

support pyrolysis competitiveness at lower CO2 emission costs.   

III. Methane-based processes require that feedstocks are available at well under ~ 

$10/GJ; lower prices favor pyrolysis while at higher prices, reforming is more 

favorable provided carbon capture and sequestration (CCS) can be done for 

$150/ton-CO2 or less. 

IV. Even if very low-cost renewable electricity is available 24 hours per day, since 

methane-based processes can also make use of that same electricity, methane 

pyrolysis will be the least expensive process for CO2-free hydrogen production 

unless electrolysis capital costs are reduced significantly. 

The fundamental thermochemistry and kinetics of methane pyrolysis will determine the 

conditions for the reactor system.  Pyrolysis is an endothermic, equilibrium-limited reaction 

and thermodynamics determines the ultimate conversion of methane possible at pressures 

and temperatures of practical interest.  For example, to achieve over 90% methane 

conversion at ambient pressure, a reaction temperature greater than 800 °C is required, see 

Figure 1.  For all temperatures and pressures, equilibrium methane conversion is selective to 

molecular hydrogen and graphite. Important reaction intermediates such as C2 hydrocarbons 

(i.e., ethane, ethylene, and acetylene) and aromatics (e.g., benzene) have low equilibrium 

concentrations (<1 mmol for a 1 mole feed of methane).  Commercial processes will likely 

require system pressures of 5-20 bar where thermodynamics will require temperatures in 
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excess of 1000 °C within the reactor to achieve greater than 90 % conversion (Fig. 1).  For 

example, a conversion of 85% at 20 bar will require a minimum reaction temperature of 

1100 °C. 

 
Figure 1: Equilibrium conversion of a pure methane feed versus temperature for 
different pressures.  Under all conditions, molecular hydrogen and graphite (solid 
carbon) are the selective thermodynamic products.  Calculated using the online 
FactSage thermochemical databases.142  
 

Although the activation energy for the uncatalyzed C-H bond cleavage and the reaction 

networks in the gas phase are often the focus of kinetic studies of methane pyrolysis, 

selective production of solid carbon and hydrogen is the critical requirement of a 

commercial pyrolysis process and requires complete decomposition of methane and all 

reaction intermediates.  In reaction systems without catalysts, the observed high initial 

reaction rates are partially due to the autocatalysis induced by the active hydrocarbon 

intermediates (e.g., small radical species such as CH3, H, and C2H5) generated at the initial 

stages of pyrolysis under low hydrogen partial pressures.143-145  As conversion increases, the 

increasing hydrogen partial pressure facilitates hydrocracking of the catalytic intermediates 
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and others, leading to a loss of their activity and a decrease in overall reaction rate, arriving 

at a “false” or “pseudo-” equilibrium first described by Holliday and Exell in 1929.23  Very 

high temperatures (> 1200 oC) are usually required to achieve conversions greater than 90% 

without a catalyst, although these conversions may still be unselective to H2.  Catalytic 

methane pyrolysis, on the other hand, could reach higher conversions close to the 

thermodynamic equilibrium values more easily, especially for Ni-based catalysts.23  

Therefore, either very high temperatures and/or catalysts are required to achieve high 

conversions at the pressures required for industrial production of hydrogen and solid carbon.   

Although the processing of light alkanes is ubiquitous in the chemical industry, there are 

additional science and engineering challenges associated with hydrogen production from 

methane pyrolysis at scale.  High-temperature and -pressure partial oxidation of methane 

with steam and/or oxygen to produce synthesis gas as the equilibrium product is the basis of 

reforming.  Thermodynamics will favor solid carbon formation in more reducing 

environments with limited oxidant availability.  Thus, dehydrogenations of ethane or 

propane to form ethylene or propylene and hydrogen are operated in kinetically-limited 

regimes with very short residence times to prevent the solid carbon thermodynamic product 

from forming.  Here, the challenge is to provide the heat required thermodynamically in sub-

second contact times.   

What makes the pyrolysis reaction system particularly challenging is that the required 

temperature for heat transfer is well above the coking temperature of methane on most heat 

transfer surfaces and the reaction times are relatively long because the thermodynamic 

equilibrium product, solid carbon, is desired.  Unlike other hydrocarbon processes where the 

carbon-containing products are readily removed as gases or liquids from the reactors, in 

methane pyrolysis, the desired solid carbon product cannot be continuously removed as 
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conveniently.  Additionally, heat must be added to the methane gas either directly into the 

gas phase or through heat transfer surfaces from which the solid carbon produced can be 

efficiently removed from the reactor.   

The addition of molten media increases the science and engineering challenges beyond 

that of the gas-phase and/or solid-catalyzed reactions.  The overall reaction rate of methane 

pyrolysis in catalytic melts will depend partly on the gas-liquid surface contact area, in 

which bubble column reactors are plagued by relatively small liquid reactive surface areas 

per unit total reactor volume.  Additionally, molten metals and molten salts are known to be 

corrosive to a plethora of different materials, especially at high temperatures, resulting in 

limited choices for materials of construction. 

To summarize, any successful technology option for MP must be able to:  

I. Efficiently deliver low-cost methane to a reaction environment and provide heat 

at high temperature to achieve significant conversion of methane at high 

pressure.   

II. React methane to produce a solid carbon co-product that can be efficiently 

removed from the reactor and sold or disposed of safely and at low-cost.   

III. Produce hydrogen with high selectivity.   

Several fundamentally different technologies for methane pyrolysis have been 

investigated to provide heat at high temperature and allow cost efficient solid carbon product 

removal and are described in several excellent reviews.7, 146  Regardless, to employ MP on 

an industrial scale requires a low-cost process that reacts and separates the solid carbon at 

high pressures and temperatures, which is not technologically available today.  Realization 

of this technology requires a detailed understanding of the chemistry and innovative, low-

cost methods to improve reaction rates and provide heat to the reactor. 
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G. Objectives of this Dissertation 

One of the major overarching objectives of this thesis work is to further the 

understanding of the active sites for CH bond activation on both molten metal and molten 

salt surfaces.  Although previous reports, specifically by Ogino and others in the 1970s and 

1980s,94 have successfully attributed the activity of molten metal mixtures to distinct surface 

sites for certain chemistries, the only existing report on the activity of molten metal mixtures 

for methane pyrolysis correlates bulk melt properties to the overall activity.77  Similarly, 

molten salts have been utilized industrially for oxidation chemistries (such as sulfuric acid 

synthesis) for decades, yet the information regarding active sites is still lacking in 

reviews.122  Information regarding gas-liquid reactions with molten salts in reducing 

environments – such as that in methane pyrolysis – is even more scarce.  Elucidating the 

surface activity and active sites for CH bond chemistry will represent some of the first 

learnings of methane pyrolysis using molten media and provide indispensable information 

for use during scale-up and commercialization of MP.   

Additionally, understanding the carbon formation pathways and the interactions with the 

molten media is critical for engineering low-cost carbon separations at commercial scales.  

The carbon formation mechanisms, carbon morphologies, and the efficacy of different 

separation strategies from residual molten media are explored herein. 
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Chapter 2: Methane Pyrolysis using a Cu-Bi Alloy Catalyst  

Reprinted with permission from Palmer, C.; Tarazkar, M.; Kristoffersen, H. H.; Gelinas, J.; 
Gordon, M. J.; McFarland, E. W.; Metiu, H. Methane pyrolysis with a molten Cu–Bi alloy 
catalyst. ACS Catalysis 2019, 9 (9), 8337-8345. Copyright 2019 American Chemical 
Society. 

A.  Abstract 

Current methods of hydrogen production from methane generate more than five 

kilograms of CO2 for every kilogram of hydrogen.  Methane pyrolysis on conventional solid 

heterogeneous catalysts produces hydrogen without CO2, but the carbon coproduct poisons 

the catalyst.  This can be avoided by using a molten metal alloy catalyst.  We present here a 

study of methane pyrolysis using mixtures of molten Cu-Bi alloys as the catalyst.  We find 

that molten Cu-Bi is an active catalyst, even though pure molten Bi and Cu are not.  Surface 

tension measurements and constant temperature ab initio molecular dynamics simulations 

indicate that the surface is enriched in Bi and that the catalytic activity is correlated with the 

concentration of Bi at the surface.  Bader charge analysis indicates that bismuth donates 

charge to copper.  In the most stable configuration of dissociated methane on these liquid 

surfaces, CH3 binds to a bismuth surface atom and H to Cu.  The energy barriers for the 

dissociative adsorption of methane, calculated using the nudged elastic band (NEB) method, 

are between 2.5 and 2.6 eV, depending on the binding site on the surface of the Cu45Bi55 

alloy.  The computed barriers are in rough agreement with the experimental apparent 

activation energy of 2.3 eV.   
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B. Introduction 

The chemical industry produces annually more than 50 million tons of hydrogen, to be 

used primarily by ammonia, methanol, and oil industry.  Associated with hydrogen 

production today is the generation of more than 300 million tons of CO2, largely from the 

reforming of fossil hydrocarbons with steam.  To produce even larger quantities of hydrogen 

from low-cost, abundant natural gas for use as a more sustainable fuel,1, 147-149 CO2 

coproduction can be avoided by methane pyrolysis:   

CH4 (g) → 2H2 (g) + C(s) ΔH0 = 75 kJ/mole  (1) 

The solid carbon coproduct can be transported and stored permanently in most locations 

far easier and cheaper than CO2 sequestration, and it may have some value if produced in 

modest quantities.  

Performing this reaction homogeneously in the gas phase requires very high temperatures 

and carbon removal can be costly.150-154 Conventional solid catalysts, such as supported 

metals or oxides, are quickly deactivated by carbon deposition.1, 155, 156  The catalyst may be 

reactivated by burning the carbon (decoking), which produces CO2. 

One can avoid carbon poisoning by using a liquid metal catalyst and contacting the 

methane with the catalyst in a bubble column reactor.77, 112, 114, 157-160  One can think of each 

methane-containing bubble as a small batch reactor in which the liquid at the surface of the 

bubble is a continuously-renewed catalyst.  The carbon formed by the reaction is trapped at 

the bubble-liquid interface, rises with the bubble, and is deposited at the surface of the liquid 

column.  If the carbon dissolves in the melt, it will reach saturation and will precipitate and 

be segregated at the surface of the melt.  The solid-liquid separation and removal of solid 

carbon can then be readily accomplished.  Each new bubble is in contact with a clean liquid 
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surface that is not contaminated by carbon.  In this process, the liquid is a self-cleaning 

catalyst and the process is a reactive-separation.   

Because methane pyrolysis must be performed at high temperatures, the liquid catalyst 

must be a thermally stable molten salt or molten metal.  There is no large-scale 

implementation of such a process, but various estimates108, 141, 148, 149 conclude that it might 

be competitive with steam methane reforming, if a carbon tax is imposed or if the carbon 

produced is valuable.  

Several molten metal systems have already been examined, including Al and Al alloys 

with ~3 weight% Ni,157 Fe,158, Sn,112, 114, 158-160 and Pb.112.  Upham et al.77 pointed out that 

metals that are good catalysts for methane activation (e.g., Pt, Ni, Pd) have very high 

melting points, while metals that melt easily (e.g., Sn, Bi, In, Sn, Ga) are not good catalysts.  

They proposed the use of molten metal catalysts consisting of solutions of active metals in a 

low melting metal that serves as a solvent.  They tested several molten metal alloys and 

found that the easy-to-melt metals are essentially inactive, but alloying improves their 

catalytic activity substantially; Ni dissolved in Bi had the best performance.  

In the present work, the approach of Upham et al.77 is extended to investigate the catalytic 

properties of molten Cu-Bi alloys for methane pyrolysis.  We have found that the molten 

Cu-Bi alloy surfaces have higher activity for methane conversion than 27 mol% Ni – 73 

mol% Bi (Ni0.27Bi0.73), which was the most active catalyst reported in previous studies.  In 

addition, Cu is cheaper than Ni. 

In his pioneering work on catalysis by molten metals, Ogino94, 161 presented data that 

showed a correlation between the surface tension of a binary melt and its catalytic activity.  

It is likely that a non-causal correlation between catalytic activity and surface tension exists 

because both depend on surface composition.  For this reason, we have measured the surface 
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tension and used Butler’s equations to calculate surface composition as a function of known 

bulk composition.  The qualitative conclusion is that the CuBi surface is most active 

catalytically when it is enriched in Bi.  This is surprising since pure Bi is inactive.  

The measurements reported here have led to two unexpected conclusions.  Neither molten 

Cu nor molten Bi is a good methane pyrolysis catalyst, but the mixture is the most active 

molten metal catalyst for methane pyrolysis found so far.  In the concentration range in 

which the melt is most active, the surface is substantially enriched in Bi.  A pure Bi melt has 

very low catalytic activity, which means that the chemical properties of the Bi atoms at the 

surface of the alloy are substantially modified by their interaction with Cu or Ni atoms.  

In an attempt to understand these results, we have performed constant temperature ab 

initio molecular dynamics calculations to simulate the structural and chemical properties of 

molten Cu-Bi alloys.  We have calculated the pair distribution functions, the local 

concentration and the charge on Cu and Bi as one approaches the surface of the liquid, and 

the activation energy for methane dissociation at the liquid’s surface.  The lowest activation 

energy for the breaking of the C-H bond is obtained when the CH3 radical binds to a surface 

Bi in a Cu-Bi alloy and H binds to Cu.  

  

C. Experimental Results 

Materials.  Molten metal alloys were prepared from solid metal shots.  Copper shots 

(0.60-0.85mm, >99.5%) and bismuth shots (0.60-4.75mm, >99.9%) were purchased from 

Sigma-Aldrich and used as received.  Nickel shots (8-18mm, >99.8%) were purchased from 

Rotometals and used as received.  The reactors were made from either quartz or alumina.    

Surface tension and surface compositions.  In-situ surface tension measurements were 

made using the maximum bubbling pressure method (see SI Section 1).  The surface tension 
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is calculated by plotting maximum bubble pressure versus depth (in the liquid column) 

where the bubble is formed.  The surface tension was obtained from the Young-Laplace 

equation 

 MAX atm

2
P P g h

R


= + +   (2) 

Here, PMAX is the maximum bubble pressure at a certain depth h,  is the surface tension, 

 is the density of the melt, g is gravitational acceleration, and R is the inner radius of the 

capillary tube through which the gas is fed.  

The connection between the surface tension and the surface composition of liquid metal 

alloy is given by Butler’s thermodynamic equations162, 163  (see SI Section 2) 
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Here,  is the surface tension of the alloy, i is the surface tension of pure component i, 

Ai is the molar surface area of component i, i is the activity coefficient of component i, and 

xi is the composition of component i.  Superscripts s and B indicate surface and bulk phase, 

respectively.  The thermodynamic parameters present in this equation were taken from the 

FactSage thermochemical database.164    

Catalytic activity.  To measure the catalytic activity per unit area of different molten 

metal alloys, we have used a ‘screening reactor’ that has been described in previous work 77 

(see SI Figure S4).  Briefly, a small ceramic crucible (8 mm OD, 5mm height) is filled with 

the desired metal composition and melted in a large tube furnace under hydrogen and argon 

flow (7 sccm H2 and 40 sccm argon).  Single crucibles are then loaded into the bottom of a 

small quartz reactor (12 mm OD, 10 mm ID).  A quartz gas delivery tube (8 mm OD, 1 mm 

ID) is inserted into the reactor.  The outlet of the inlet tube is situated just above the surface 
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of the crucible.  For the measurements at 1000 and 1100 °C, 2.5 sccm Ar/0.25 sccm CH4 and 

5 sccm Ar/0.5 sccm CH4 were flowed over the liquid metal surface, respectively.  For the 

measurements at 1100 °C, 5 sccm of argon and 0.5 sccm of methane are flown over the 

liquid metal surface.  As soon as a stable conversion of methane is achieved, the reactor is 

quickly cooled.  The crucible is replaced with a blank one and the procedure is repeated 

(save the reduction step) in order to subtract any reactions occurring in the gas phase or on 

the walls of the quartz reactor.  We have also used a bubble column reactor that is described 

in SI Figure S5.  

One expects that the rate-limiting step in CH4 pyrolysis is the breaking of the C-H bond, 

and this suggests that the rate equation should be first-order in methane pressure; this is what 

is observed experimentally (see Figure 1). The methane consumptions are calculated from 

methane conversions; the residence time (~0.7 s) and reactive surface area (~8.5 cm2) are 

estimated from bubble rise velocities (~22 cm/s) and bubble sizes (~0.7 cm). 

 
Figure 1. Methane consumption rate versus methane partial pressure in a 45 mol% Cu 

– 55 mol% Bi bubble column reactor for different temperatures.  The data were taken 

at a total pressure of 1 atm, and a total bubbling flowrate of 10 sccm. Bubble size and 

residence time are estimated to be 0.7 cm and 0.7 s, respectively.  Total liquid column 

height was ~15 cm. Methane was supplemented with argon to adjust the methane 

partial pressure in the bubbles.  The reactor headspace was purged with 30 sccm of 

argon.  Linearity in the curves confirms reaction order in methane is 1. 
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The Arrhenius plot of the rate constant extracted from the first-order rate law is shown in 

Figure 2.  

 
Figure 2. Arrhenius plot for the decomposition of methane at low (< 10%) methane 

conversions in a 45 mol% Cu – 55 mol% Bi melt.       

 

The measurement of the activation energy was performed between 850°C and 980°C for 

methane conversions <10% to minimize the back reaction, and to allow us to assume a 

constant methane concentration in the effective rate equation: 

 
 

 4

4

d CH
k CH

dt
= −   (4) 

The conversion was calculated from the inlet and outlet concentrations of methane.  The 

calculation of the rate constant used the estimated residence time of 0.7 seconds.  The 

pyrolysis mechanism in a bubble column reactor is extremely complex and the only virtue of 

this rate equation is that it fits the data and gives an apparent activation energy.    

The concentration of “active metal” (e.g., Cu or Ni) in a Bi melt is limited by the phase 

diagram.  There is, however, a wide enough solubility range at 1000 °C, to allow a study of 

the dependence of the catalytic activity on the bulk concentration.  In Figure 3, we compare 
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the turnover frequency (TOF) for a molten Cu-Bi catalyst to that of molten Ni-Bi at 1000 

°C, for different bulk concentrations.   

The most striking feature of these data is that while both pure Cu and pure Bi are poor 

pyrolysis catalysts at this temperature, the Cu-Bi mixture is very active.  Its activity is 

slightly higher than that of Ni-Bi, which was the former champion.  This is welcome news 

since the price of Ni is roughly ten times higher than that of Cu, and Bi is relatively cheap.  

 

 

Figure 3. Turnover frequency (TOF) of methane pyrolysis catalyzed by liquid Ni-Bi 

alloys, Cu-Bi alloys, pure bismuth at 1000 °C, and pure copper at 1100 °C.  0.25 sccm 

of methane and 2.5 sccm of argon were flowed over a controlled surface area of 0.39 

cm2.  Conditions at the solubility limit at 950 °C are indicated by the stars. 

 

The catalytic activity has a maximum at intermediate Cu-Bi concentrations, a feature 

that has been observed for other alloys.77  This same trend is not seen for the Ni-Bi melts in 

Figure 3, perhaps because the low solubility of Ni in Bi at the working temperature 

prevented us from reaching the concentration at which the performance was maximum. 

  

The activity dependence on surface concentration.  To investigate the surface 

composition of molten Cu-Bi alloys as a function of the bulk composition, we performed 
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surface tension measurements using the maximum bubbling pressure method (see SI Section 

1 for details).  Figure 4 shows the results of our measurements (diamonds), together with 

those of Oleksiak165 (pink squares), and Birchumshaw166 (green circles), and the values 

predicted by the Butler equation (solid line) at 1000 °C (the Butler equation is reviewed in 

SI Section 2).  

 

Figure 4. (a) Surface tension of Cu-Bi alloys versus the copper mole fraction in the 

bulk.  (b) Methane turnover frequency for Cu-Bi alloys at 1100°C ( ), and surface 

bismuth composition versus bulk copper composition from the Butler equation (–).  

Dotted lines are only to guide the eye. [Inset in (b)] Aqua spheres qualitatively 

represent Bi atoms and grey spheres qualitatively represent Cu atoms. 

 
 

Figure 4a shows that the maximum bubbling pressure method measurements of surface 

tension obtained in this work are consistent with values reported in the literature.  The 

accurate measurements for the pure metals suggest that there are no impurities present, 

which typically segregate to the liquid surface and can decrease measured surface tension 

values compared to the values for the pure metals.  The data show that bismuth dissolved in 

molten copper acts as a surfactant; the addition of a small amount of Bi substantially lowers 

the surface tension of liquid Cu and the surface is enriched in Bi.  Adding Bi to increase the 
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molar fraction beyond ~0.1 no longer affects the surface tension.  The preferential surface 

enrichment with Bi is corroborated by our DFT calculations.  Similar surface enrichment in 

one component, namely the lower-surface-tension component, has been seen for other 

binary liquid metal alloys.167-171   

Figure 4b shows that the precipitous drop of surface tension upon addition of Bi is 

accompanied by a substantial increase of bismuth molar fraction at the surface of the liquid.  

The surface bismuth composition is approximated by calculations based on the Butler 

equation (black curve, Figure 4b).  Surface bismuth concentration correlates with the 

turnover frequency for pyrolysis, as can be seen in Figure 4b.  The catalyst is most active at 

bulk concentrations for which the concentration of bismuth at the surface is highest (Figure 

4b).  The turnover frequency curve has a plateau at the same bulk concentration as the 

surface concentration.   

We summarize these unexpected findings as follows.  When the bulk Bi molar fraction is 

between 0.1 and 0.8: (a) the concentration of Bi at the surface is high (a molar fraction of 

~0.9) and constant;  (b) the turnover frequency for pyrolysis is high and constant; and (c) the 

turnover frequency is practically zero for pure Bi and pure Cu.  

 

D. Simulations  

Constant temperature molecular dynamics.  The properties of the molten Cu-Bi 

alloys were investigated using ab initio, constant temperature, molecular dynamics (MD) 

simulations,172-174 as implemented in the VASP software package.175-178  The energy in these 

simulations is provided by density functional theory (DFT), using a plane wave basis set 

with 350 eV energy cutoff, and a (2 × 2 ×1) Monkhorst–Pack k-point grid to sample 

reciprocal space. The PBE functional179 with D3 van der Waals correction180 was used to 
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approximate the exchange-correlation effects.  The calculations use the projector 

augmented-wave method175, 181 and include five valence electrons for Bi, eleven electrons 

for Cu, four electrons for C, and one electron for H.  The other electrons in the atoms are 

treated with the frozen core approximation.  Spin-paired DFT calculations were performed 

in all calculations.  Single point spin polarized calculations were performed to obtain Bader 

charges.182-185  The energy obtained in spin paired calculations were the same as those 

obtained with the spin polarized case.  For this reason, most of the calculations presented 

here were not spin-polarized.   

The pair correlation functions.  We have used molecular dynamics calculations to 

determine the pair distribution functions for molten Cu45Bi55, Cu20Bi80, and Cu10Bi90 alloys.  

The results are presented in SI Figure S5 and Table S2.  The qualitative conclusion is that 

the system has a tendency for segregation: the neighborhood of a Cu atom has more Cu 

atoms than one would expect based on a random distribution.  An excess of Bi is observed 

in the neighborhood of a Bi atom.  There is no evidence in experiments that the system 

segregates into two phases.  We emphasize that we have used all atoms for calculating the 

pair correlation function, so the result is a mean over the structure in the middle of the slab 

and that at the surface.  

The concentration as a function of the distance from the surface.  We used the 

following procedure to calculate how a given quantity changes as a function of the distance 

to the surface of the layer.  We divided the layer into a number of imaginary strips defined 

by planes parallel to the surface.  We count the number n (Bi; t)
of Bi atoms and the 

number n (Cu, t)  of Cu atoms, present at time t, in the strip α, whose center is located at zα.  

The mean number of Bi atoms at a distance zα from the surface is then given by Eq. 5: 
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A similar formula is used to calculate n (Cu, t) .  Figure 5 shows how the concentration 

of Bi and Cu atoms varies across the liquid slab.  In these simulations, we use a slab of 

liquid floating in vacuum and the slab has two vacuum-liquid surfaces.  If the slab is 

equilibrated and the statistics are satisfactory, the concentration variation with the distance 

across the slab should be symmetrical with respect to the middle of the slab; the two liquid-

vapor interfaces should have the same time-averaged composition profile.  This is true for 

the results shown in Figure 5e and 5f but not Figure 5d.  We do not have an explanation for 

the asymmetry in Figure 5d, and we attribute it to insufficient sampling.  The density 

profiles show surface segregation of Bi atoms for all bulk compositions; moreover, the 

outermost strips contain mostly Bi.  The results for pure Cu and pure Bi are presented in SI 

Figure S6. 

 This is consistent with our experimental results and also with the rule that a low-

surface-tension metal (Bi) preferentially segregates to the surface of a liquid alloy rather 

than the high-surface-tension component (Cu).167-169, 186 
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 Bader charge variation in the direction perpendicular to the surface of the liquid 

slab.  One of the interesting features of the experiments presented here is the mutual 

interaction between Cu and Bi: pure Cu and pure Bi are poor catalysts, yet the mixture has 

excellent activity.  A possible explanation for this is that the modification in the chemistry is 

due to a change in the charge of the atoms when they are mixed to make an alloy.  Because 

 
Figure 5. Snapshots of Cu-Bi melt systems after 12 ps of MD simulations for (a) 

Cu45Bi55, (b) Cu20Bi80, and (c) Cu10Bi90.  (d–f) The average concentration number of 

atoms per cubic Angstrom) of Bi and Cu atoms, as a function of the coordinate 

perpendicular to the slab of liquid.  
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of this, we have analyzed how the Bader charges on each atom depend on composition, on 

time, and on the distance of the atom from the surface.   

Figures 6a-c show the time evolution of the average Bader charge on Cu and Bi in the 

Cu45Bi55, Cu20Bi80, and Cu10Bi90 molten alloys.  At any given time, we determined the Bader 

charge on each Bi atom and on each Cu atom and the figure shows how the mean values of 

the charges change with time.  Cu has a slight negative charge and Bi is slightly positive as 

compared to the atoms in the gas phase.  As the bulk concentration increases, Bi becomes 

slightly less positive.  The mean charge fluctuates in time, but the fluctuations are small.   

The dependence of the Bader charges as a function of the distance across the layer is 

more interesting (Figure 6d-f).  Bi is less positive in the surface region than in the bulk, and 

Cu is more positive.  While the changes in the absolute values of the Bader charges are 

small, they are significant.  In parallel, we studied the Bader charge distribution of atoms in 

pure Bi and pure Cu, and the results are shown in SI Figure S7.  Pure Bi atoms are less 

positive than the Bi atoms in Cu-Bi alloys.  The atoms in pure Cu are charge-neutral at the 

surface and in the bulk.   
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Figure 6. Time evolution of the average Bader charge on Cu and Bi atoms and the 

average Bader charge in different layers (bins) for molten (a & d) Cu45Bi55, (b & e) 

Cu20Bi80, and (c & f) Cu10Bi90 during an ab initio MD run.  
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The energy of methane dissociation on the surface of molten CuBi alloy.  The mean 

energy in constant temperature molecular dynamics is given by 

 

0

t

t
0 t

1
E E( )d

t t
=  

−    (6) 

where E(τ) is the total energy at time τ, calculated by DFT.  The time t0 is large enough to 

ensure that the system has equilibrated and has “forgotten” its initial configuration (SI Table 

S1).  Because this is a constant temperature simulation, the energy fluctuates in time.  
t

E  

is a cumulative average and therefore the most reliable values are those obtained at the 

longest running time.  The sum of the energy of CH4 in the gas phase with the energy of the 

melt is used as a reference; this means that we set this energy equal to zero.  We can do that 

because we are interested in reaction energies only.  The time evolution of the mean 

energies is shown in SI Figure S6.  It is clear that in all calculations, the mean energy has 

stabilized and lost memory of the initial state of the system.   

The reaction energies are summarized in SI Figure S8 for the Cu45Bi55 melt.  The 

notation used in the table is designed to indicate the binding sites of the dissociation 

fragments.  For example, CH3–Bi55Cu45 (surface) + H–Cu45Bi55 means that CH3 is bonded to 

a Bi atom at the surface of the liquid, while H binds to a Cu atom. 

It is often suspected that the interaction of methane with a molten metal at these high 

temperatures produces CH3 radicals in the gas phase.  The third row in the table indicates 

that the formation of CH3 radicals in the gas is energetically unfavorable (compared to 

having adsorbed CH3).  However, the energy difference is not very large, and this conclusion 

may change if the desorption entropy is taken into account.  The desorption of a CH3 radical 

increases the entropy substantially, mainly due to the fact that CH3(g) translates in three 

dimensions and the translation of adsorbed CH3 is two-dimensional.  This means that the 
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free energy for desorption is lowered by the entropy contribution; including the entropy in 

calculations makes CH3 desorption more likely.    

We note that upon desorption, the entropy change lowers the desorption free energy, 

qualitatively.  Therefore, we cannot decide, based on internal energy calculation alone, 

whether CH3 desorbs in the gas phase or it is further dehydrogenated on the surface.  

Methane dissociation to form CH3 bonded to Bi, and H bonded to Cu, has the lowest 

energy.  To better understand the nature of the bonds to the surface, we have monitored the 

evolution of the C-Bi, C-Cu, H-Bi, and H-Cu distances as a function of time.  We recorded 

the distance to the nearest atom in the liquid, not the distance to a designated Bi or Cu atom.  

The results are shown in Figure 7.  In Figure 7a, the Bi-H distance is fairly large and has 

large fluctuations, which indicates that hydrogen does not make a chemical bond with Bi.  

On the other hand, the H-Cu distance is small and fluctuates little, suggesting that a 

chemical bond is formed.  In a movie of the evolution of the system, we observe that an H 

bound to a Cu atom at the surface tends to hop to another Cu atom and move into the bulk.  

We have not seen this happen with CH3. 

 

 
Figure 7. Minimum distances of (a) hydrogen (H) with Cu and Bi and (b) the carbon 

in CH3 with Cu and Bi over time in a MD simulation of H and CH3 on the surface of a 

Cu45Bi55 melt.  
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The fact that the lowest energy is obtained when H binds to Cu and CH3 to Bi is 

qualitatively consistent with the fact that bismuth hydride, BiH3, is less stable than copper 

hydride, and methyl bismuth seems to be more stable than methyl copper.  

Different binding configurations of H and CH3.  In most calculations on catalysis by 

solids, the atoms at the solid surface have well-defined positions around which they undergo 

small-amplitude vibrations.  Because of this and of the periodic nature of the surface, there 

are only a few sites for the fragments produced by dissociative adsorption.  One can 

therefore place the fragments in several locations that have a well-defined and permanent 

structure, as long as the temperature is not very large.  This is not the case when the surface 

is liquid, because the surface atoms are mobile and form many configurations having a 

transient lifetime.  In addition, the liquid atoms have higher mobility and can undergo larger 

displacements to accommodate the bonding “needs” of the dissociation fragments.   

To explore a variety of binding configurations, we have used the following procedure.  

We selected a configuration (at 12 ps) from a long molecular dynamics run and we freeze 

the bottom 80% of the slab and optimize the atomic positions of the metal atoms in the 

remaining 20%.  In this way, we create a “glassy” solid whose structure is similar to that of 

the liquid.  We then place the fragments (*H and *CH3) at different sites on the surface and 

minimize the energy again.  Various structures and their energies are shown in SI Figure S9.  

We find that the configuration in which both CH3 and H are bridge-bonded with Bi has the 

lowest energy (hence it is most likely to occur at equilibrium). 

The activation energy for dissociative adsorption of methane.  The calculation of the 

activation energy, by using the nudged elastic band method (for example), is quite common 

in the case of solid catalysts.  Such calculations require that the system have well-defined 

initial and final states.  This is not possible for a liquid surface where the surface atoms are 
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mobile; different gas molecules colliding with a liquid surface will encounter different 

atomic configurations and their activation energy for dissociative adsorption will be 

different.    

We performed two NEB calculations for the two most stable final states for the adsorbed 

H and CH3 on the Cu45Bi55 melt.  Figure 8 shows the energy along the dissociation path.  The 

activation energies are very similar for the two paths (2.53 eV and 2.60 eV).  The 

experimental effective activation energy is 2.3   0.2 eV.  It is common to assume that the 

rate-limiting step in methane activation is breaking the C-H bond; therefore, the effective 

activation energy is essentially the activation energy for the dissociative adsorption of 

methane.  Within the error of DFT, this is consistent with the results of our experiments.  

  

 
Figure 8. Potential energy surface for methane dissociation on the surface of Cu45Bi55, 

where (a) CH3 and H were placed on a Bi atom and (b) CH3 was placed on a Bi atom 

and H was placed between two Cu atoms.  (c & f) Initial atomic configuration and 

physisorbed energy of methane on the surface of Cu-Bi.  (d & g) Transition state 

energy and configuration for CH4 dissociation.  (e & h) Dissociated state consisting of 

CH3
* and H* species.    
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Similarly, we calculated the activation energy of methane dissociation on a pure bismuth 

surface.  The variation of the energy along the dissociation path, for the two most stable 

final configurations, is shown in Figure 9.  The energies of the initial adsorbed methane 

molecule are -0.23 eV and -0.22 eV for the two configurations we studied.  The final states 

of the dissociated methane are similar to those of the Cu45Bi55 melt (Figure 7), and the 

dissociation energies were +1.24 eV and +1.28 eV.  The calculated activation energy for 

methane dissociation on a pure bismuth surface is +2.80 eV and +2.90 eV (Figure 9a & 9b), 

which is markedly higher than for the Cu-Bi alloy surfaces.    

 

 
Figure 9. Potential energy surface for methane dissociation on the surface of Bi, where 

(a) *CH3 and *H were placed between two Bi atoms and (b) *CH3 and *H was placed on 

Bi atoms.  (c & f) Initial atomic configuration and physisorbed energy of methane on 

the surface of Bi.  (d & g) Transition state energy and configuration for CH4 

dissociation.  (e & h) Dissociated state consisting of CH3
* and H* species.    

 

 

Previously, the calculated Bader charge on the transition metal atoms (assumed to be the 

active species) was correlated with the measured activity for methane pyrolysis: the smaller 

the negative charge, the higher the activity.77  A similar trend is observed here.  From the 
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DFT-calculated Bader charges on Cu and Bi in Figure 6, it is clear that as the concentration 

of copper increases for the three compositions studied (Cu10Bi90, Cu20Bi80, Cu45Bi55), the 

Bader charges on both Cu and Bi become more positive.    

 

E. Summary and Conclusions 

The surface metal compositions and electronic properties of molten Cu-Bi alloys have 

significant impact on their activity for methane activation and dehydrogenation.  

Experimental surface tension measurements confirm surface enrichment by bismuth in the 

molten Cu-Bi alloys.  Similar enrichment was observed in the AIMD simulations.  The 

measured activities as a function of metal composition suggest that, at these surfaces, 

electron-deficient bismuth species may be the active sites for methane activation.  Since 

pure Bi has very low catalytic activity, this means that it is activated by the underlying 

copper.  The electron-deficient bismuth sites promote the dissociation of methane, leaving 

the CH3 group coordinated to a bismuth atom.  The predicted methane activation energies of 

2.5-2.6 eV on a Cu45Bi55 melt from NEB calculations is consistent with the experimentally 

measured effective activation energy of 2.3 eV.  

 

Supporting Information. Surface tension measurements using maximum bubbling 

pressure method; Butler equation derivation; Reactors for catalytic activity measurements; 

Choice of initial time for constant temperature molecular dynamics; Pair-distribution 

functions; Concentration as a function of the distance from the surface; Bader charge 

variation in the direction perpendicular to the surface of the liquid slab; Binding sites of CH3 

and H on the surface; Activation energy for dissociative adsorption of CH4.  Supporting 
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information for this work is published on https://pubs.acs.org/journal/accacs or can be 

acquired by request from the authors. 
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Chapter 3: Catalytic Pyrolysis of Different Hydrocarbon Feedstocks in 

Molten Ni-Bi 

Reprinted with permission from Palmer, C.; Bunyan, E.; Gelinas, J.; Gordon, M. J.; Metiu, 
H.; McFarland, E. W. CO2-Free Hydrogen Production by Catalytic Pyrolysis of 
Hydrocarbon Feedstocks in Molten Ni–Bi. Energy & Fuels 2020, 34 (12), 16073-16080. 
Copyright 2020 American Chemical Society. 

A. Abstract 

The catalytic decomposition of methane, propane, benzene, and crude petroleum was 

investigated between 900oC and 1000oC in molten metal bubble column reactors.  The 

conversion to gas phase products and solid carbon was measured after introducing the gas 

phase reactants into a bubble column reactor containing a catalytic molten mixture of 27 

mol% Ni and 73 mol% Bi.  The conversions of propane, benzene, and crude oil are 100% at 

temperatures > 950°C at a reactor residence time of ~1 second.  Equilibrium selectivity of 

100% H2 and carbon was not achieved in the short residence time but can be achieved at 

longer residence times.  The solid carbon products obtained from methane pyrolysis were 

more graphitic than those produced from the other, higher-molecular-weight reactants; the 

latter were more amorphous, as measured by Raman spectroscopy and electron microscopy, 

and resembled carbon-black.  A model is proposed for carbon formation in bubble column 

reactors in which amorphous carbon products are derived from gas-phase decomposition and 

graphitic carbon products are formed from dissolution and reprecipitation of carbon into and 

out of the molten metal. 
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B. Introduction 

Combustion of low-cost fossil resources has provided the ubiquitous low-cost power that 

has driven global prosperity since the industrial revolution.  Abundant fossil fuels are the 

result of natural reductive processing of sunlight-derived biomass.  These natural resources 

have value as fuels because their chemical potential is released as heat when they are reacted 

with oxygen in air.  We now recognize the risk of significant adverse effects on the 

environment due to the emission of CO2 into the atmosphere from hydrocarbon 

combustion.1, 2   

Low-cost H2 is critical for use in hydrocarbon refining and for production of ammonia.  

Hydrogen has long been an attractive potential fuel and energy carrier; it can be combusted 

similarly to a fossil feedstock without CO2 co-production and/or utilized electrochemically 

in a fuel cell for direct electric power generation.  In the United States, 95% of industrial 

hydrogen is produced by steam methane reforming4 (SMR, CH4 + 2H2O → 4H2 + CO2   ΔH0 

≈ 169 kJ/mole), which generates ~9 kg of CO2 for every 1 kg of H2 product.6  The value of 

H2 produced as a chemical product is greater than the value of the methane consumed.  

Furthermore, the energy input required to drive the endothermic SMR reaction is less than 

the combustion energy obtained from burning the hydrogen product.  Thus, most of the 

chemical potential for heat generation available in the methane is transferred to hydrogen.  

Similarly, hydrogen can be obtained by steam reforming of most fossil hydrocarbons; 

unfortunately, CO2 co-production is unavoidable, and for SMR, approximately 9 tons of 

CO2 are generated for every ton of hydrogen produced.1, 2, 5  Hydrogen can also be produced 

by thermal or electrochemical decomposition of water without co-production of CO2; 

however, more energy input is required than the energy obtained when using the hydrogen, 

and thus it is simply a means of chemical energy storage with unfavorable economics.8, 9  
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Many fossil fuel resources can be transformed into other fuel products without carbon 

dioxide generation.  Thermal decomposition of hydrocarbons in the absence of oxygen 

(pyrolysis) produces molecular hydrogen and solid carbon instead of water and carbon 

oxides.  Methane has the most hydrogen per mole of carbon, and methane pyrolysis (MP) 

has been deployed commercially for high purity carbon production from natural gas:187, 188 

CH4 → 2H2 + C(s)     ΔH0 = 75 kJ/mole (1) 

Solid carbon has industrial applications as additives to polymers (tires), pigments, and 

for filaments and electrodes, with values ranging from 0.3–1000 $/kg.189  The global market 

demand for carbon in 2020 is only approximately 20 million tons per year190 and the need 

for hydrogen exceeds 80 million tons per year,190 thus, pyrolysis for hydrogen production on 

large-scales would produce far more carbon than the market demands.  Further, because 

SMR produces twice the hydrogen per unit methane feed, without a value for the solid 

carbon, or a negative value for CO2 emissions, MP cannot compete economically with 

SMR.140, 141 

The cheapest source of H2 in the United States today – and for the foreseeable future – is 

natural gas,5 followed by coal, petroleum (crude oil), and propane (Table 1).  Methane, 

however, is not always the lowest price source of hydrogen.  The price of fossil resources 

(e.g., natural gas, coal, and oil) vary geographically and significantly in response to 

geopolitical pressures and supply and demand.  For example, coal is the cheapest source of 

energy (and H2) in China today191 and crude oil is considerably cheaper in Saudi Arabia and 

other Middle-Eastern countries.192  Nobody knows what the longer term will bring, however, 

most expect the longer term steady-state prices of U.S. oil and natural gas to be 

approximately $30/bbl and $3/GJ, respectively.  Pyrolysis of all fossil hydrocarbons could 
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be used for hydrogen production without carbon dioxide. Previous works have examined 

pyrolysis of coal,193 propane,194-196 crude oil,197, 198 and gasoline.55 

 

Table 1: Cost to produce H2 and carbon products from different hydrocarbon feedstocks.  
Raw feedstock prices are for the United States in the year 2018. 

 

Several countries are taking action to decrease CO2 emissions; in parts of Europe and 

several states in the United States, there is an effective negative price for CO2.  It is far less 

expensive to capture and store massive quantities of solid carbon than gas phase CO2.  If 

markets exist where there is a meaningful cost associated with CO2 emissions, then 

pyrolysis of abundant low-cost fossil resources can be the most economically competitive 

source of hydrogen for chemicals and fuel.  For pyrolysis technology to be deployed, a 

process with sufficiently fast reaction kinetics and systems for management of the 

stoichiometric solid carbon product must be developed.2, 155, 199, 200   

Pyrolysis, especially of methane, has been explored extensively on different types of 

solid catalysts (e.g., metal and carbon) and in different reactor configurations (e.g., fixed and 

fluidized beds); these studies have been the subject of many reviews, including recent 

ones.64, 201  Solid catalysts for pyrolysis are limited by deactivation from coking and 

sintering; continuous removal of the carbon products (without CO2 production) and renewal 

Feedstock 
Feedstock 
H:C Ratio 

Feedstock 
Cost [$/ton] 

ΔHC 
[MJ/kg] 

Feedstock 
Energy 

Cost [$/GJ] 

H2 Cost 
[$/kg] 

ΔHP  
[kJ/mole 

H2] 

H2 Energy 
Cost 

[$/GJ] 

Natural Gas 4:1 
$110 

($0.08/m3) 
-55 $2.22 $0.49 37 $3.92 

Propane 8:3 $325 
($0.67/gal) 

-50 $7.13 $1.98 26 $15.20 

Benzene 1:1 $642 
($0.62/L) 

-42 $16.90 $9.21 -16 $60.93 

Crude Oil ~2:1 $365 
($56.00/bbl) 

-43 $9.33 $2.60 4 – 30 ~ $20.00 

Coal 
(Anthracite) 

~2:3 $93.17 -35 $2.93 $1.93 -29 $12.26 

Coal 
(Bituminous) 

~2:3 $55.60 -30 $2.04 $1.15 -20 $7.54 
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of the catalytic activity remain key engineering challenges.  To avoid catalyst deactivation, 

liquid phase catalysts have been demonstrated in bubble column reactor configurations.74, 94, 

141  Catalytic, Lewis-acid salts (e.g., ZnCl2) have been used to hydrocrack coal and heavy 

oils.123-125  Molten metals and molten salts have been shown to be effective media for MP.83, 

116, 160, 202-204  The carbon produced in bubble column reactors aggregates and can be 

removed by a number of solid-liquid separation methods.  Recently, 95% conversion of 

methane to hydrogen and carbon was demonstrated in a catalytic 27 mol% Ni – 73 mol% Bi 

molten metal bubble column at 1065°C.202  There have been few other works dedicated to 

investigations of hydrocarbon pyrolysis in molten media bubble columns. 

In this communication, pyrolysis of methane, propane, benzene, and crude oil have been 

investigated using a molten mixture of 27 mol% Ni – 73 mol% Bi as a liquid catalyst.  

Herein, the following questions are addressed: (1) How do the thermodynamics and 

economics for the production of H2 and solid carbon from different hydrocarbon feedstocks 

compare?  (2) What are the conversions and product selectivities at short residence times of 

methane, propane, benzene, and crude oil decomposition in a bubble column reactor with a 

molten mixture of 27 mol% Ni – 73 mol% Bi?  (3) What are the properties of the solid 

carbon products from the different hydrocarbon sources?  (4) Can all the metal catalyst 

residue be removed from the solid carbon product? 

 

C. Materials and Methods 

Economic and Thermodynamic Evaluation 

Raw hydrocarbon feedstock prices are taken from the U.S. Energy Information 

Administration (EIA)205 and the United States International Trade Commission (USITC)206 
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for the year 2018.  The raw prices [$/volume] are all converted to a cost on an energy basis 

[$/GJ] using the respective feedstock densities and heats of combustion (ΔHC):164 

     (2) 

The costs of carbon [$/kg] and H2 [$/kg] inherently present in the raw hydrocarbon 

feedstocks are calculated using simple stoichiometry (and molar masses): 

     (3) 

Coal is modeled as a simplified anthracite molecule (C15H11O-) for both the bituminous 

and anthracite ranks.  The enthalpy of pyrolysis or thermal decomposition, ΔHP [kJ/mol 

reactant] or [kJ/mole H2], is taken from the online FactSage thermochemical databases164 

and from Sciazko207 for the different coal ranks.  The H2 energy cost (Eq. 4) – that is, the 

cost of the combustion energy of the H2 present in the raw feedstock – is calculated using 

the H2 cost (Eq. 3), the energy density of H2 (~144 MJ/kg), and the decomposition enthalpy 

of the hydrocarbon source (ΔHP): 

     (4) 

Since crude oil has a wide array of components, the H2 energy cost was evaluated using 

multiple model compounds (e.g., cyclobutane and decane).  Although the decomposition 

enthalpies varied significantly between compounds (see Table 1), the H2 energy cost was 

approximately the same for each.  This end energy cost does not include processing or 

capital costs. 

The thermodynamic calculations were performed using FactSage’s online 

thermochemical software.164  The equilibrium compositions of hydrocarbon feeds as a 

function of temperature (Figure 1) were calculated using a Gibbs free energy minimization 
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technique at atmospheric pressure.  Components present at equilibrium at levels < 1 mmol 

are not presented.  

 

Pyrolysis Experiments 

A bubble column reactor containing a 27 mol% Ni – 73 mol% Bi (9 wt% Ni – 91 wt% 

Bi) molten metal catalyst, as shown in Figure S1, was used for pyrolysis of four 

hydrocarbon feedstocks.  In this setup, gases are delivered to the reactor through 1/16” 

Teflon tubing by MKS mass flow controllers integrated with LabVIEW.  The gases are 

bubbled into the melt using quartz tubes (3 mm OD, 2 mm ID).  The quartz reactor has an 

OD of ~1 inch.  Gas products are collected at the effluent of the reactor through 1/8” Teflon 

tubes heated to >120 ⁰C to prevent condensation of products such as benzene.  A 0.025 mm 

(heated) glass capillary tube syphons a sample from the product stream for analysis in an 

online quadrupole mass spectrometer (SRS RGA 300), also integrated with LabVIEW. 

The hydrocarbon feedstocks examined in this study are methane, propane, benzene and 

crude oil.  Methane and propane are research-grade purity gases supplied by Airgas.  The 

benzene (anhydrous, 99.8%) is from Sigma-Aldrich and is introduced to the reactor using a 

bubbler.  The crude oil is from Texas Raw Crude® and was injected as a liquid using an 

injection port setup shown in Figure S2.  The liquid oil injected into the inlet tube was 

vaporized in Ar gas and was subsequently bubbled through the molten metal. 500 grams of 

the alloy was loaded into the reactor, melted, and reduced by bubbling hydrogen for several 

hours at 1000°C.  The depth of the bubbling tube was ~15 cm, resulting in a bubble 

residence time of ~0.6 seconds.  Pyrolysis was performed at 900, 925, 950, 975, and 1000°C 

with a total bubbling flow rate of 20 sccm.  The ratio of Ar to hydrocarbon gas was 

maintained such that the same molar flow rate of entering carbon (12 sccm atomic C) was 
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used in each experiment: 18 sccm of Ar with 2 sccm of benzene, 16 sccm of Ar with 4 sccm 

of propane, and 8 sccm of Ar with 12 sccm of methane.  The crude oil injections were 50 μL 

into a stream of 20 sccm of Ar.  For methane decomposition, an Ar sweep gas of 30 sccm 

was also introduced to the headspace to minimize reactions there.  This sweep gas was not 

used for the other hydrocarbons, but the authors feel it does not change the main 

conclusions.  The fractional hydrocarbon conversion and hydrogen selectivity metrics are 

calculated as follows: 

 

 

 

Carbon Cleaning for Characterization 

In addition to MS analysis of the exiting gaseous product stream, characterization of the 

solid carbon product was performed using SEM and Raman spectroscopy.  Scanning 

electron micrographs were taken on a FEI Nova Nano 650 SEM, equipped with an EDT 

detector.  Images were taken at an accelerating voltage of 5kV at multiple magnifications.  

Samples were adhered to titanium SEM stages with adhesive copper tape and sputter coated 

with Au-Pd to ensure conductivity and prevent charging.  Additionally, Raman spectra were 

obtained from a Horiba LabRAM ARAMIS equipped with a 633 nm laser.  The solid carbon 

samples were cleaned using the following steps prior to analysis via SEM and Raman. 

 
Vacuum Distillation 

The carbon sample was placed at the bottom of a custom quartz vacuum distillation tube 

(12 mm OD, 10 mm ID).  The powdered sample was covered with small quartz beads to 
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prevent dispersion of the powder throughout the tube.  The tube was then placed under 

vacuum and heated to 1100°C for 24 hours.  The bismuth vaporizes and visibly deposits on 

the upper portion of the tube.  The tube is then broken open and the carbon is recovered. 

 

Magnetic Extraction 

The powdered carbon sample was dispersed over a small dish.  A high strength 

neodymium magnet was then passed within 1-2 cm of the surface, collecting nickel 

particles.  The sample was then mixed and the procedure was repeated several times. 

 

Hydrochloric Acid Wash 

The powdered carbon sample was washed with a 12 M hydrochloric over 24 hours.  The 

sample was placed in 50 mL of concentrated HCl in a flask and heated to 80°C with constant 

stirring.  A jacketed condenser was attached to reflux the HCl solution.  After the 24 hours, 

the sample was then vacuum filtered using a Büchner funnel and rinsed with more HCl, and 

then DI water several times.  The sample was then dried over vacuum, followed by drying in 

a 90°C oven overnight. 

 

D. Results and Discussion 

Economic and Thermodynamic Analysis 

The commercial value proposition for hydrocarbon pyrolysis strongly depends on the 

feedstock price, the selling (or disposal) price of the hydrogen product (and solid carbon), 

CO2 taxes or other incentives, and the process capital cost and operating cost (energy 

requirements) for converting the hydrocarbon feedstock.  Table 1 summarizes the prices of 

different hydrocarbon feedstocks as well as the per mole energy requirements of hydrogen 
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gas produced.  It is important to highlight that the calculations presented in Table 1 are for 

the present-day United States, with no added forecasting to reflect costs as fossil fuel 

resources are depleted.  The price per combustion energy content in $/GJ of different fossil 

fuel resources is ~2–9 $/GJ currently for the United States (see Table 1), with coal and 

natural gas being the cheapest resources at ~2 $/GJ.  However, the cost of the equivalent 

solid carbon and/or H2 in these fossil resources depends on the H:C feedstock ratio, which 

varies significantly from natural gas (methane) to coal (Table 1).  Benzene is included in 

Table 1, primarily to be representative of an aromatic compound for studies on catalytic 

decomposition and is not considered a pragmatic source of industrial H2. 

Assuming complete conversion and ignoring other processing and separation costs, the 

cost to produce a H2 energy product (Table 1) is calculated using H2’s energy density of 144 

MJ/kg and the enthalpy of decomposition of each hydrocarbon feedstock (see Materials & 

Methods for details).  This H2 energy cost trends similarly with the feedstock cost in $/GJ 

but is always higher; this is due to not including the energy produced from combustion of 

the stoichiometric carbon, which would produce CO2 (Table 1).  Therefore, it is unlikely 

that CO2-free processes to convert fossil resources into H2 for power generation will be 

adopted without regulations to disincentivize the production of the same power through 

direct combustion of the fossil resource.  Not surprisingly, the cost to produce a H2 energy 

product from benzene is ~$61/GJ, which is significantly higher than the rough upper limit 

one can spend on an energy product, which is ~$16/GJ in the United States.208  

If molecular H2 and solid carbon are the desired products of the decomposition of any 

hydrocarbon, thermodynamics require high temperatures (>900 °C) to achieve high 

conversion and selectivity (Figure 1).  For a pure methane feed, the light off temperature is 

~300 °C and ~96% conversion is achieved at ~900 °C (Fig. 1a).  For any hydrocarbon feed 
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other than methane, equilibrium conversion at all temperatures is 100%, forming 

stoichiometric methane and solid carbon at temperatures <300 °C.164  At higher 

temperatures, the thermodynamics are similar to the decomposition of methane.  For 

example, at equilibrium, a propane feed of 1 mole forms 2 moles of methane and 1 mole of 

solid carbon (i.e., graphite) at 200 °C and forms 4 moles of molecular hydrogen and 3 moles 

of solid carbon at 1000 °C (Fig. 1b). 
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Figure 1: Calculated equilibrium molar amounts of CH4, C(s), and H2 versus 
temperature for feeds of (a) 1 mole of CH4 and (b) 1 mole of C3H8 at ambient pressure.  
Components with equilibrium amounts <1 mmol are not shown. 

 

Hydrocarbon Decomposition in Molten Ni-Bi 

The results of the decomposition of different hydrocarbon sources in a catalytic 27 mol% 

Ni – 73 mol% Bi molten metal bubble column are shown in Figure 2.  The selectivity 

reported is on a hydrogen basis.  The methane conversions are relatively low, reaching ~8% 

conversion at 1000 °C (Fig. 2a).  The selectivity to H2 increases with temperature, 

increasing from ~75% selectivity at 900 °C to ~90% selectivity at 1000 °C.  Other hydrogen 

products include C2 olefins (ethane, ethylene, acetylene; ~8% H2 selectivity at 1000 °C) and 

benzene (~2% H2 selectivity at 1000 °C). 
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It is important to note the discrepancy between these results and the results of Upham et 

al.202 which were done in a similar experimental setup.  In the present work, a sweep gas 

(Ar) was introduced in the headspace of the reactor, with the quartz injector tube situated 

just above the surface of the molten metal.  This sweep gas decreased the residence time of 

the reactant gases in the headspace, which are in contact with the surface of the high-

temperature liquid.  Upham et al. did not have a sweep gas purging the reactor headspace, 

which explains their higher conversion of ~25% and higher selectivity to H2 using similar 

liquid bubble column heights.202 
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Figure 2: Fractional hydrocarbon conversion and H selectivity of the gaseous products 
for the decomposition of (a) methane, (b) propane, (c) benzene, and (d) crude oil in a 27 
mol% Ni – 73 mol% Bi molten metal bubble column.  Error bars from three standard 
trials are shown on the H2 selectivities. 
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For all temperatures explored in this work, the conversion of propane was 100% (Fig. 

2b).  It is unsurprising that propane has a higher conversion than methane under similar 

reaction conditions, as propane has weaker chemical bonds.  The selectivity to H2 increases 

with temperature, reaching a maximum of ~60 % selectivity to H2 at 1000 °C (Fig. 2b).  

There is a large amount of methane produced during propane decomposition (~36% 

selectivity to CH4 at 1000 °C).  C2 olefins and aromatics are also produced, constituting the 

other ~4% selectivity.  At longer residence times and/or higher temperatures, the selectivity 

to H2 (and solid carbon) would increase based on thermodynamics (Fig. 1b) and kinetic 

trends in temperature (Fig. 2b).  However, at the short residence times explored here, 100% 

propane conversion is already achieved. 

The decomposition of benzene (Fig. 2c) is markedly different from that of methane or 

propane.  Similarly, with propane, high benzene conversion is achieved (100% for 

temperatures ≥950 °C).  However, at all temperatures, the selectivity to H2 is 100%, with no 

measurable production of CH4, C2 olefins, or larger aromatics (Fig. 2c).  This result is 

consistent with free radical decomposition of benzene, which is initiated by the formation of 

a benzyl radical and a hydrogen radical; the products of this pathway are larger 

carbonaceous species (coke products) and hydrogen.209-211  This high selectivity to H2 may 

be akin to the exothermicity of the decomposition of benzene into molecular hydrogen and 

solid carbon (Table 1).  However, it has also been reported that at temperatures >1036 K, 

benzene ring opening leads to the formation of C2 olefins and methane,210 which are not 

observed here. 

Finally, the conversion of crude oil is observed to be approximately 100% under all 

conditions (Figure 2d).  This is not a surprising result, since the conversion of propane and 

benzene is 100% (or near 100%) for all temperatures and the chemical components of crude 
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oil (long chain alkanes, aromatics, cycloalkanes, etc.) generally can be converted just as 

readily or more readily than propane and/or benzene.  The H selectivity is calculated 

assuming an overall H:C ratio of 2:1 in the crude oil feedstock.  Interestingly, despite the 

wide array of components in crude oil, the product distribution is similar to the 

decomposition of the other hydrocarbons; H2, CH4, C2 olefins, and benzene are the only 

measurable gas products (Fig. 2d).  This result suggests that these measurable products are 

the only ones present in considerable concentrations at residence times ≥1 second when any 

hydrocarbon is fed into a 27 mol% Ni – 73 mol% Bi bubble column at temperatures >900 

°C. 

Furthermore, Upham et al. demonstrated ~95% conversion of CH4 (selective to H2) in a 

1 meter 27 mol% Ni – 73 mol% Bi bubble column at 1065 °C.202  We have demonstrated in 

this work that at short residence times (~1 second), other hydrocarbons are completely 

converted at temperatures >950 °C.  The products formed (i.e., C2 olefins and benzene) are 

also less stable than CH4, proven by the data shown in Fig. 2, leaving us to conclude that 

any hydrocarbon would be fully converted to H2 and solid carbon if decomposed under the 

same conditions as Upham et al.  In fact, milder conditions (i.e., lower temperatures or 

shorter residence times) can be implemented for hydrocarbon feedstocks more readily 

pyrolyzed than CH4. 

 

Carbon Characterization and Cleaning 

After decomposition of the different hydrocarbons, the molten metal bubble column was 

cooled and loose solid carbon was collected from the surface.  SEM micrographs of the solid 

carbon samples made at 1000 °C are shown in Figure 3.  The end carbon product looks 

similar, regardless of the hydrocarbon feedstock that is decomposed; amorphous and 
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turbostratic structures can be seen, with no large-scale ordering or graphitic nature.  

Amorphous carbon structures similar to the ones shown in Fig. 3 are typically derived from 

gas-phase or non-catalytic decomposition of hydrocarbons.212 

30 μm 5 μm

20 μm 5 μm

(a) Methane (b) Propane

(c) Benzene (d) Crude oil

 

Figure 3: SEM images of the raw carbon samples collected from the surface of a cooled 
27 mol% Ni – 73 mol% Bi molten metal bubble column after the decomposition of (a) 
methane, (b) propane, (c) benzene, and (d) crude oil at 1000 °C. 

 

The Raman spectra of carbon samples collected after pyrolyzing the aforementioned 

hydrocarbons in 27 mol% Ni – 73 mol% Bi show three characteristic bands: D, G, and 2D 

(Figure 4).  The D band or ‘disorder’ band is derived from characteristic vibrations of edge 

carbon sites and/or defected carbon sites.213, 214  The G band or ‘graphite’ band is associated 

with the stretching frequency of C-C bonds in the graphitic basal plane.213, 214  The 2D band 

manifests from interactions and ordering (or lack thereof) between carbon layers as well as 

from overtones of the D band.213, 214  The intensity ratio of the D to G bands (i.e., ID/IG) is 
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often used to describe the degree of graphitization of a carbon material, while the intensity 

ratio of the 2D to G bands (i.e., I2D/IG) is one proxy of the quality of graphene sheets.213, 214 

The Raman spectra of the carbon (coke) samples synthesized from crude oil, benzene, 

and propane are characteristic of amorphous carbons (Figure 4); the D and G bands are 

convoluted with a relatively high D/G ratio.  There is no obvious 2D (or G’) peak, indicating 

no significant short-range ordering between carbon layers.  The Raman spectrum of the 

methane sample, in contrast, is observed to be more graphitic, having more defined D and G 

bands and a clear 2D peak centered at ~2660 cm-1.  
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Figure 4: Raman spectra of the raw carbon samples collected from the surface of a 
cooled 27 mol% Ni – 73 mol% Bi molten metal bubble column after the decomposition 
of (a) methane, (b) propane, (c) benzene, and (d) crude oil. 

 

It is well-known that amorphous carbons (e.g., soot and carbon black) develop as a result 

of hydrocarbon combustion215, 216 or from gas-phase decomposition of hydrocarbons and 

methane such as in non-catalytic reactors212 and/or with plasma assistance.217  Upon 

introduction of the feed into the bubble column, gas phase decomposition begins throughout 

the bubble volume; because the collision frequency at 950 oC required for bond cleavage in 

all hydrocarbons other than methane is far lower than for methane, most decomposition of 

propane, benzene, and crude oil begins in the gas phase, whereas for methane, contact and 
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dissociation on the catalytic surface is required.  Atomic carbon is then available to diffuse 

into the melt.  Molten metals can dissolve an amorphous carbon species and reprecipitate a 

graphitic carbon species; this effect is exacerbated with molten metals, such as Ni,  that have 

high affinities or solubilities for carbon.218  The experiments decomposing methane, 

propane, and benzene have feed rates with the same number of moles of atomic carbon 

entering the reactor per second.  Both propane and benzene have 100% conversion at 1000 

°C, while the conversion of methane is significantly lower at ~8%.  Therefore, the carbon 

production rates in propane and benzene pyrolysis are approximately the same, and they are 

much higher than in pyrolysis of methane.    

These observations are the basis for suggesting a general model for the formation of 

carbon, as shown schematically in Figure 5, whereby both gas phase and surface pyrolysis 

are occurring.  In the high temperature melt, the gas phase collision rate is proportional to 

the hydrocarbon speed and the pressure, whereas, collisions with the surface are 

proportional to the speed and surface to volume ratio of the bubble.  With non-methane 

hydrocarbons at high temperatures, few collisions are required to activate and break bonds, 

whereas for methane, a catalyst is required and on the catalytic surface, complete 

dehydrogenation can occur making available atomic carbon for the melt.   Gas phase 

pyrolysis and pyrolysis of molecules with C-C bonds will produce intermediates with C-C 

bonds less likely to be introduced as atomic carbon into the melt.  The percentage of final 

carbon that is graphitic in nature will depend on (among other things) the carbon production 

rate and the solubility of carbon in the liquid metal.  The carbon production rate and 

solubility govern the rates of dissolution and precipitation.  Therefore, the more graphitic 

nature of the carbon made from methane pyrolysis may be attributed to the higher rate of 

atomic carbon entering the melt and reprecipitating as the graphitic species (Figure 5).  On 
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the other hand, during the decomposition of crude oil, benzene, and propane, the carbon 

production rates were over 10 times higher compared with methane, and there are fewer 

atomic C species to dissolve into the melt, since most carbon is associated with C-C 

bonding.  

 
Figure 5: Hypothesized simplified mechanism for the formation of end carbon 
products in catalytic molten metal bubble columns. 

 

The carbon produced from a commercial pyrolysis process must be free of 

contamination and any residual metal can make it unsuitable for sale, safe disposal, or cause 

unacceptable economic loss to the process due to the required replacement.  Table 2 

summarizes the levels of metal contaminants in the raw carbon collected after 120 hours of 

methane pyrolysis in 27 mol% Ni – 73 mol% Bi.  The contaminant levels after multiple 

washes using a variety of separation techniques, including vacuum distillation of volatile 

metals (i.e., bismuth) at 1100 °C, magnetic extraction of solid nickel, and acid washing in 12 

M HCl, are also shown.  The raw carbon sample has an expectedly high level of metal 

contamination, also observed by Upham et al.202  The first vacuum distillation considerably 
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decreased the bismuth contamination level (Table 2); some carbon may have also been lost 

during this procedure, explaining the slight increase in the nickel weight percentage of the 

remaining sample.  The magnetic extraction decreased the nickel contamination levels to 

~0.3 wt% and a subsequent acid wash further decreased it to <0.2 wt% (Table 2).  An 

additional vacuum distillation did not further decrease the bismuth contamination levels. 

Table 2: Carbon, nickel, and bismuth weight percentages (from XRF) of carbon 
sample collected from 120 hours of methane pyrolysis at 1000 °C in 27 mol% Ni – 73 
mol% Bi after each washing procedure.  Error is approximately ±0.02 wt%. 

 

 

 

 

 

 

After the several cleaning and separation procedures performed here, the metal 

contamination levels were reduced to 0.2–2 wt%.  These levels and the extra costs 

associated with achieving them are likely unacceptable in a commercial process.  An 

alternative reactor design we have demonstrated employs a multi-phase reactor with a 

molten salt medium situated on top of the liquid metal medium which acts as a wash column 

to scrub the metal out of the carbon as it rises to the surface of the bubble column.116  

Alternatively, a catalytic molten salt medium can be utilized instead of a molten metal 

medium.83  In either case, carbon-salt separations may be cheaper and more effective than 

carbon-metal separations (e.g., using a water or solvent wash).  Furthermore, salt 

contamination in the carbon product may not be as limiting as metal contamination for some 

applications or disposal routes. 

 

 
Ni wt% Bi wt% C wt% 

No Treatment 0.73 8.03 91.25 

Vacuum 
Distillation #1 

1.20 1.15 97.65 

Magnetic 
Extraction 

0.32 3.04 96.64 

HCl Wash 0.17 2.03 97.80 

Vacuum 
Distillation #2 

0.23 2.75 97.02 
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E. Conclusions  

Approximately 100% conversion of propane, benzene, and raw crude oil was achieved at 

>950 oC in a bubble column reactor containing a molten mixture of 27 mol% Ni – 73 mol% 

Bi at a residence time of approximately 1 second.  At the same residence time, methane 

conversion was less than 10%.  Equilibrium was not achieved in 1 second and the 

selectivities to hydrogen and solid carbon were less than 100%.  The carbon product from 

methane decomposition was predominately amorphous; however, Raman spectroscopy 

supports a more graphitic carbon product from methane than the carbon products of the 

other hydrocarbons.  The amorphous, carbon product from decomposition of crude oil, 

benzene, and propane resembled several common carbon black products.  The more 

graphitic carbon produced from methane is attributed to carbon atom dissolution and 

reprecipitation into and out of the liquid metal.  These solvation processes also occurred 

during the decomposition of the other hydrocarbons, but the markedly higher carbon 

nucleation and production rate in the gas-phase dominated the morphology of the end carbon 

product. 

 

Supporting Information. Supporting information for this work is published on 
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Chapter 4: Dry Reforming of Methane Catalyzed by Molten Metal Alloys 

to Produce H2-Rich Syngas 

Material from: ‘Palmer, C.; Upham, D. C.; Smart, S.; Gordon, M. J.; Metiu, H.; McFarland, 
E. W., Dry reforming of methane catalysed by molten metal alloys, Nature Catalysis, 
published 2020, Nature Publishing Group.’ 

A. Abstract 

Dry reforming of methane (DRM) usually affords low quality syngas with equimolar 

amounts of CO and H2. Here, we report the high conversion of CH4 and CO2 to syngas and 

solid carbon through simultaneous pyrolysis and DRM in a bubble column reactor using a 

molten metal alloy catalyst (65 mol% Ni – 35 mol% In). The hydrogen to carbon monoxide 

ratio can be increased above 1:1 H2:CO using feed ratios of CH4:CO2 greater than 1:1 to 

produce stoichiometric solid carbon as a co-product that is separable from the molten metal. 

A coupled reduction-oxidation cycle is carried out in which carbon dioxide is reduced by a 

liquid metal species (e.g., In) and methane is partially oxidized to syngas by the metal oxide 

intermediate (e.g., In2O3), regenerating the native metal. Moreover, the H2:CO product ratio 

can be easily controlled by adjusting the CH4:CO2 feed ratio, temperature, and residence 

time in the reactor.   
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B. Introduction 

Dry reforming of methane (DRM) is a well-studied reaction to make synthesis gas 

(syngas, CO + H2), but DRM has not found commercial applications.219 Nevertheless, 

interest in DRM has grown as researchers have sought ways to utilize CO2 to obtain value-

added products and to make use of high-CO2 content natural gas deposits that cannot be 

economically-used for steam reforming.220  The biogas produced by anaerobic digestion of 

food, green waste, waste-water sludge, or even municipal landfills, has a high carbon 

dioxide content.  In principle, DRM could be used to convert the CO2 and CH4 from these 

sources to more valuable synthesis gas and might eliminate the need for costly CH4-CO2 

separations.221    

Syngas for methanol or hydrocarbon production (via Fischer-Tropsch chemistry222) 

requires a H2:CO feed ratio of 2:1. Currently, syngas is produced by steam methane 

reforming (SMR) or autothermal reforming (ATR).  These syngas production processes 

have shortcomings: SMR produces 10 tonnes of CO2 per tonne of H2,2 and ATR uses costly 

air separation to produce pure O2 as a feedstock.223-226 While avoiding these same 

shortcomings, the DRM processes explored thus far can only produce low-value syngas with 

H2:CO ratios of at most 1:1.  

All syngas-producing processes are plagued by coking. In the case of DRM, coke 

formation is especially prominent between 550-700°C due to the Boudouard reaction 

( ), and above 900°C, due to methane pyrolysis ( ) (see 

Supplementary Fig. 1 and Supplementary Table 1 for reaction thermodynamics).227-229  This 

requires periodic decoking of the catalyst by burning the carbon, which produces CO2 as a 

by-product224, 228, 230-232 and increases the cost of the process.  Catalyst deactivation through 

sintering and unwanted solid-state reactions between the metallic catalyst and the oxide 
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support also take place at elevated temperatures.233 The current state-of-the-art reactor 

designs attempting to mitigate these problems have focused on increasingly complex 

catalyst morphologies,234-237 plasma-assisted reactors,238, 239 noble metal catalysts,240 or 

electrochemical routes241, 242 that have so far proven to be cost prohibitive for 

commercialization.   

Recently, molten metals and metal alloys have been shown to be highly effective 

catalysts and heat transfer media for methane pyrolysis using bubble column reactors.159, 160, 

202, 203, 243, 244 In this process, methane is decomposed into hydrogen and a low-density solid 

carbon byproduct that floats on the surface of the melt, circumventing deactivation of the 

catalytic liquid and allowing for easy separation and removal of the carbon. Molten salt 

catalysts in bubble column reactors have also been proposed previously127, 128, 245 for DRM, 

including designs that feed excess methane.  However, in these cases, the temperatures for 

reaction were limited to <800°C, effectively limiting methane pyrolysis and the H2:CO ratio 

to less than 1:1.245  Molten nitrate246  and molten carbonate247 salts, which offer chemical 

looping possibilities, face stability issues well below methane pyrolysis temperatures.248 

Molten metals do not have these limitations. 

Here, we propose a process for syngas production from methane and carbon dioxide that 

is not affected by coking or sintering and allows control of the H2:CO ratio in the syngas 

produced, to directly suit the needs of various downstream processes. We use a molten metal 

catalyst in a bubble column reactor to avoid coking and sintering, and operate at high 

temperatures, so that dry reforming and methane pyrolysis take place simultaneously.   

There are three advantages of this scheme. First, the H2:CO product ratio can be 

controlled by varying the CH4:CO2 feed ratio.  In particular, when using a 2:1 CH4:CO2 

ratio, the process produces, with high conversion and selectivity, a valuable syngas with a 
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2:1 H2:CO ratio, which is immediately suitable for methanol synthesis and Fischer-Tropsch 

production of higher hydrocarbons.  In the current implementation of dry reforming, one 

cannot use an excess of CH4 because of coking and this limits the H2:CO ratio in the product 

to 1:1.  Second, the process makes syngas by consuming CO2, unlike SMR, which produces 

CO2.  Third, the solid carbon produced by the reaction floats to the surface of the melt where 

it can be removed.  Each gas bubble in the bubble reactor is in contact with a carbon-free 

molten catalyst surface; as such, there is neither coking nor coarsening.  In addition, the 

solid carbon co-product may be valuable for use in electrodes, material additives, or 

activated carbons.  If the amount of carbon produced would be too large to be absorbed by 

the existing carbon markets, the carbon can be safely stored indefinitely at low cost, unlike 

the CO2 produced by SMR.  

We report calculations that identify In (among other metals) to be thermodynamically 

suitable for the proposed reaction scheme. We facilitate combined methane dry reforming 

and pyrolysis in a 65 mol% Ni – 35 mol% In molten metal bubble column reactor. We 

achieve a syngas product ratio that is >1:1 H2:CO with a 2:1 CH4:CO2 feed ratio. We 

demonstrate the tunability of the desired syngas ratio by adjusting the CH4:CO2 feed ratio, 

reaction temperature, and bubble residence time. 

 

C. Methods 

Molten alloy preparation and DRM experimentation 

For all experiments, bulk metals are purchased as individual millimeter shots (>99.9% 

purity) from Sigma Aldrich™ and Fisher Scientific™. Gases from Airgas tanks are 

delivered to the system by MKS 1179 mass flow controllers. 6A ceramic fiber furnaces from 

Watlow are used to heat the reactors. The outlet of the reactor is attached to Teflon lines 
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wrapped in heating tape kept above 120°C. A heated glass capillary tube samples from the 

product stream and feeds to an online, 300 amu RGA (quadrupole mass spectrometer) from 

Stanford Research Systems. 

For the bubble column experiments, metal shots were weighed and loaded into 12mm 

OD, 10mm ID quartz reactors. The loaded reactor is situated in the ceramic furnace with 30 

sccm of argon and 5 sccm of H2 purging in the headspace. The ceramic furnace is heated to 

well above the melting point of the desired alloy and additional metal shots are added to 

increase the liquid metal height to ~14 cm.  The quartz reactor is sealed with ground glass 

ball-and-socket joints. 5 sscm of H2 and 5 sccm of argon are bubbled up through the bottom 

of the melt using a 3mm OD, 2mm ID quartz inlet tube to reduce any metal oxide species 

and ensure the alloy is well mixed. Total bubbling flowrate during experiments was 10 

sccm. Methane flowrate was 4 sccm, supplemented with argon or CO2 where noted. Details 

of the experimental setup are shown in Supplementary Fig. 3. 

For the differential reactor experiments, small ceramic crucibles (Cs Ceramic CO., Ltd; 

8 mm OD, 5mm height) are filled with desired metal compositions and melted in a large 

tube furnace under a mixed hydrogen and argon flow (7 sccm H2 and 40 sccm argon).  

Single crucibles are then loaded into the bottom of a small quartz reactor (12 mm OD, 10 

mm ID).  A quartz inlet tube (8 mm OD, 1 mm ID) is inserted into the reactor with the outlet 

of the inlet tube situated just above the surface of the crucible. The calculated melt surface 

area was ~0.39 cm2. Details of the experimental setup are shown in Supplementary Fig. 5. 

Initially, 2.5 sccm of argon and 2.5 sccm of hydrogen are flowed while the reactor is heated 

to 1000 °C or 1100 °C in order to reduce any metal oxides.  When no hydrogen conversion 

is observed, the reactor is purged with 2.5 sccm of argon. For the rate order determination 

(results shown in Fig. 3a), the reaction temperature was 950°C and the concentrations of 
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CO2 or CH4 were adjusted by supplementing the feed with argon. The total flowrate was 

always 10 sccm. For the Arrhenius plot determination (shown in Fig. 3b), the temperature 

was altered between 950-1050°C. For CO2, the flowrate was 5 sccm of CO2 and no argon. 

For CH4, 5 sccm of CH4 and 5 sccm of argon was used. Details of the kinetic calculations 

for these experiments are described in Supplementary Note 2. 

 

Reactor performance evaluation metrics 

  (1) 

 (2) 

  (3) 

  (4) 

 

Carbon characterization 

Scanning electron micrographs are taken on a FEI Nova Nano 650 SEM, equipped with 

an EDT detector. Images were taken at an accelerating voltage of 5kV at multiple 

magnifications. Samples were adhered to titanium SEM stages with adhesive copper tape 

and sputter coated with Au-Pd to ensure conductivity and prevent charging. Raman spectra 

were obtained from a Horiba LabRAM ARAMIS equipped with a 633 nm laser. 
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D. Results 

Thermodynamic analysis  

Thermodynamic calculations with the online FactSage thermochemical databases164 

were performed to determine the equilibrium composition as a function of temperature and 

CH4:CO2 feed ratio (Fig. 1).  We have also examined the possibility that CO2 might react 

with a metal species in the molten catalyst to form metal oxides in the thermodynamic 

calculations.  We found that, at equilibrium, certain oxides (e.g., indium oxide) are not 

stable in the presence of methane and, therefore, we do not have to include them in the 

reaction network for equilibrium calculations.  However, the metal oxides can form as 

intermediates when the reaction is run at steady state.  

The results of the equilibrium calculations are shown in Fig. 1.  Running these reactions 

at 1000°C, in excess of methane (i.e., CH4:CO2 = 2:1, in Fig. 1a), and at atmospheric 

pressure is very favorable thermodynamically:  CH4 and CO2 are completely converted and 

no water is present in the product.  Fig. 1b shows the benefit of using CH4 in excess.  The 

CH4 and CO2 are completely converted, there is no water if equilibrium is reached, and the 

H2:CO product ratio can be increased at will by increasing the amount of CH4.  Hydrogen is 

produced by the simultaneous occurrence of DRM and methane pyrolysis.  Oyama et al.  

pointed out that DRM is not competitive with SMR because the reverse water-gas shift 

reaction consumes the hydrogen in the feed to form water.249  Fig. 1a shows that this is not 

the case under the equilibrium conditions proposed here. Increasing the pressure does result 

in lower conversions of CH4 and CO2 and an increased amount of H2O present at 

equilibrium (Supplementary Fig. 2), but it is less H2O compared to equilibrium 

compositions of the 1:1 CH4:CO2 feeds explored previously.164  All experiments presented 

here were carried out at one atmosphere or less. 
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Figure 1: Calculated equilibrium compositions of DRM at 1 atm. (a) A 2:1 CH4:CO2 
molar ratio versus temperature and (b) 1 mole of CO2 at 1000°C with differing initial 
moles of CH4.  

 

Thermodynamic calculations are also helpful for the selection of the molten metal 

catalyst.  Assuming that the oxidation of the metal by CO2 and the reduction of the metal 

oxide by CH4 are part of the reaction mechanism, the metal(s) in the melt ought to satisfy 

three criteria at the desired operating temperature of 1000-1100°C:  (1) CO2 must be able to 

oxidize one (or both) metals, (2) CH4 must be able to reduce the metal oxide species formed, 
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and (3) the metals should not form stable carbides under the reaction conditions.  The 

precipitation of metal carbide out of the melt would cause metal loss, which is not 

acceptable economically.   

Thermodynamic calculations were used to find which metals satisfy these criteria.  The 

results are summarized as a ternary Venn diagram in Fig. 2.  The metals that satisfy these 

three criteria, namely Sn, Zn, Fe, W, Ga, In, Mn, and Cr, are the ones in the overlapping 

region of the three circles.  It is worth highlighting that Fe, W, Mn, and Cr normally form 

stable carbides under these conditions, but satisfy our criteria because CO2 can react with the 

carbides to regenerate the metal (and form CO). The results were obtained by equilibrium 

calculations of the reactions (a)-(c) shown in the figure.  It is assumed that the 

thermodynamics of these reactions, when the metal is in an alloy, is the same as when the 

metals are pure.  

A further criterion is that the metal or metal alloy should be molten at the reaction 

temperature.  This is obviously not the case for pure W, Fe, Mn, or Cr.  However, these 

metals can be used as a molten catalyst in alloys with metals that have lower melting 

temperatures such as alkali metals, alkaline earths metals, Zn, Cd, Hg, Al, Ga, In, Sn, Tl, Sn, 

Pb, Bi, Se, or Te.  Other factors can limit the use of some of these solvent metals. Cd and Tl 

are toxic, and alkali metals, alkaline earth metals, Mg, Zn, Te, and even Pb, have high vapor 

pressures.  Metals with high vapor pressures can be used in a reflux column and the vapor 

might be catalytically active, a possibility that has not been investigated here. 



 

 
82 

 

Figure 2: Summary of thermodynamic properties of eligible metal candidates for 
participation in a CH4/CO2 redox cycle for DRM. Criteria include: (a) the metal 
carbide is unstable; (b) the metal can be oxidized by CO2 to all possible oxidation 
states; and (c) all possible metal oxides can be reduced by CH4. Each thermodynamic 
criterion is met if the corresponding ΔGreaction is less than +20 kJ/mole at 1080°C. 

 

CH4 can easily reduce the oxides of the metals commonly used as catalysts in methane 

chemistry (Ni, Pt, Rh, Ru, etc.), but these metals do not reduce CO2 under the conditions in 

Fig. 2.  Al, La, and metals of groups 1 and 2 form stable oxides that are not reduced by 

methane at the desired reaction temperatures. While this analysis is the same for the multiple 

oxidation states of some metals, V and Mo meet or fail certain criteria based on the specific 

oxidization state that forms; for example, Mo conditionally passes this analysis for MoO3, 

but not for MoO2.  Group 5 transition metals (V, Nb, and Ta) have favorable redox 

properties, but form stable carbides.  Fe and Mn also form carbides, but these can be 
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oxidized by CO2 to recover the metal.  Overall, based on thermodynamic and practical 

constraints, Fe, Sn, In, Ga, and Mn are promising candidates. 

    

Molten metal alloy catalyst selection 

Based on the thermodynamic analysis presented above, a preliminary screening of 

molten metal alloy candidates was performed in a bubble column reactor with a residence 

time of ~1 second at 1080°C, and with a stoichiometric feed of 2:1 CH4:CO2 

(Supplementary Fig. 3 and Supplementary Note 1).  Alloy compositions were chosen to be 

at the solubility limit of the high-melting metal in the low-melting metal at 925°C. A 65 

mol% Ni – 35 mol% In had the highest CH4 and CO2 conversions of 44% and 81%, 

respectively, and will be the focus of this manuscript. In future works, manganese-based 

melts may be of interest as Mn is cheap and earth-abundant. 

 

Differential reactor measurements 

In order to measure kinetic parameters (e.g., reaction orders and effective activation 

energies) a differential reactor with a controlled catalytic liquid surface area is used 

(Supplementary Figure 5 and Supplementary Note 2), as has been described in previous in-

house works.202, 203 These kinetic parameters are measured independently for CH4 and CO2 

on a clean 65 mol% Ni – 35 mol% In surface. The reaction order is found to be 1 in both 

cases (Fig. 3a). The measured CO2 activation energy is 91 ± 11 kJ/mole and the measured 

CH4 effective activation energy is 322 ± 22 kJ/mole (Fig. 3b). This measured activation 

barrier for CH4 is convoluted with the gas-phase activation energy of 360-420 kJ/mole 

(Supplemental Figure 6); therefore, the activation energy of CH4 on a 65 mol% Ni – 35 

mol% In surface is <322 kJ/mole. 
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Figure 3: Differential reactor performance using ~0.39 cm2 of a 65 mol% Ni – 35 mol% 
In molten metal alloy. (a) Rate of CO2 or CH4 consumption vs [CO2] or [CH4] at 
1050°C. Linearity in the plots confirms the reaction order is 1. (b) Arrhenius plots for 
CO2 and CH4. (c) Catalytic reduction-oxidation cycling at 1050°C. 5 sccm of CO2 is 
used for the oxidation (O) steps and 5 sccm of CH4 is used for the reduction (R) steps. 
Argon is used to purge the system in between steps. Error bars represent the standard 
deviation between three trials.  

 

In order to confirm that the proposed redox catalytic cycle involving a metal oxide 

intermediate (i.e., In2O3) contributes to the observed activity in the 65 mol% Ni – 35 mol% 

In melt, we cycled passing CO2 and CH4 through the differential reactor (Fig. 3c). First, CO2 

was passed through the reactor in oxidation step 1 (O1, Fig. 3c) and CO formation is 

observed, indicating the formation of a metal oxide (i.e., In2O3). No CO2 conversion is 

observed in the same reactor without the molten metal alloy present (Supplemental Fig. 6). 
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Then, CH4 was passed through the reactor in reduction step 1 (R1, Fig. 3c) and oxidized 

products (i.e., CO, CO2, and H2O) are initially observed, indicating the reduction of the 

metal oxide. CO2 is passed through once again in oxidation step 2 (O2, Fig. 3c), and an 

accelerated rate of CO production (and CO2 consumption) is initially observed, attributed to 

the reverse Boudouard reaction between CO2 and solid carbon (or solubilized carbon) 

produced from methane pyrolysis in the previous step (R1). The rate of CO production in 

oxidation step 2 decreases as the carbon is consumed. A similar behavior is observed in 

oxidation step 3 (O3, Fig. 3c), which is three times longer than oxidation step 2 in order to 

demonstrate that more oxidized products are produced in the subsequent reduction step, R3.  

These experimental observations and mechanistic implications are consistent with the 

works by Otsuka et al. who explored the production of CO from CO2 and H2 from H2O via 

an In2O3-In, reduction-oxidation cycle.250-256 Specifically, CO2 was demonstrated to be a 

successful oxidant for liquid In metal255 and, while never experimentally explored, methane 

was acknowledged as a potential reductant for In2O3 as well.256 

 

Bubble column reactor performance 

The differential reactor setup described herein allowed for more reliable kinetic 

measurements. However, in order to achieve higher reactant conversions without 

deactivation due to the formation of solids (e.g., metal oxides or carbon), a molten metal 

bubble column is advantageous. Therefore, a catalyst stability test was performed for a 2:1 

CH4:CO2 feed at 1080°C over the course of 17 hours in a 65 mol% Ni – 35 mol% In bubble 

column (Fig. 4).  For the first 10 hours, the conversion of both CH4 and of CO2 increased 

gradually and then leveled off for the next 7 hours at 56 ± 2% molar conversion of CH4 and 

95 ± 2% for CO2 (Fig. 4a).  We have determined the oxygen retention (i.e., the difference 
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between the oxygen mass in the effluent and the oxygen mass in the intake) in the melt from 

the oxygen mass balance, and this is plotted in Fig. 4b.  As expected, the retention is largest 

initially, decays with time, and levels off to zero after ~9 hours.  This leveling happens 

because the rate of In2O3 production becomes equal to that of In2O3 consumption, and the 

indium oxide concentration reaches a steady state, at which point, no net oxygen is retained.   

The selectivity to CO increases over the initial 9-hour period from 0.78 to 0.9 ± 0.02, 

presumably because CO is produced from CO2 reacting with carbon via the reverse 

Boudouard reaction (CO2 + C → 2CO; Supplementary Note 3) and CH4 reacting with 

indium oxide (CH4 + 1/3 In2O3 → CO + 2H2 + 2/3In), leading to both carbon and oxide 

accumulation in the system.  The selectivity to H2 increases rapidly and levels off at 1.0 ± 

0.02 after a short time (Fig. 4a).  
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Figure 4: DRM in a 65 mol% Ni – 35 mol% In molten metal bubble column reactor for 
a 2:1 CH4:CO2 feed at 1080°C and 0.4 atm methane over time.  (a) Reactant fractional 
conversions and product selectivities and (b) fraction of C and O species accumulated 
versus time. Fraction of accumulated species is defined as the moles of species 
accumulated divided by the total moles of that species consumed from the reactant 
feed. Total reactor pressure was 1 atm. 
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Figure 5: Reaction performance in a 65 mol% Ni-In molten alloy on the approach to 
steady-state operation. H2 selectivity (pink triangles), CO selectivity (green hexagons), 
and H2:CO syngas ratio (black stars) are reported versus (a) CH4:CO2 feed, (b) 
temperature, and (c) residence time (d, e, & f) Corresponding conversions of CH4 (red 
squares) and CO2 (blue circles) are also shown. Steady-states values from Fig. 4 are 
plotted as grey data points. The methane partial pressure was 0.4 atm for all 
experimental conditions. Total reactor pressure was 1 atm. Depth of the gas inlet tube 
into the melt was 13.5 cm, except for panels (c) and (f). 

 
 
Measurements of the dependence of the reaction products on the CH4:CO2 inlet feed 

ratio, temperature, and residence time for the 65 mol% Ni – 35 mol% In melt are shown in 

Fig. 5. It is clear that the H2:CO ratio decreases as more CO2 is introduced in the feed (Fig. 

5a). For CH4:CO2 feed ratios at or below 4:2, the H2:CO syngas ratio is larger than 1, even 

for incomplete conversions of both CH4 and CO2 (Fig. 5a). It is important to note the 

appreciable CH4 conversion observed for a pure methane feed (Fig. 5d); this activity is 

necessary to produce H2-rich syngas product streams at longer residence times when the 

CO2 is fully consumed.    
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The selectivity to H2 is ~1 with pure methane and minimally depends on the introduction 

of CO2. The H2 selectivity was observed to be 0.97 at a feed composition of 1:1 CH4:CO2 

(4:4, Fig. 5a); we attribute the high H2 selectivity to rapid reduction of water at these 

reaction conditions by CH4, C, and/or In (Supplementary Note 4). The selectivity to CO is 

poor at high CH4:CO2 feed ratios due to a dominance of solid carbon over CO as the final 

product; CO selectivity increases with more CO2 in the feed due to promotion of the reverse 

Boudouard reaction (Fig. 5a).  Additionally, more CO is produced from the reduction of 

In2O3 by CH4 at larger CO2 feed compositions, demonstrated by the increase in CH4 

conversion (Fig. 5d). 

As the temperature is decreased below 1080°C, the CO selectivity increases, suggesting 

the formation of CO is kinetically favored over C and In2O3. The H2:CO syngas product 

ratio decreases, while still maintaining a selectivity of 1 to H2 for a 2:1 CH4:CO2 feed ratio 

(Fig. 5b).  The overall production rate of syngas decreases with decreasing temperature, 

visualized as a decrease in the conversions of CH4 and CO2 (Fig. 5e). 

The residence time and temperature dependencies of DRM performance in the Ni-In 

melt are similar (Fig. 5c and f).  The bubble rise velocity was estimated to be ~15 cm/s, 

resulting in a residence time of ~0.9 seconds at the maximum depth of 13.5 cm. The results 

presented for a depth of 0 cm are collected when the inlet tube is situated just above the melt 

surface; the low conversions of CH4 and CO2 of 9% and 16% (Fig. 5f), respectively, are 

from surface and headspace reactions, confirming that reactions in the molten alloy are 

responsible for most of the observed activity at longer residence times. 
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Carbon Characterization 

After cooling, solid carbon is easily removed from the surface of the solidified melt.  

Unlike the loose graphitic powder Upham et al. reported collecting from the surface of a 27 

mol% Ni – 73 mol% Bi alloy after hours of methane pyrolysis,202 the carbon collected after 

hours of combined DRM and methane pyrolysis with 65 mol% Ni – 35 mol% In alloy had 

microscale polycrystalline structures (Fig. 6a).   

1 μm50 μm

a b c

 
Figure 6: Characterization of carbon collected from the surface of a 65 mol% Ni-In 
solidified alloy after DRM. (a) Micrograph showing bouquet of polycrystalline carbon 
brushes. (b) Enlarged micrograph of carbon brush tips with individual carbon 
crystallite building units visible. (c) Raman spectrum of carbon with a D/G ratio of 
~3.24.  

 
 
Despite heterogeneity in the large-scale morphologies of the carbon structures, the 

small-scale individual building units appear to be homogenous.  These nanometer-scale 

carbon crystallite units, for example, constitute the tips of the carbon brush-like structures 

(Fig. 6b). The D/G ratio > 2 and G position between 1580-1600 cm-1 observed in the 

carbon’s Raman spectrum (Fig. 6c) is characteristic of sp2 nanocrystalline graphite.257, 258 

Graphitic carbons are more resistant to oxidation and gasification than less-ordered carbon 

morphologies.259 Therefore, the carbon species gasified to CO, via the reverse Boudouard 

reaction, are likely intermediate and/or amorphous carbons formed from methane 

decomposition, while the graphitic species accumulate at the surface of the bubble column. 
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E. Conclusions  

The coupling of methane dry reforming with catalytic methane pyrolysis in a molten 

metal bubble column reactor overcomes the limitations of traditional DRM solid catalysts, 

namely deactivation by coking, metal sintering at high temperatures, and syngas product 

ratios limited to 1:1 H2:CO.  In the process described here, the syngas product ratio can be 

easily controlled by varying the inlet feed ratio of CH4:CO2, temperature, and gas residence 

time.   

The process developed in this work may be particularly useful for conversion of high-

CO2 content natural gas feedstocks that cannot be processed via conventional steam 

reforming, as well as for processing biogas from various sources.  It may also be used to 

convert CO2 produced by various industrial processes to useful chemicals, making these 

processes carbon-neutral and avoiding the need for sequestration.   

 

 

Supporting Information. Supporting information for this work is published on 
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Chapter 5: Methane Pyrolysis in Low-Cost, Alkali-Halide Molten Salts 

A. Abstract 

Molten salts have received renewed attention as potential reaction mediums for methane 

pyrolysis, in which CO2-free hydrogen gas can be produced and the solid carbon can be 

continuously removed and then stored or utilized. Compared to solid catalysts, there is a 

lack of fundamental understanding of the methane transformation processes in liquid 

environments which could inhibit progress to industrializing a low-cost commercial process. 

In this work, we have investigated methane pyrolysis in alkali-halide molten salts (i.e., 

NaCl, NaBr, KCl, and KBr) which are industrially attractive due to their low cost, high 

temperature stability, and non-toxicity. We measured first-order effective activation energies 

in differential bubble column reactors of ~300 kJ/mol for methane pyrolysis in all molten 

salts which is lower than the reported value for the homogeneous uncatalyzed reaction of 

~420 kJ/mol.  We also measured an effective activation energy of ~230 kJ/mole for single 

CH4-D2 exchange, which is consistent with some solid metal oxide catalysts.  Calculations 

using combined molecular dynamics and density functional theory support the experimental 

findings with a calculated energy barrier of ~3.29 eV (or ~317 kJ/mole) on a molten KCl 

surface.  The initial reaction rates may be sufficient for an industrial reactor; however, at 

high conversion the hydrogen dependent reverse reaction limits the single-pass conversion. 

We also find that the accumulated solid carbon is ‘wetted’ into the liquid salt medium and 

does not have significant contact with the gas phase or affect the methane decomposition 

rates. The solid phase products are comprised of both amorphous and graphitic carbon 

domains with no long-range ordering. We find that significant salt residue is retained on the 
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carbon removed from the reactor which is inadequately removed by water washing.  Only 

high temperature heat treatments were effective at cleaning the carbon of residual salt.  

 

B. Introduction and Background 

Hydrogen (H2) is an attractive fuel and energy carrier; it can be combusted or 

electrochemically-oxidized for power and transportation without CO2 co-production.  One of 

the most important engineering challenges today is the development and deployment of a 

cost-effective, CO2-free, means of H2 production. Currently, the majority of industrial H2 is 

produced at low-cost by steam methane reforming (SMR) combined with the water-gas shift 

(WGS) reaction, which co-produces approximately 9 tons of CO2 per 1 ton of H2.6  

Although finite in reserves, methane is (and will continue to be) a low-cost, abundant natural 

resource for the next several decades5 and the lowest cost source of H2 in the United States 

and elsewhere.  Therefore, as a near-term ‘bridging’ solution for producing H2, methane 

conversion processes that do not release CO2 can provide significantly lower cost H2 than 

other alternatives such as solar-driven water electrolysis.10 

The stoichiometry of methane pyrolysis (MP) is simple:  

 

however, there remain several major barriers to developing a commercial process. MP for 

hydrogen production will require high temperatures due to thermodynamic limitations 

(Figure 1), and likely high pressures (i.e., 5–20 bar) in order to minimize reactor volumes. 

Equilibrium conversion of CH4 is hindered by increased pressure (Figure 1), therefore, even 

higher temperatures may be required at higher reactor pressures in order to achieve 

acceptable single pass methane conversions without prohibitive gas separation and recycle 

units.  
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Although today there are no industrial applications of MP for hydrogen production, MP 

is practiced commercially for carbon black production at low pressures using plasma 

technology.260  The industrial use of carbon is limited in scale.  An economical process for 

hydrogen production without a valuable carbon black co-product requires that high-pressure 

methane from natural gas pipelines be converted at large scale (~100 kta H2 or ~400 kta 

CH4) to produce a high-pressure hydrogen product and a solid-carbon co-product that can be 

safely disposed of for long-term carbon sequestration.  

Because the hydrogen produced per unit methane in the feed is lower for MP than for 

SMR (or autothermal reforming) without a negative value for carbon dioxide or a positive 

value for the carbon, MP cannot compete economically with reforming for hydrogen 

production.75 With a low-cost (~ $3/GJ) supply of methane, if CO2 emissions were taxed 

and/or if there was a considerable market value for the solid carbon produced in MP, MP 

can be cost-competitive with SMR.10, 140, 141, 261  Even if a sustained negative price is applied 

to CO2 emissions, in order to commercialize a low-cost MP process that reacts and separates 

the carbon at high-temperatures, an improved understanding of the fundamental steps in 

methane decomposition and solid carbon formation is necessary.  
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Figure 1: Equilibrium conversion of methane versus temperature at different 
pressures. Selective products are graphite (solid carbon) and hydrogen gas. 
Thermodynamics calculated using the online FactSage thermochemical databases.164 

 
 

Methane pyrolysis in the gas-phase is initiated by the homolytic cleavage of a methane 

molecule into a methyl radical and a hydrogen radical,133, 150, 262-265 with a measured 

activation energy (in shock tubes) that is consistent with the C-H bond strength in methane 

(~420 kJ/mole). In non-catalytic flow reactors, the activation energy for MP is measured to 

be 347-420 kJ/mole.133, 150, 264 The lower measured energy barrier compared to gas-phase 

MP is likely due to surface effects (e.g., recombination of radicals) that are absent in shock 

tubes.133 In gas-phase chemistry, further conversion to products is mediated by a complex 

network of radical reactions and is often summarized as the following:150, 266 

 

Gas-phase conversion of methane requires overcoming the high energy barrier of ~420 

kJ/mole, resulting in either low conversions, extremely high reaction temperatures, and/or 

poor selectivity to H2 (i.e., C2 hydrocarbons and aromatics are also produced).  

Alternatively, MP on high-surface-area catalytic solids (e.g., Ni/Al2O3) has high initial 

rates of decomposition followed by rapid deactivation due to coking. On these solid catalytic 
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surfaces, MP follows different transformation pathways. For example, on transition metal 

sites commonly used for methane chemistry (e.g., nickel), it is well-known that methane 

absorbs, dissociates, and undergoes sequential dehydrogenations to form solid carbon on the 

surface while molecular hydrogen desorbs into the gas phase, often summarized as the 

following:63, 64, 155 

 

The rate-limiting-step for these dehydrogenations is typically the dissociative adsorption 

of methane (i.e., the first C-H bond cleavage), having an activation energy ranging from 28–

200 kJ/mole depending on the metal choice and facet (i.e., degree of coordination).155 

Overall, carbon quickly deposits and deactivates solid catalysts; subsequent oxidation with 

air or steam is one of the few effective regeneration methods, but it produces CO2. 

Attempts have been made to prevent and/or prolong the deactivation due to coking on 

solid catalysts, but none have been proven effective in long-term studies. These attempts 

include reactors designed to physically attrit formed carbon off of solid catalyst surfaces84-86 

and catalysts designed to generate methyl radicals to prevent carbon-catalyst coordination.87-

89 For example, the extensive work by Lunsford et al. exploring oxidative coupling of 

methane (OCM) concluded that n-doped MgO surfaces form surface [O-] centers that 

abstract atomic hydrogen from methane and eject a methyl radical into the gas-phase;52 the 

methyl radical subsequently undergoes continued reactions in the gas-phase. Similarly, the 

single Fe site catalyst recently developed by Bao and others is touted to cleave the first C-H 

bond in methane at its surface and then eject a methyl radical which further reacts in the gas-

phase to form aromatics, C2 olefins, and H2.53 These attempts have maintained activity on 

the order of hours, but none have been proven industrially.  
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Alternatively, MP in molten mediums (i.e., high-temperature molten metals and molten 

salts) has received increasing attention over the past decade, due to the continuous 

production of carbon and renewal of gas-catalyst interfaces that has been demonstrated.74, 83, 

116, 202, 203, 267 Molten metals have been explored for MP more extensively than molten salts, 

and been the subject of several recent reviews.7, 64, 201, 268-270 Seminal works include 

Abádanes, Rubbia, and coworkers’ extensive explorations of packed molten tin bubble 

columns8, 80, 81 and Upham et al.’s 2017 work investigating catalytic molten metal mixtures 

such as Ni-Bi.202  Following works include an extension of the catalytic Ni-Bi mixture to the 

decomposition of other hydrocarbon feedstocks75 and investigations exploring MP using 

other molten metals such as Cu-Bi,203 Cu,115 Te,78 Ga,117 In,118, 271 and Mg.272 Molten metals, 

however, pose significant industrial challenges such as high liquid densities, viable materials 

of construction, and contamination of the end carbon product with metal.116 

Molten salts have received renewed attention for MP.  There is significant experience in 

their use as heat transfer fluids119, 273 as well as electrolytic mediums for the production of 

metals such as aluminum,121 lithium,274 and magnesium.275 Molten salts have also been used 

as environments for other methane catalysis. Carbonate salts with suspended solid catalysts 

have been explored for the production of syngas from partial oxidation of methane126 and 

dry reforming of methane.127, 128 Upham et al. explored the CO2-free generation of power 

from the partial combustion of methane in a catalytic LiI-LiOH melt.72 Investigations 

exploring the pyrolysis of biomass in molten salt bubble columns are abundant.129  Lu et al. 

recently explored a KCl-promoted Ni-Fe solid alloy catalyst for MP,71 and Patzschke and 

coworkers suspended Co-Mn catalyst particles in molten NaBr-KBr;70 in both works, they 

posited their high conversions of methane were achieved due to the presence of solid 

catalysts, and carbon removal from the catalyst surfaces was then facilitated by the molten 
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salt. Although, the long-term stability of the systems is unclear, and the role of the molten 

salt requires further confirmation.276 

In order to better understand the reactivity of methane in multiphase molten salt reactors, 

the functionality of the liquid phase must be ascertained. To the best of our knowledge, the 

works by Kang et al. in 201983 and in 202076 and Parkinson et al. in 202069, 82 are the only 

existing investigations into MP in homogenous molten salt bubble columns. Rahimi et al. 

explored the use of two-phase, molten metal-molten salt bubble column reactors;116 

however, the primary functionality of the upper molten salt phase was to reflux bubble-lifted 

molten metal from the lower phase, which resulted in a floating carbon product that was 

considerably free of metal contaminants. In these aforementioned studies, all of the 

researchers measured effective activation energies for MP in alkali-halide molten salts (i.e., 

KCl, NaCl, KBr, and NaBr) between 220–310 kJ/mole. Although indicating a relatively 

poor catalytic activity, this activation energy is markedly lower than the gas-phase activation 

energy of ~420 kJ/mole measured in shock tubes131-133 and the activation energy of 347–420 

kJ/mole measured in non-catalytic flow reactors.133  

Using catalytic salts can improve overall rates of reaction and potentially produce higher 

quality carbon products. Kang and coworkers explored two catalytic molten salt mixtures: 

(1) MnCl2-KCl mixtures at several compositions;83 and (2) up to 7 wt% FeCl3 hosted in a 

NaCl-KCl eutectic salt.76 In both works, a molecular ion with a transition metal center (i.e., 

Mn or Fe) that forms as a result of complexation of the molten salt constituents (e.g., FeCl3 

+ KCl → KFeCl4) was believed to be the active component. These complex ions may not be 

stable for long times at the high reaction temperatures required, leading to the formation of 

reduced metal (i.e., Mn or Fe) and HCl gas. Therefore, it is unclear whether the enhanced 
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activity in these catalytic molten salts is enough of a tradeoff between additional costs of 

raw materials and additional separations required.  

In this communication, we report investigations to further understand the chemical 

transformation pathways of MP in homogeneous alkali-halide molten salt bubble column 

reactors. Understanding these simple salt systems is important for two reasons: (1) these 

salts are attractive mediums for deployment of MP on an industrial scale because they are 

cheap, abundant, and non-toxic; and (2) these salts will be used as a reference for further 

studies into catalytic and/or multiphase molten salt reactors in order to make insightful 

observations and conclusions. Therefore, we explore the alkali-halide molten salt 

environments to better understand their catalytic functionality (or lack thereof) and to 

address the following scientific questions: (1) What are the effective kinetic parameters for 

MP in alkali-halide molten salt bubble columns under differential reaction conditions?; (2) 

What is the dependence of PH2 on the reaction rates?; (3) Is the activation and conversion of 

methane mediated by gas-phase processes or the molten salt surfaces?; (4) Are the produced 

carbon species catalytic for methane pyrolysis?; and (5) Are certain alkali-halide salts easier 

to separate and recover from the final carbon product? 

 

C. Materials and Methods 

Chemicals, materials of construction, and reactor components 

Monovalent, alkali-halide salts, namely potassium chloride (KCl, >99%), sodium 

chloride (NaCl, >99%), potassium bromide (KBr, >99%), and sodium bromide (NaBr, 

>99%), were purchased from Sigma Aldrich®. Physical, chemical, and economic properties 

of the salt are displayed in Table 1. Bubble column reactors are 1” OD quartz tubes with 

rounded bottoms. Custom reactor tops are made of Pyrex and connected to the quartz 
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reactors by ground ball and socket joints. Quartz reactors are heated with resistive, 12-amp, 

ceramic fiber furnaces from Watlow®. All gases (i.e., CH4, H2, Ar, and deuterated methane 

isotopologues) are ultra-high purity (99.999%) and purchased from Airgas®. Gases are 

delivered to the reaction system by MKS 1179 mass flow controllers integrated with 

LabVIEW. 

 

Hydrodynamic property and bubble size measurements 

The hydrodynamic properties – namely the surface tension (σ) and the density (ρ) – and 

the gas bubble sizes are measured in-situ using a high-definition pressure trace as a function 

of time using an Omega® PX409 series pressure transducer sampling 180 measurements per 

second. A detailed description of this technique and representative schematics have been 

published elsewhere.73, 76, 277 Briefly, the hydrodynamic parameters are calculated using the 

maximum bubbling pressure as a function of bubbling depth in the molten salt: 

   

The maximum pressure (PMAX) at each depth (d) is plotted versus depth on a linear scale. 

The surface tension (σ) is calculated from the y-intercept, as the atmospheric pressure (Patm) 

and injector tube radius (RTUBE) are known. The molten salt density (ρ) is calculated from 

the slope, as the gravitational constant (g) is known. In situ bubble sizes were estimated 

from the periodicity of the same pressure trace used for the above measurements. The 

frequency of the bubble generation was determined, and the volume of the bubbles 

calculated using the known volumetric flow rate of the inlet gas with the assumption that the 

bubbles are spherical in shape. Both reported and measured hydrodynamic properties and 

the measured bubble sizes are compiled in Table 1. 
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Table 1: Thermophysical, hydrodynamic, and economic properties of the alkali-halide 
salts studied in this work.  

Alkali-halide salt NaCl KCl NaBr KBr 

Melting pointa [°C] 808 772 747 734 

Boiling pointa [°C] 1,465 1,407 1,392 1,383 

Density (reported)a [g/cm3] 1.45 1.39 2.14 1.91 

Density (measured) [g/cm3] 1.42 ± 0.02 1.37 ± 0.02 2.11 ± 0.02 1.91 ± 0.02 

Surface tension (reported)a 
[mN/m] 

98 82 84 70 

Surface tension (measured) 
[mN/m] 

110 ± 4 81 ± 2 84 ± 2 75 ± 2 

Bubble sizeb [mm] 5.9 ± 0.1 5.8 ± 0.2 5.6 ± 0.2 5.8 ± 0.2 

Costc [USD/ton] $10 $30 ~$3,000 ~$3,000 
aTaken from Molten Salts Handbook.278 Density and surface tension values are for T = 1000 °C. 
bBubble size measured at T = 1000 °C with 15 SCCM of argon in a 3 mm OD x 2 mm ID quartz injection tube 

submersed in the molten salt. 
cEstimated from ref 279 and the United States International Trade Commission (USITC) DataWeb206 for the 

year 2020. 

 

Product analysis and kinetic measurement 

In a standard bubble column experiment, a 3 mm OD x 2 mm ID quartz inlet tube from 

Quartz Scientific® is used to deliver 15 SCCM of gas to a molten salt bubbling depth of 18 

cm in a top-down fed configuration. A K-type thermocouple from Omega® was sheathed in 

a sealed 3x2 mm quartz tube and fed top-down into the molten salt, with the tip submersed 

to a depth of ~6 cm. This thermocouple was used as the control thermocouple for the 

furnace temperature controller (Inkbird® ITC-100VH PID controller), which resulted in an 

accurate, in-situ temperature reading at all times. Another top-down fed, 3x2 mm quartz 

inlet tube is situated just above the surface of the molten salt and delivers 30 SCCM of inert 

‘sweeping’ gas (i.e., Ar) to the headspace. This reactor configuration is designed to 

minimize reactions in the injection tube and in the reactor headspace to ensure the kinetic 

measurements to represent only reactions during bubble rise. Headspace conversions are 

also measured at each condition by flowing 15 SCCM of CH4 and 15 SCCM of Ar in the 
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headspace and bubbling 15 SCCM of Ar in the molten salts at a depth of 18 cm to maintain 

the same temperature profile when compared to bubbling pure methane. 

Gas products are collected at the effluent of the reactor through 1/8” Teflon tubes heated 

to >100 °C to prevent condensation of products such as benzene. A 0.025 mm (heated) glass 

capillary tube syphons a sample from the product stream for analysis in an online 

quadrupole mass spectrometer (Stanford Research Systems, RGA 300), also integrated with 

LabVIEW. The product gas then enters an autosampler in a model 8610C gas 

chromatograph from SRI Instruments®. Aliquots are taken from the autosampler and sent 

simultaneously to both a thermal conductivity detector (TCD) for analysis of H2, Ar, and 

CH4 and a flame ionization detector (FID) for analysis of all hydrocarbon products (e.g., 

CH4 and C2s). Nitrogen gas is used as the carrier for both columns. Methane conversion and 

hydrogen selectivity are calculated as follows: 

 

 

Details about the kinetic models can be found in the SI section 2. 

 

Computational details 

In our simulations, we model methane decomposition on monovalent molten salt films 

of NaBr (20NaBr units), NaCl (20NaCl units), KCl (20KCl units), KBr (20KBr units). The 

space above the molten salt is a vacuum, thus, the films have a vacuum-salt interface. The 

molten salt systems are investigated using ab initio, constant temperature molecular 

dynamics (AIMD) simulations,172, 280 implemented in the VASP177, 178, 281, 282 computational 
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package and using the Nosé thermostat.172, 280, 283 The motion of the atoms is treated 

classically, and the time steps of 1 fs are used to solve the Nosé equations of motion. The 

Nosé thermostat was set to keep the temperature at ~1100 K. The energy in these 

simulations is obtained by density functional theory (DFT), using a plane wave basis set 

with a 350 eV energy cutoff, and a (2 × 2 ×1) Monkhorst–Pack k-point grid to sample 

reciprocal space. The PBE functional179 and D3 van der Waals correction284 were used to 

approximate the exchange-correlation effects. The calculations use the projector augmented-

wave method181, 285 and include one valence electron for Na atoms, nine valence electrons 

for K atoms, seven valence electron for Cl atoms, seven valence electrons for Br atom, four 

valence electrons for carbon, and one valence electron for hydrogen, while the remaining 

electrons in the atoms are treated with the frozen core approximation. Spin polarized 

calculations were performed for all systems. We did not observe any spin on Na, K, Br, Cl, 

C, and H atoms.   

The mean internal energy in constant temperature molecular dynamics is given by: 

   (4) 

where E(τ) is the total internal energy at time τ. Since the system is held at a constant 

temperature, the total energy fluctuates as time evolves.  

The adsorption energy of methane dehydrogenation is calculated using an energy 

difference. For example, the energy cost of forming atomic carbon on 20NaBr(l), ΔE*C, is 

given by Eq. 5, where  is the mean internal energy of a carbon atom adsorbed 

at the 20NaBr(l) surface,  is the mean energy of a hydrogen molecule in the gas 
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phase,  is the mean energy of 20NaBr(l) without any adsorbates, and  is 

the mean energy of methane in the gas phase. 

                                                          (5) 

The energies of the gas phase molecules (CH4 and H2) are calculated with the center of mass of 

the molecule fixed, while the molecule can rotate and vibrate.286 Thus, the calculations contain the 

electronic, classical vibrational, and classical rotational energies of the molecule in vacuum. 

Therefore, the translational energy (i.e., 3/2 kBT where kB is Boltzmann constant) is added to the 

energy of the gas molecule.  

To calculate the energies associated with the states of dehydrogenation of methane on 

our molten salt surfaces (e.g., 20NaBr film), we have selected a configuration (at 14 ps) 

from a long molecular dynamics run, in which the system is fully equilibrated. We then 

situated the dissociated methane species (*H and *CH3) at different sites on the molten salt 

surface and minimized the energy once more. Different configurations included coordinating 

the absorbed fragment to different sites and layers of the molten salt. We then calculated the 

total energy of different configurations. Binding energies for different configurations were 

calculated from the calculated total energies and a reference system energy (i.e., methane in 

the gas-phase and a pristine molten salt).  

To calculate the activation energy of methane dissociation on a molten KCl surface, we 

have selected a configuration from a long molecular dynamics run (14 picoseconds) and 

froze the bottom 75% of the molten salt slab and optimized the atomic positions of the salt 

in the surface 25%. In this way, we created a “glassy” solid whose structure is similar to that 

of the liquid. We then situated the dissociated methane species (*H and *CH3) at different 

sites on the surface and minimized the energy again. Subsequently, the total energy of 

different configurations was calculated. We then performed the Nudged Elastic Band (NEB) 
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calculations for the most stable configuration to predict the activation energy of C—H bond 

dissociation on the molten salt surface.  

 

Carbon reactivity and characterization 

After hot water washing the carbon product from methane pyrolysis in molten KCl, 0.2 

grams of the carbon powder were loaded into a vertical ½” OD quartz reactor and supported 

on quartz wool in the bottom of the reactor. Quartz wool was also gently inserted above the 

carbon bed to create a packed bed of carbon and prevent blowout. An internal, quartz-

sheathed thermocouple centered with the carbon bed was used as the control thermocouple 

for an accurate temperature reading A top-down fed quartz 3x2 mm inlet tube passed 30 

SCCM of CH4 and 20 SCCM of argon through the carbon bed. Methane conversion was 

measured as a function of temperature. The same experiment was performed in a blank 

reactor with no carbon as a reference. 

Scanning electron microscopy (SEM) was performed using an FEI XL30 Sirion FEG 

Digital Scanning Electron Microscope equipped with an energy dispersive X-ray 

spectrometer (EDX) operated at 15 kV. SEM images were taken at an accelerating voltage 

of 5kV at multiple magnifications. Samples were adhered to titanium SEM stages with 

adhesive copper tape. Raman spectra of the quenched molten salt samples were collected 

using a Horiba Jobin Yvon T64000 open- frame confocal microscope with a 488 nm laser. 

X-ray diffraction (XRD) measurements were made on a Panalytical Empyrean powder 

diffractometer with copper Kα source. The reflection angle, 2θ, was varied from 15 to 45°. 

Transmission electron microscopy (TEM) was conducted using a FEI Titan 80-300 TEM. 
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Carbon processing and salt separations 

To isolate the carbon from the cooled molten salt bubble columns after the MP 

experiments, the entire carbon-salt composite is submerged in a ~1 L cold water bath. Once 

the salt has been dissolved, the solution is filtered through a Buchner funnel under a slight 

vacuum. The carbon powder is then rinsed with an alcohol (isopropyl alcohol or ethanol) to 

remove any residual organics and aromatic compounds (which are soluble in alcohol). The 

carbon is then transferred to an oven and dried overnight at 90 °C. 

The hot water washing procedure is as follows: the dried carbon powders are submersed 

in 500 mL of DI water on a hot plate. The mixture is constantly stirred for 2 hours at a 

temperature of 70 °C. It is then cooled and filtered through a Buchner funnel, rinsed with 

alcohol to displace any residual water, and then placed in an oven to dry overnight at 90 °C. 

A 1100 °C heat treatment was performed in addition to hot water washing for some 

carbon samples as follows: the carbon powders were loaded into a vertical ½” OD quartz 

reactor and supported on quartz wool in the bottom of the reactor. A top-down fed quartz 

3x2 mm inlet tube passed 20 SCCM of argon over the bed of carbon. The carbon bed was 

heated to 1100 °C and left for 12 hours to selectively vaporize the residual salt 

contaminants. The bed was then cooled, and the quartz tube was broken just above the 

carbon bed (in order to isolate the carbon from any salt that deposited in the cool headspace 

of the reactor). 

A 1500 °C heat treatment was performed in addition to the 1100 °C heat treatment for 

some carbon samples as follows: the carbon powders were loaded into a vertical ½” OD 

alumina reactor tube. A top-down fed alumina 3x2 mm inlet tube passed 20 SCCM of argon 

over the bed of carbon. The carbon bed was heated to 1500 °C (from room temperature at a 
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rate of 10 °C/min) and held there for 12 hours before cooling back to room temperature to 

boil off the residual salt contaminants. 

 

D. Results and Discussion 

Kinetic Measurements 

 
Figure 2: Kinetic measurements in differential molten salt bubble columns with a 15 
SCCM bubbling flowrate and 30 SCCM Ar sweeping headspace gas flowrate. (a) 
Fractional methane conversion versus temperature in different alkali-halide molten 
salts and modeled gas-phase conversion for a residence time of 0.75 seconds. (b) 
Arrhenius plots of methane decomposition in a molten KCl bubble column as a 
function of PCH4. (c) Arrhenius plots constructed using differential conversion data. (d) 
Fractional methane conversion in molten KCl as a function of inlet CH4:H2 ratios. 
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The fractional methane conversions versus temperature in alkali-halide molten salt 

bubble columns are shown in Fig. 2a. The methane conversions are approximately the same 

in each of the four molten salts studied (NaCl, KCl, NaBr, and KBr); the light off 

temperature is ~900°C and 10-15% methane conversion is achieved at 1050°C for a bubble 

residence time of ~0.75 seconds (with contributions from the headspace subtracted). The gas 

bubble size is approximately the same for all measurements (Table 1), which is important to 

ensure that the total gas volumes and gas-liquid surface areas are comparable between salts. 

The H selectivity to products is also similar between the four salts, with a ~95% selectivity 

to H2, a ~4% selectivity to ethylene, and a ~1% selectivity to benzene and other aromatics at 

1000 °C (see SI section 1). The calculated conversions for an equivalent residence time of 

0.75 seconds using kinetic parameters for gas-phase MP (Table 2) are plotted (Fig. 2a, solid 

black curve), which is markedly lower than those achieved in the molten salt bubble 

columns; the light off is >1000°C and <1% conversion is predicted at 1050°C. Moreover, 

the gas-phase-mediated conversion of methane typically has a selectivity to H2 that is 

notably less than observed in this work.59, 287 Overall, the methane conversions in these 

molten salt bubble columns suggest that the salt surfaces may indeed participate in the 

methane decomposition. 

While the activity could be from autocatalysis, conversion is found to be independent of 

the amount of carbon formed and instead strictly first-order with respect to methane. 

Autocatalysis – that is, reactions on the carbonaceous intermediates nucleated in the gas-

phase or formed on the molten salt surfaces – could serve to further drive the reaction; 

autocatalysis is well-documented in MP, particularly during the early stages .143, 144 For 

example, 1 atm of methane in a ~7 mm bubble at a ~4% methane conversion (achieved at 

1000°C, Fig. 2a) could produce ~30 monolayers of carbon on the surface of the bubble 
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(assuming 1015 sites/cm2 and perfect monolayer formation). Therefore, the methane 

conversions versus temperature were measured in a molten KCl bubble column for initial 

methane partial pressures of 0.5 atm and 0.1 atm, which could produce ~15 and ~3 

monolayers of carbon, under similar conditions, respectively. Within experimental error, the 

methane conversion was independent of the methane partial pressure, signifying that the 

reaction is first order with respect to methane and not significantly affected by the carbon 

coverage (Fig. 2b). Using this order in methane, the measured effective activation energy 

under differential conditions (i.e., at conversions <10%) regardless of methane partial 

pressure (Fig. 2b) or molten salt (Fig. 2c) is ~300 ± 20 kJ/mole (Table 2). This same 

effective activation energy was also calculated using a batch reactor model instead of a 

differential reactor (see SI section 2). The minimal activity measured in these molten salts 

could still be derived from autocatalysis on any gas-phase nucleated carbon species, as they 

are present in amounts that are roughly proportional to the methane partial pressure and 

conversion.  

Another possible explanation for the observed activity is from gas-liquid interface 

events, such as catalytic methane dehydrogenation or radical formation and ejection to the 

gas phase. Additionally, the presence of a surface allows for radical reactions (i.e., radical 

recombinations), which is likely one of the reasons why inert flow reactors generally have 

lowered effective activation barriers compared to shock-tube studies, in which the effect of 

surfaces can be neglected.133 Regardless, if gas-liquid interface events were responsible for 

the observed activity, then the activity should have a dependence on the ratio of gas-liquid 

surface area to gas volume (SA:V) ratios. The SA:V ratio can easily be adjusted by changing 

the size of the feed tube, as this changes the bubble size. In this work, we adjusted the 

bubble size from ~6mm to ~8mm and observed no measurable difference in the overall rate 
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of methane consumption (see SI section 3). However, careful considerations must also be 

given to the changes in bubble rise time (i.e., gas residence time) for bubbles of different 

sizes. Parkinson et al. carefully deconvolved the contributions from gas-phase and surface 

reactions by altering the bubble size and rigorously measuring the bubble rise times, thereby 

elucidating a dependence – albeit weak – on the SA:V ratios.69 Therefore, the reaction rates 

in these alkali chloride bubble columns slightly increase with increased surface area, which 

is consistent with the notion that the salt surface facilitates the reaction.  

Overall, the pure molten alkali-halide salts studied herein have relatively weak catalytic 

activity. Although more reactive and selective to H2 compared to the homogeneous gas-

phase chemistry and attractive due to their suitability as heat transfer fluids, inertness, 

stability, and low cost, their use in a commercial process for MP is partly contingent upon 

achieving an acceptable rate of reaction at scale. A best-case-scenario rate at 10 bar, 1000 

°C, and 20% gas holdup is approximated for a bubble column reactor using these molten 

salts (see SI section 4), and is compared to a reaction rate in a gas-phase reactor of similar 

size (Table 2). The rates in molten salt bubble columns can be roughly 1 order of magnitude 

higher than a gas-phase reactor (~1 mol/m3-s compared to 0.1 mol/m3-s). However, this 

best-case scenario rate is likely inefficient on its own, given that an SMR reaction rate is 

approximately ~48 mol/m3-s under similar conditions (see SI section 4). Furthermore, this 

rate is based on the differential model (see SI section 2a) which does not account for H2 

inhibition at higher conversions, which is observed to be significant in these molten salt 

bubble columns (Fig. 2d), which also been observed in non-catalytic MP flow reactors in the 

past.23 
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Table 2: Effective kinetic parameters measured for MP in alkali-chloride molten salt 
bubble columns under differential conditions and calculated best-case-scenario rates of 
methane decomposition.  

Catalyst 
Ea 

[kJ/mole] 
k0 [1/s] 

Rate @ 1000°C and 10 
barb [mol/m3-s] 

KCl 288 ± 16 4.0 ± 3.0 x 1010 1.3 ± 0.6 

NaCl 309 ± 14 2.0 ± 1.0 x 1011 0.7 ± 0.4 

KBr 310 ± 22 2.0 ± 1.0 x 1011 0.8 ± 0.4 

NaBr 295 ± 16 6.0 ± 2.0 x 1010 0.9 ± 0.4 

Gas-
phasea 

420 1.0 x 1014 0.1 

aGas-phase kinetic parameters taken from Kevorkian et al.32 and Skinner et al.266  
bGas holdup in bubble columns is assumed to be 20%. 

 
 
 
CH4-D2 Exchange 

The reaction of methane and deuterium (CH4-D2 exchange) can give mechanistic insight 

into the initial elementary steps in the methane pyrolysis process. Namely, the activation 

energy is one proxy for the reactivity of catalysts for C-H bond activation. The reported 

activation energies of CH4-D2 exchange on solid catalysts range from 27–230 kJ/mole.288, 289 

Additionally, the distribution of deuterated methyl isotopologues (i.e., CH3D, CH2D2, CHD3, 

and CD4) can elucidate reaction pathways and rate-determining steps. It is advantageous to 

perform these experiments under deuterium-rich gas conditions to ensure that the rates of 

deuteration are much faster than hydrogenation and also under conditions where there is no 

net conversion of CH4 (to carbon, H2, and olefins, for examples); re-hydrogenated 

deuterated-methyl products would compromise conclusions about the reaction pathway. 

Thus, keeping the net conversion of CH4 low ensures the deuterated products will not bias 

an accurate representation of the intermediate steps. 

CH4-D2 exchange on supported Ni catalysts has been shown to yield CD4 as the 

isotopologue with the highest concentration (using excess D2),290 a scenario known as 
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multiple exchange. It is generally accepted that methane decomposition on solid nickel 

surfaces (and those of other transition metals) proceeds via stepwise surface 

dehydrogenations (i.e., CH4 → CH3* → CH2* → CH* → C). In the case of CH4-D2 

exchange using a nickel catalyst, the results are indicative of the first C-H bond activation 

and cleavage as being rate-limiting, with the subsequent surface dehydrogenations occurring 

more rapidly.289, 290 This conclusion is supported by the fact that there is minimal CH3D, 

CH2D2, or CHD3 produced from CH4-D2 exchange.  These would form as a result of 

deuteration of CH3*, CH2*, and CH* adsorbed intermediates on the Ni surfaces, 

respectively. On oxide and metal catalysts that undergo a similar transformation pathway in 

which the second C-H activation has a considerably higher barrier, CH3D is the deuterated 

species with the highest concentration, which forms as a result of the deuteration of an 

adsorbed CH3* species (opposed to the further dehydrogenation to a CH2* species).289 This 

scenario is known as single or stepwise exchange. Gas-phase (non-catalytic) CH4-D2 

exchange has a reported activation energy of ~218 kJ/mole291 and a transformation pathway 

that is mediated by methyl (or deuterated methyl) formation, resulting in stepwise exchange 

of methane with deuterium. 

The following is a proposed stepwise exchange model for the reactions between CH4 and 

D2 in excess D2:289, 292 

 

In this model (Eq. x), it is assumed that the (reverse) rates of hydrogenation are negligible 

and that the concentration of D2 is constant (and therefore amassed with k1). This model also 

assumes that the rates of deuteration are not altered by kinetic isotope effects (KIEs) and 

proportional to the number of hydrogens present (i.e., the rate of CH4 deuteration is four 

times higher than CHD3 deuteration).289 The expressions for the concentrations of all 
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deuterated isotopologues as a function of temperature and residence time can be solved 

analytically (see SI section 5a), resulting in a single unknown variable (k1). To the best of 

our knowledge, this model has not before been quantitatively confirmed or compared against 

experimental CH4-D2 exchange data.  

The results of CH4-D2 exchange in a molten KCl bubble column using excess D2 (initial 

D2:CH4 ratio is 9:1) are shown in Figure 3. Experimental conditions were chosen such that 

there is no net conversion of CH4 to products such as H2, olefins, and/or solid carbon due to 

the presence of D2 (or H2). However, under the same kinetic conditions without an initial 

partial pressure of D2 (or H2), considerable net conversion of CH4 is achieved (Fig. 2d). 

These conditions ensure that the intermediates present during CH4 pyrolysis do indeed form 

but are fully deuterated back to CHxDy species for spectroscopic interrogation. To extract k1 

as a function of temperature, the modeled analytical expression for CH4 partial pressure (i.e., 

a first order exponential consumption) was fit to the experimental data at different 

temperatures. Subsequently, those k1 values were used to model the partial pressures of all 

other deuterated methyl species (CHxDy) and is in excellent agreement with the 

experimental data (Fig. 3). This result is surprising since such a complicated multiphase, 

multispecies reaction can be accurately modeled across temperature using such a simple 

kinetic model with a single, temperature-dependent rate constant. 
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Figure 3: Modeled (solid lines) and experimental (dashed lines) partial pressures of 
deuterated methane isotopologues versus temperature from CH4-D2 exchange in a 
molten KCl bubble column at atmospheric pressure. Initial CH4:D2 ratio is 9:1. 
Bubbling flowrate is 20 SCCM with a 30 SCCM Ar sweep gas in the headspace. Bubble 
rise (residence) time is ~0.75 seconds. Error bars represent the standard deviation of 
three separate trials. 

 
 

The CH4-D2 single exchange results presented here suggest the activation and 

conversion of methane is minimally facilitated when contacted with molten KCl within 

bubble columns. The measured effective activation energy is 232 ± 10 kJ/mole (see SI 

section 5b), which is consistent with the activation energy reported for gas-phase CH4-D2 

exchange measured in a shock tube (~218 kJ/mole)291 and consistent with energies measured 

on poor metal oxide catalysts such as TiO2 and CeO2 (199 and 227 kJ/mole, respectively).288 

The initial C-H bond cleavage is likely facilitated by the molten salt surface, with the 

resulting methyl species either undergoing continued dehydrogenation at the surface or 

ejected into the gas phase as a methyl radical. Both of these scenarios could result in the 

stepwise CH4-D2 exchange profile observed in Fig. 3.  
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Previous in-house CH4-D2 exchange results using similar reactor conditions with 

catalytic molten salt bubble columns have deviated markedly from the results presented here 

for KCl (and the modeled gas-phase exchange results). Kang et al. found a higher 

concentration of CH2D2 at 900°C in a 67 mol% MnCl2 – 33 mol% KCl molten salt bubble 

column compared to a pure KCl column.83 Kang et al. also found higher amounts of CH2D2, 

CHD3, and CD4 at 800°C in a molten salt mixture of ~5 wt% FeCl3 in NaCl-KCl (NaKCl) 

eutectic compared with neat NaKCl.76 In both of these works, the molten salts are posited to 

have catalytically-active species at their gas-liquid interfaces that facilitate the activation and 

conversion of methane, supported by the measured effective activation energies of <170 

kJ/mole. Therefore, the CH4-D2 exchange results suggest that the activation and conversion 

in these active molten salts is surface-mediated and unique from gas-phase chemistry or the 

transformations of CH4 in these simple salt environments. 

 

Calculated Energy Barriers and Catalytic Pathways 

The calculated reaction energies of the different states during methane dehydrogenation 

on NaBr, NaCl, KCl, and KBr molten surfaces are shown in Fig 4. These energies were 

obtained from the most stable configurations of the bound moieties on the salt surfaces. The 

initial step of adsorption and dissociation of methane onto a surface (purple lines, Fig. 4) is 

often rate limiting and is calculated here to be 2–4 eV higher in free energy compared to a 

methane molecule in the gas phase and a pristine molten salt surface. Upon desorption of the 

bound hydrogen moiety to the gas phase (blue lines, Fig. 4), the free energy slightly 

decreases. Therefore, we analyzed continued dehydrogenation processes of the carbon-

containing moiety at the molten salt surface with desorption of hydrogens to the gas phase 

(eg., *CH2+H2, *CH + 3/2 H2, and *C + 2H2). The calculations indicate that the system free 
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energies increase for subsequent dehydrogenations. For example, the energy of the system 

with a bound C atom at the molten salt surface and two hydrogen molecules in the gas phase 

is 7–12 eV and the energy of the system with bound CH3 and H moieties at the molten salt 

surface is 2–4 eV. The free energies for the four different molten salts are similar, although 

the reason for the anomalously high free energy of the KCl system for the latter calculations 

in unknown. 

This calculated energy landscape in which each dehydrogenation step is endothermic is 

consistent with the experimental CH4-D2 exchange results, which indicated single exchange 

as the dominant exchange mechanism. In single exchange, the barrier for a bound methyl 

moiety to dehydrogenate into a bound methylene moiety is larger compared to the barrier for 

the bound methyl moiety to rehydrogenate and desorb as CH4; for multiple exchange, it is 

just the opposite.289 Accordingly, in energy landscapes where the subsequent surface 

dehydrogenations are exothermic, such as those calculated for methane dehydrogenation on 

nickel surfaces,293 the accompanying CH4-D2 exchange experiments indicate multiple 

exchange as the dominant exchange mechanism.290 

An important consideration when analyzing the calculated total free energies presented 

in Figure 4, especially when comparing surface-bound versus gas-phase species, is the effect 

of entropy which is not included in the figure values. We calculated the desorption entropy 

for the first two reactions (i.e., CH4 (g) + salt (liq) → *H *CH3 and *H *CH3 → *CH3 + 

1/2H2). For the initial adsorption and C–H bond dissociation (purple lines, Fig. 4), the 

entropy increases overall with the adsorption free energy increasing by ~5.5 x 10-4 eV/Ko 

and the desorption free energy decreasing by ~2.0 x 10-4 eV/Ko on all molten salts. The 

desorption of a H radical (blue lines, Fig. 4) increases the entropy substantially mainly due 

to the fact that H2(g) translates in three dimensions while the translation of an adsorbed H is 
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two dimensional. This means that the free energy for desorption is lowered by the 

contribution of entropy. The quantitative effect of entropy on all molten salts is 

approximately the same.   

 

 
Figure 4. The free energies of states during methane dehydrogenation on NaBr, NaCl, 
KCl, and KBr surfaces obtained from the most stable configurations. The dark blue 
line refers to CH4 in gas phase which serves as a reference, the purple lines refer to 
adsorbed *H*CH3, the blue lines refer to *CH3+1/2H2(g), the pink lines refer to 
*CH2+H2(g), the gray lines refer to *CH+3/2H2(g), and the green lines refer to 
*C+2H2(g). The hierarchal order for the data points corresponds to the text above 
each. 

 

We also calculated the activation energy for methane dissociation on the surface of KCl 

using the nudged elastic band (NEB) method (see Figure 5). Such calculations require that 

the system has well-defined initial and final states. This is difficult for a liquid surface where 

the atoms are particularly mobile, as different gas molecules colliding with a liquid surface 

will encounter different atomic configurations at different times and their activation energies 

for dissociative adsorption will be accordingly different. Thus, we performed the NEB 

calculations by freezing an equilibrated configuration of molten KCl, followed by 
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optimizing the configurations of adsorbed CH3 and H species (see Materials & Methods for 

details). Figure 5 shows the energy along the dissociation path (i.e., initiating with a 

methane molecule in the gas phase and terminating with dissociated methyl and hydrogen 

moieties on the salt surface). The energy of the initial adsorbed methane molecule is -0.08 

eV (compared to gas-phase methane) for the most stable configuration we calculated. The 

final state of the dissociated methane on the surface of KCl has an energy of +2.02 eV. The 

calculated transition state energy (i.e., the activation energy) for methane dissociation on a 

KCl surface is +3.29 eV. If we assume that the rate-limiting step in methane decomposition 

on a KCl surface is the first C–H bond cleavage (which is often the case), then this 

calculated barrier of ~3.29 eV can be directly compared to the effective activation energy 

measured experimentally of 3.0 ± 0.2 eV. These values are in excellent agreement with each 

other, especially considering the inherent error associated with the DFT calculations.       

 
Figure 5. Potential energy surface for methane dissociation on the surface of KCl.   
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Carbon Reactivity, Characterization, and Processing 

As mentioned above, autocatalysis on the carbonaceous species produced from MP has 

been shown to increase the rates of methane decomposition. Additionally, carbon catalysts 

of differing morphologies and origins have been explored for methane decomposition 

extensively in fixed-bed and fluidized bed reactors.54-57 Therefore, over time, the reaction 

rates in these molten salt bubble column reactors may increase if the carbon formed from 

MP is active and able to contact the methane gas bubbles. In this work, the reaction rates are 

stable over long periods of time and do not increase (Fig. 6a), despite a considerable 

increase in the overall carbon concentration (~2 grams of carbon per liter of salt at 7 hours). 

This result suggests that either the carbon made from MP is inactive or the methane gas 

bubbles cannot access the carbon surfaces, due to wetting by the molten salt, for example. 

To probe the gas-solid contacting as a function of time on stream during MP in KCl at 

1000°C, the surface tension of the three-phase mixture is periodically measured using the 

maximum bubbling pressure (see Materials and Methods for details). As shown in Fig. 3b, 

the surface tension of the solution is unchanged over time and is within excellent agreement 

of the surface tension of pure KCl at 1000°C (Table 1). The bubble size (measured using the 

same pressure trace, which can be perturbed by changes in surface tension and/or density, is 

also unchanged over time at both low and high flowrates (Fig. 6b). This result suggests that 

the carbon is either wetted into the molten salt and becomes inaccessible to the gas or that 

the carbon that is present at the gas-liquid interfaces does not alter the surface tension. To 

deconvolve these two possibilities, the activity of the carbon produced by MP in these 

molten salt bubble columns must be probed without the presence of the molten salt. 
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Figure 6: (a) Fractional methane conversion versus time on stream (TOS) in molten 
alkali-chloride bubble column reactors at 1000°C. (b) Surface tension and bubble size 
at high and low gas bubbling rates in molten KCl versus TOS for MP at 1000°C. (c) 
Fractional methane conversion vs temperature in a packed bed of washed carbon 
made from MP in KCl at 1000°C. Blank bed results also shown as a reference. 

 

Therefore, we washed the carbon produced in a KCl bubble column with hot water 

multiple times to remove any residual surface salt. Then, we loaded ~0.2 grams of the 

washed carbon product into a packed bed reactor (left inset, Fig. 6c) and measured the 

effective kinetic parameters for MP (see Materials & Methods). The conversion vs 

temperature for both the carbon bed and a blank reactor (right inset, Fig. 6c) is plotted in 

Fig. 6c. The carbon is active as a catalyst for MP, with a measured effective activation 

energy of 247 ± 15 kJ/mole (see SI section 6). This activation energy is in good agreement 

with those measured for methane decomposition on carbon blacks, which range from 205–

236 kJ/mole.294 Therefore, the carbon produced from MP using the reactions conditions 

described in this work is active for MP, but is quickly wetted into the salt phase, where it 

becomes inaccessible for gas-solid contacting and reaction. The properties (i.e., wettability) 

of the salt may be altered to allow for gas-solid contacting, which would increase the rate of 

methane decomposition without introducing other contaminants (such as metals) to the 

system. 
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(e) 1150  C(d) 1100  C

(b) 1000  C (c) 1050  C(a) 950  C

 
Figure 7: SEM images of the carbon synthesized from methane pyrolysis in molten 
KCl bubble columns at different temperatures: (a) 950 °C; (b) 1000 °C; (c) 1050 °C; 
(d) 1100 °C; and (e) 1150 °C. All carbons have been washed with 70 °C water for two 
hours with constant stirring. Scale bars in all images correspond to 50 μm. 

 
 
The micron-scale morphologies of the solid carbon produced from MP in molten alkali-

chloride molten salt bubble columns are similar among different salts (i.e., KCl, NaCl, KBr, 

and NaBr) but are obviously different at different pyrolysis temperatures. Figure 7 shows 

SEM images of the solid carbon product synthesized in molten KCl bubble columns at 

different temperatures (950–1150 °C). At the lowest pyrolysis temperature of 950 °C (Fig. 

7a), amorphous, spherical particles assembled into larger cauliflower-like carbon structures 

are observed. These micron-scale shapes are consistent with amorphous carbon structures 

such as carbon black, which are typically synthesized in gas-phase (non-catalytic) 

decomposition of methane295 and are also strikingly similar with the carbon structures 

synthesized by Parkinson et al. in the same environments.82 The growth of spherical carbon 

black particles has specifically been derived from reactions between small gas-phase radical 

species and free radicals on the deposited carbon surfaces.296 Similarly, the cauliflower 

structures are akin to other carbon materials grown from hydrocarbon decomposition in the 

absence of a catalyst.297  
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Interestingly, as the pyrolysis temperature is increased, the morphology of the carbon 

structures gradually changes from cauliflower (spherical) structures to sheet-like structures, 

growing solely as sheet-like structures at temperatures of 1050 °C and above (Fig. 7 c-e). 

1000 °C appears to be a transitional temperature, where both spherical and sheet-like carbon 

structures can be observed (Fig. 7b), which is consistent with the reports of Kang et al. in the 

same reaction environment.83 Images of the carbon products from pyrolysis in NaCl, KBr, 

and NaBr at 1000 °C are similar (see SI section 7a).  

Ascertaining a full mechanistic understanding of the carbon formation pathways is 

challenging – there are molten salt surface events, independent gas-phase chemistry, and 

communication channels between these two networks. For example, as the temperature is 

increased, the contribution from gas-phase chemistry is likely increased, as the kinetic 

barriers for activation and conversion of hydrocarbons are higher in the gas-phase compared 

to surfaces (especially catalytic ones). Therefore, one conclusion is that the sheet-like carbon 

structures are a result of gas-phase chemistry, as they are more prevalent at higher 

temperatures. One might have assumed just the opposite though – that is, the spherical 

structures are a product of gas-phase hydrocarbon decomposition (as has been noted before) 

and the sheet-like structures are a result of surface chemistry. 

Another approach is to simplify the carbon formation mechanisms and assume the end 

morphology is influenced by two major factors: (1) the formation rate of carbon (calculated 

from the decomposition rate of methane) and (2) the diffusion or rearrangement rate of 

carbon on the molten salt surfaces and/or during its transformation from gas to solid. Both 

factors increase exponentially with temperature. However, the carbon formation rate can be 

easily controlled by adjusting the methane partial pressure (and calculating the conversion 

rate to carbon vs temperature, as is done in Fig. 2a). We synthesized carbon at 1050 °C in a 
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molten KCl bubble column with a lower CH4 partial pressure (0.13 atm) to match the overall 

carbon production rate at 950 °C with 1 atm of CH4 in which the two experiments should 

only differ in ‘diffusion’ rates. The carbon synthesized at 1050 °C with 0.13 atm of methane 

appears to be comprised primarily of the sheet-like carbon structures (see SI section 7a). 

Therefore, the propensity to form sheet-like carbon structures over spherical carbon 

structures may be derived from the diffusion and rearrangement processes during carbon 

growth. 

To better understand the short-range structure of the formed carbon materials presented 

in Figure 7, Raman spectroscopy was performed with the results shown in Figure 8. The 

Raman spectra present three obvious characteristic bands: D, G, and 2D (Fig. 8). The D 

band or ‘disorder’ band, centered at ~1350 cm-1, is derived from characteristic vibrations of 

edge and/or defected carbon sites.213, 214 The G band or ‘graphite’ band, centered at ~1590 

cm-1, is associated with the stretching frequency of C-C bonds in the graphitic basal 

plane.213, 214 The 2D band, centered at ~2700 cm-1, manifests from interactions and ordering 

(or lack thereof) between carbon layers as well as from overtones of the D band.213, 214 The 

intensity ratio of the D to G bands (i.e., ID/IG) is often used to describe the degree of 

graphitization of a carbon material. However, it also important to consider the degree of 

convolution of the D and G peaks, which can also be explained by additional disorder bands 

centered between the primary D and G peaks. In Raman spectra of amorphous carbons such 

as carbon black, the convolution of the D and G bands is severe (i.e., other disorder modes 

are prevalent); whereas in spectra of highly-graphitized materials, there is little convolution 

between the D and G bands (i.e., other disorder modes are minor). 

In the spectrum of the carbon synthesized at 1000 °C in KCl (green curve, Fig. 8), the D 

and G peaks are slightly convoluted, suggesting that the carbon is a hybrid mixture of 
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graphitic and amorphous domains.298 Additionally, there is no obvious (or sharp) 2D peak, 

indicating no significant short-range ordering between carbon layers. Carbon samples 

synthesized under the same conditions in the other alkali-halide molten salts exhibit similar 

carbon spectra (see SI section 7b). X-ray diffraction (XRD) also supports the conclusion that 

there is no long-range stacking order between individual carbon sheets, as no sharp 

reflection is observed corresponding to the (002) carbon plane (see SI section 7c). One 

might have assumed that the sheet-like structures of carbon (Fig. 7e) synthesized at higher 

temperatures are more graphitic than the turbostratic cauliflower carbon structures (Fig. 7a) 

synthesized at lower temperatures. However, there are no significant differences in the 

Raman spectra as a function of temperature (Fig. 8). The D and G bands do become slightly 

more convoluted in the spectra of samples synthesized at high temperatures, which may 

suggest that the amorphous domains are slightly more prevalent. 

 

 
Figure 8: Raman spectra of carbon samples synthesized by methane pyrolysis in 
molten KCl at different temperatures. All samples have been washed with 70 °C water 
for 2 hours with constant stirring. 
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The learnings from the Raman spectroscopy (and XRD) about the small-scale (or short-

range) structure of the carbon materials synthesized from MP in alkali-halide molten salt 

bubble columns (i.e., a mixture of graphitic and amorphous domains regardless of synthesis 

temperature) is supported by electron microscopy imaging at higher resolutions, which is 

presented in Figure 9. For example, enhanced SEM images of the carbon structures 

synthesized at 950 °C and 1150 °C in molten KCl are shown in Figure 9a and 9e, 

respectively. The small spheroidal units (~400–800 nm) that makeup the larger cauliflower 

structures in the 950 °C sample can be observed (Fig. 9a). Interestingly, upon close 

inspection of the enhanced image of the 1150 °C sample, it is clear that a similar nanoscale 

amorphous building unit comprises the micron-scale sheet structures as well (Fig. 9e). TEM 

images of the carbons indicate that the cauliflower structures observed in the 950 °C sample 

are dense and comprised of turbostratic building units (Fig. 9 b–c) and that the sheet-like 

structures observed in the 1150 °C are comprised of nanoscale spheroidal structures that 

resemble the building units of carbon black (Fig. 9 f–g). In the high-resolution TEM 

(HRTEM) images, both regions of amorphous (unordered) domains and ordered domains 

(highlighted by red arrows) can be observed in both the carbon structures synthesized at 950 

°C and 1150 °C (Fig. 9d and Fig. 9h, respectively). 
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(a) 950  C (b) 950  C (c) 950  C

(e) 1150  C (f) 1150  C (g) 1150  C

(d) 950  C

(h) 1150  C

 
Figure 9: SEM images of carbon synthesized in a molten KCl bubble column at (a) 950 
°C and (e) 1150 °C with 5 μm scale bars. TEM images of carbons formed at (b) 950 °C 
and (f) 1150 °C with 500 nm scale bars; (c) 950 °C and (g) 1150 °C with 50 nm scale 
bars; (d) 950 °C and (h) 1150 °C with 5 nm scale bars. All carbon samples have been 
hot water washed for 2 hours. 

 
 

For a successful commercial process for methane pyrolysis to be realized, the carbon 

must be separated from the molten salt medium efficiently and at low-cost. One of initial 

attractions to using a molten salt medium as opposed to a molten metal, is the solubility of 

salts in water and other solvents, which may be one approach to an effective carbon-salt 

separation. After washing the solid carbon made from MP in the different alkali-halide 

molten salts in 500 mL of 70 °C water for 2 hours with constant stirring, the residual 

contaminant levels of salt were considerable (Fig. 10a). The carbon products from MP in 

molten KCl, KBr, and NaBr were still ~35% salt (by weight). The NaCl carbon product was 

markedly cleaner, being ~15% salt by weight; Parkinson et al. observed a similar trend and 

posited that this carbon sample was cleaner because NaCl has the smallest internuclear 

spacing compared to other salts.82 Overall, the relatively high contamination levels of 

residual salt after hot water washing the carbon samples suggest that either more effective 

solvents or other methods of separation need to be explored. 
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Figure 10: Residual salt contamination levels (by weight) after post-processing carbon 
products synthesized from methane pyrolysis in molten alkali-chloride bubble column 
reactors measured by energy-dispersive X-ray spectroscopy. Post processing conditions 
are: (a) a 2 hour, 70 °C hot water wash with constant stirring of carbon samples made 
in different salts at 1000 °C; (b) an additional 1100 °C heat treatment in quartz reactor 
under flowing argon for 12 hours; and (c) a 2 hour, 70 °C hot water wash with constant 
stirring of carbon samples made from MP in KCl at different temperatures. 

 

Another option for carbon-salt separation is heating the carbon product (post reaction) to 

very high temperatures in order to selectively evaporate the residual salt. This approach may 

be coupled with the reactor using smart heat integration and process design. The water-

washed samples presented in Fig. 10a were subjected to an additional treatment at 1100 °C 

in a tubular quartz reactor under flowing argon for 12 hours. A small decrease in the salt 

constitutions for the sodium-based salt samples is observed (e.g., decreasing from 35.6% to 

27.5% salt for NaBr, Fig. 10b). Interestingly, the heat treatment was exceptionally effective 

for removing potassium-based salts from the solid carbon (Fig. 10b); for both samples, the 

salt contamination levels were measured to be <2% after the 1100 °C heat treatment. Based 

on this data, one might assume that potassium salts have lower boiling points than sodium 

salts, which is true for salts of the same cation (i.e., KBr vs KCl and NaBr vs NaCl), but 

NaBr has a lower boiling point than KCl (Table 1). Therefore, the boiling point of the salt 

cannot be considered a descriptor of the efficacy of a heat treatment that is below the boiling 

point of the contaminating salt. Heating the NaCl sample to 1500 °C (above the boiling 
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point of NaCl) still left a residual ~3.5 wt% salt in the carbon (see SI section 7d). Overall, 

heat treatments may be effective (particularly for potassium-based molten salts) but are 

contingent upon an efficient heat-integrated process design. 

Again, (very) high temperatures may be required in the reactor to achieve high single 

pass conversions, especially at higher reactor pressures, which further inhibit the equilibrium 

methane conversion (Fig. 1). Therefore, we explored the effect of pyrolysis temperature on 

the residual contaminant levels of KCl in the carbon product (Fig. 10c). As the reactor 

temperature increases, the amounts of residual salt ions in the carbon product decreases. For 

examples, the residual salt weight percentage decreases from ~36.2% at 950 °C to ~8.1% at 

1150 °C (Fig. 10c), resulting in a considerable ~78% decrease in the amount of salt 

contaminating the end carbon product. 

 

 

E. Conclusions 

The low-cost, alkali-halide molten salts explored in this work were found to be mild 

catalysts for MP. We measured a reaction order of 1 with respect to methane and effective 

activation energies for MP in differential molten salt bubble column reactors of ~300 

kJ/mole for all molten salts studied, which is markedly lower than the gas-phase activation 

barrier of ~420 kJ/mole. The initial rates of MP in best-case-scenario bubble column 

reactors (at 10 bar, 1000 °C, and with a 20% gas holdup) can be ~1 mol/m3-s; however, this 

decomposition rate is significantly inhibited by the presence of hydrogen, which will make 

achieving high, single-pass conversions of methane challenging. The results of CH4-D2 

exchange in these liquid environments agreed exceptionally well using a simplified model 

for single H-D exchange and was experimentally measured to have an effective activation 
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energy of ~230 kJ/mole, which is consistent with a poor catalyst for C–H bond activation. 

The results of the combined ab-initio molecular dynamics simulations and DFT calculations 

were in excellent agreement with the experiments. We simulated the energetic landscape of 

CH4 dehydrogenation on the same alkali-halide molten salt surfaces and found that 

subsequent dehydrogenations resulted in higher and higher overall system free energies (i.e., 

they are endothermic events) which is consistent with the observed single exchange of CH4 

and D2. We used NEB calculations to predict an activation energy for methane dissociative 

adsorption on a molten KCl surface of ~3.29 eV (i.e., ~317 kJ/mole) which agrees with the 

experimentally measured effective activation energies, especially considering the error 

associated with DFT. 

The conversion of methane versus time-on-stream was found to be stable, despite the 

accumulation of carbon particles throughout the reactor over time. When the carbon was 

removed and washed of excess surface residual salt, it was found to be catalytic in nature for 

MP, as many carbon materials have. This means the carbon produced in-situ is wetted into 

the salt liquid phase where it becomes inaccessible to the methane gas bubbles; this 

conclusion is supported by the stability of the surface tension of the solution versus time-on-

stream, which should change if carbon particles are present at the gas-liquid interface. The 

carbon was characterized by SEM, TEM, Raman, and XRD and concluded to be a mixture 

of graphitic and amorphous domains with no long-scale ordering. Obvious differences can 

be observed in the micron-scale morphologies of carbons synthesized at different pyrolysis 

temperatures in molten KCl; the carbon produced at the lowest temperature of 950 °C has a 

cauliflower-like structure while at the highest temperature of 1150 °C, it is comprised of 

sheets. Despite these larger-scale morphological differences, Raman and TEM suggest that 

the smaller carbon building units of these structures are similar in connectivity. 
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Interestingly, the carbon synthesized at the higher temperatures had a considerably lower 

amount of salt contamination after water washing. 

Overall, this work has furthered our understanding of using monovalent alkali-halide 

molten salts as a reaction environment for MP and providing key-insights into the challenges 

of using these molten salts for MP at an industrial scale. Namely, the two barriers that need 

to be overcome are the low catalytic reactivity (especially at high hydrogen partial 

pressures) and inefficient carbon-salt post separations. 
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F Supplementary Information 

Selectivity of products 
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Figure S1: H2 selectivity of gaseous products of methane pyrolysis (MP) in a molten KCl 
bubble column. 15 SCCM of CH4 is bubbled into the melt at a depth of 18 cm with an 
approximated bubble residence time of 0.75 seconds. 30 SCCM of argon is introduced in the 
headspace of the reactor for quantitative product analysis and to minimize reactions in the 
headspace. 
 
 

The selectivity of products (on a hydrogen basis) of methane pyrolysis (MP) is calculated by 

dividing the total amount of atomic hydrogen in a gas product by the total amount of atomic 

hydrogen that enters the reactor as methane. The selectivity for molecular H2 versus temperature for 

a molten KCl bubble column is shown in Figure S1. The H2 selectivity increases with temperature, 

rising from ~84% at 900 °C to ~98% at 1050 °C. The relatively large error can be attributed to the 

low conversions and the subtractions of the methane conversion in the headspace. The other atomic 

hydrogen exits mostly as ethylene and benzene (and also likely as some larger aromatic molecules 

that are not detected in the gas phase). 
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Differential Reactor Modeling 

The rate of methane consumption can be expressed using the following simplified rate equation: 

  (1) 

Using reaction conditions that result in <10% conversion of methane, the initial concentration of 

methane is substituted, the differential is expressed as a difference, and back reactions are ignored in 

the following preliminary model: 

  (2) 

The order in methane (i.e., n) is confirmed to be 1 by measuring the rate of methane consumption 

versus methane partial pressure at low conversions, where the concentration of methane is calculated 

using an ideal gas law assumption: 

  (3) 

By dividing both sides of the equation by the initial concentration (or pressure) of methane, the rate 

constant, kf, can now be expressed using only the fractional conversion of methane (XCH4) and the 

residence time (tau): 

  (4) 

Once kf has been calculated for each temperature, the Arrhenius expression can be used to find the 

effective kinetic parameters: 

  (5) 

  (6) 
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Batch Reactor Modeling 
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Figure S2: Plot of ln(1/1-XCH4) versus residence time for different temperatures in a molten 
KCl bubble column reactor at 1 atm. 15 SCCM of methane is bubbled into the melt and 30 
SCCM of argon is injected into the headspace. The headspace conversion is subtracted from all 
points at each temperature. 

 
 

Methane pyrolysis in molten salt bubble column reactors is also modeled using the batch reactor 

design equation, treating each individual bubble as a batch reactor: 

  (7) 

For each temperature, the depth of the inlet tube is adjusted and the conversion of methane (XCH4) 

measured (with the headspace conversion subtracted). At each depth, the residence time (tau) is 

estimated by assuming the bubble rise velocity is 24 cm/s. The term ln(1/1-X) is then plotted against 

tau for each temperature and the best-fit linear slope of the points is calculated as the rate constant, k 

(see Figure SX). This modelling approach is likely more accurate than the differential model derived 

in the previous section, as many more data points contribute to the estimation of the rate constant at 

each temperature; both the batch reactor model and the differential model (with repetition of 

measurements three times) yielded the same effective activation energies and pre-exponential factors 

(within error). 
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Reaction Rates versus Bubble Size 
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Figure S3: Fractional methane conversion in a molten KCl bubble column versus temperature 
using quartz injector tubes submersed to a depth of 18 cm with the same inner diameters (IDs) 
of 2 mm and different outer diameters (ODs). Measured bubble diameters for the 8 mm, 6 mm, 
and 3 mm ODs are ~6 mm, ~7 mm, and ~8 mm, respectively. 15 SCCM of methane is bubbled 
into the melt and 30 SCCM of argon gas are sweeping the headspace. 
 

 

Scale-Up Calculations for Industrial Reaction Rates 

The equation used to calculate the best-case scenario initial rates of methane decomposition in 

industrial bubble column reactors is as follows: 

  (7) 

Here, ε is the gas holdup. 

For an industrial steam methane reformer, a first-order approximation for the overall rate of 

reaction (assuming 100% conversion of methane to products) can be calculated using the following: 

   (8) 

Here, tau is the residence time. Assuming methane partial pressures of 10–15 atm and a residence 

time of 1–3 seconds, the overall rates are ~32–143 mol/m3-s at 1000 °C. 
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CH4-D2 Exchange 

For the following model of single exchange of CH4 and D2: 

  (9) 

The set of differential equations representing the concentration of each species can be expressed as 

follows: 

  (10) 

  (11) 

  (12) 

  (13) 

  (14) 

Assuming there is an initial concentration of 0 for all species except for CH4, the above system of 

differential equations can be solved analytically to yield the following expressions: 

  (15) 

  (16) 

  (17) 

  (18) 

  (19) 
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In the above five analytical expressions (Eq. S15–S19), there is only one unknown variable (the 

rate constant, k1) and one parameter (the initial concentration of methane, [CH4]
0). Values expressed 

in units of concentration can be replaced with expressions of partial pressures using the ideal gas law 

(see Eq. S3). The first-order rate constant, k1, can be calculated at each temperature using Eq. S4 and 

then the effective kinetic parameters (pre-exponential factor, k1
0, and activation energy, Ea1) can be 

calculated using the Arrhenius equation (Eq. S6 and Figure S4). The values of k1 and PCH4
0 were then 

used to model the partial pressures of methane isotopologues using Eq. S15–S19.  
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Figure S4: Arrhenius plot of calculated rate constant for CH4-D2 exchange in a molten KCl 
bubble column. Initial methane partial pressure is 0.1 atm and initial deuterium partial 
pressure is 0.9 atm. Total bubbling flowrate is 20 SCCM with 30 SCCM of Ar sweeping the 
headspace of the reactor. 
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Catalytic Activity of Solid Carbon Produced from MP 
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Figure S5: Arrhenius plots of Ln XCH4 vs 1/RT for a packed bed of water-washed carbon 
synthesized from MP in molten KCl and a blank reactor (i.e., the same reactor without a 
carbon bed). A ½” quartz reactor is loaded with 0.2 grams of carbon supported on quartz wool 
for the experiment. Reactant gas is comprised of 30 SCCM of CH4 and 20 SCCM of argon. 

 

Scanning Electron Microscopy (SEM) Images 

 

 
Figure S6: SEM images of the carbon synthesized from MP in different molten salt bubble 
columns at 1000 °C and 1 atm of CH4: (a) NaCl; (b) NaBr; and (c) KBr. All carbons have been 
washed with 70 °C water for two hours with constant stirring. Scale bars in all images 
correspond to 50 μm. 

 

(b)(a)

 
Figure S7: SEM images of the carbon synthesized from MP in molten KCl at 1050 °C and 0.13 
atm of CH4 (supplemented with argon to 1 atm). Scale bars correspond to (a) 50 μm and (b) 5 
μm. 
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Raman Spectra 
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Figure S8: Raman spectra of carbon samples synthesized from methane pyrolysis in different 
molten salt bubble column reactors at 1000 °C. All samples have been washed with 70 °C water 
for 2 hours with constant stirring. 
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X-Ray Diffraction Patterns 
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Figure S9: XRD patterns of carbon products synthesized from MP in molten (a) KCl and (b) 
NaCl after various washing procedures. Quartz (SiO2) reactor material and neat salt (i.e., fresh 
NaCl and KCl powder) samples are included as references. 
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The XRD patterns for the carbon products synthesized in molten chloride bubble columns after 

various washing procedures are shown in Figure S9. The reflection corresponding to the (002) plane 

in graphite (at ~26 2θ) is broad or nonexistent in the samples that have not yet been washed, whereas 

the reflections for quartz (SiO2) and salt crystals are sharp and prominent. Hot water washing the 

samples for 2 hours at 70 °C with constant stirring significantly reduced the intensity of the NaCl 

peaks, but not the KCl peaks. A subsequent heat treatment at 1100 °C for 12 hours under flowing 

argon reduced the average intensity of the KCl peaks markedly. After an additional 1500 °C heat 

treatment for 12 hours under flowing argon, the remaining obvious reflections in the XRD spectra 

were those corresponding to disordered carbon, KCl, and silicon carbide (SiC). The presence of SiC 

(and absence of SiO2) can be explained by the reaction of the remaining SiO2 with the carbon 

powders. 

 

Chloride Salt Contamination Levels 
 
Table S1: EDX analysis of solid carbon produced in alkali-halide molten salt bubble columns 
at 1000 °C after a 12-hour heat treatment at 1500 °C under flowing argon.  

Weight % 

Alkali-halide salt Na or K Cl C 

NaCl 0.4 ± 0.1 3.1 ± 0.5 96.5 ± 0.6 

KCl 0.2 ± 0.1 0.6 ± 0.1 99.2 ± 0.2 
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Chapter 6: Influence of Hydrocarbon Feed Additives on the High-

Temperature Pyrolysis of Methane in Molten Salt Bubble Column 

Reactors 

A. Abstract 

Molten salts are excellent heat transfer fluids and a potential reaction environment for 

methane pyrolysis in which solid carbon can be continuously produced and separated from 

the liquid phase.  Significant challenges currently limit commercialization of pyrolysis as a 

means for cost effectively producing hydrogen without carbon dioxide emissions, including, 

acceptable single-pass methane conversion at pressure and efficient, low-cost solid carbon 

separation.  In this work, we investigate the effects of hydrocarbon feed additives on 

methane conversion and solid carbon purity in high temperature pyrolysis in molten KCl 

bubble column reactors.  Additions of only 2% (by volume) of ethane, propane, butane, 

acetylene, or benzene result in significant increases to the initial rates of methane 

decomposition.  The rate continues to increase with increasing amounts of ethane and 

propane up to approximately 10%.  We speculate that in KCl, with little surface activity, the 

more facile bond cleavages of the additives increase the radical population in the gas phase.  

In MnCl2-KCl, which is a catalytic salt, propane addition does not impact the methane 

decomposition rate which instead is controlled by the rate of reaction at the gas-liquid 

interface. The carbon produced by pyrolysis in KCl from methane with hydrocarbon 

additives was observed to have less residual salt contamination than carbon produced from 

pure methane.   
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B. Introduction 

The availability and low cost of fossil fuels, such as natural gas, have made possible 

steadily increasing global socioeconomic prosperity.  However, fossil resources are finite 

and there is general agreement in the scientific community that continued CO2 emissions 

from fossil fuel utilization pose a significant risk of possibly catastrophic environmental 

changes.  Therefore, while the combustion of fossil fuels currently provides ~84% of the 

energy consumed globally today,3 a sustainable, long-term energy infrastructure will need to 

involve fuels that do not produce CO2 when oxidized, such as hydrogen. Currently, 

hydrogen is primarily produced by steam methane reforming (SMR) and other CO2-

intensive processes using fossil resources.10  Economically-competitive processes for 

producing hydrogen and/or other CO2-free fuels are required if society wants to significantly 

curb CO2 emissions.  

One process that may serve as a temporary ‘bridging’ solution until a long-term 

sustainable energy infrastructure is deployed is methane pyrolysis (MP); MP utilizes low-

cost, abundant natural gas and produces CO2-free hydrogen: 

    (1) 

 
Unlike SMR in which the carbon in methane is oxidized to CO2 (or CO), in MP the 

carbon in methane is only partially oxidized to C0. The solid carbon can either be utilized in 

material or chemical applications or stored in perpetuity at low cost, unlike CO2 which is 

costly to separate, compress, and sequester. MP cannot economically compete with SMR 

unless society assigns a long-term, meaningful, negative monetary cost to CO2 emissions, 

however, as long as natural gas remains abundant and available at low cost, MP can 

potentially produce hydrogen significantly cheaper than electrolysis using water.10  To 

advance MP to commercial scales requires a low-cost process that efficiently decomposes 
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methane and separates the solid carbon at high pressures and temperatures. An improved 

understanding of factors influencing the catalytic chemistry and innovative, low-cost, 

methods to improve reaction rates may be valuable in developing such a process. 

In the gas-phase, MP is initiated by the homogeneous dissociation of CH4 into methyl 

and hydrogen radicals. 133, 264, 287, 299-301 

   (2) 
 
Reaction (2) has a reported activation energy between 380–440 kJ/mole which is 

consistent with the C-H bond energy in methane of ~420 kJ/mole.133, 264, 287 Methane can 

also be homogenously activated in the gas phase via a free-radical hydrogen abstraction:302 

   (3) 
 

The initiating radial species, , can be a number of different intermediates of MP or a 

radical generated from a hydrocarbon-based additive (or promoter).  The C-H bond in 

methane is amongst the strongest, and many system-compatible additives, such as most non-

methane light hydrocarbons, have significantly lower dissociation energies compared to 

reaction (2): for examples, reaction (3) has reported activation energies of ~37–62 

kJ/mole303-305 when R=H, 52.5 kJ/mole305 when R=C2H5, 22.9 kJ/mole305 when R=C2H3, and 

2.1 kJ/mole305 when R=C2H. Thus, methyl radical generation from methane reactions with 

more easily generated radical species by way of reaction (3) provides an alternative, lower-

energy pathway for methane activation in the gas-phase bypassing homolytic methane 

cleavage, reaction (2). Indeed, reaction (3) is well-known to contribute to autocatalysis in 

the early stages of MP, as the gas-phase intermediates of MP (e.g., ethane, acetylene, 

benzene, among many others) can themselves decompose into radical species and react with 

methane.143, 144 
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Any hydrocarbon will react to form radical moieties more rapidly and at lower 

temperatures than methane, despite some hydrocarbons having considerably stronger C–C 

and C–H bond strengths compared to the methane C–H bond (e.g., acetylene – see Table 1). 

Therefore, in the gas-phase, methane can be activated by the radicals produced by the feed 

additive under milder conditions in which the feed additive decomposes, rather than the 

higher temperatures required for homolytic methane cleavage. Researchers first explored the 

use of these feed additives when gas-phase methane decomposition was first postulated to be 

radical-mediated; Kobozev and Shneerson28 were the first documented researchers to add 

ethane for these reasons in 1941, followed by Germain and Vaniscotte306 and others. 

Hydrocarbon feed additives that have been explored since include acetylene,55, 307, 308 

ethane,309-312 ethylene,307, 313, 314 propane,55, 310, 311, 315, propylene,316 butane,315 and 

benzene.317  

The increase in the decomposition rate of methane observed upon addition of these 

additives has been rationalized by another phenomenon: reactions of methane on the 

carbonaceous deposits produced from the decomposition of the additive. The autocatalytic 

effect of carbons produced from methane decomposition is well known.54, 318 The activities 

of carbons produced from other hydrocarbons for methane activation and decomposition has 

also been investigated54 in order to rationalize the rate enhancements when these 

hydrocarbons are added to methane feeds. Co-feeding other hydrocarbons often prolongs the 

observed activity319 and carbons derived from the decomposition of other hydrocarbons are 

often considerably more active for MP than the carbon derived from MP itself; in one 

exploration by Muradov et al., they found the order of activity towards MP of carbons 

produced from various hydrocarbons to be as follows: benzene > acetylene > ethylene > 

propane > methane.54 
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While the two aforementioned phenomena can likely both contribute to the observed 

enhanced decomposition rates of methane, definitive evidence has been demonstrated for 

both. The rate enhancement due to radical reactions has been proven in careful experimental 

studies in which the amount of accumulated carbon both on the solid surfaces and in the gas-

phase could not account for the observed enhancements in the decomposition rates of 

methane.320, 321 Additionally, Bao et al. recently used hydrogen radicals to increase yields to 

C2 olefins and aromatic products from the non-oxidative decomposition of methane;317 in 

this study, there is a negligible amount of carbonaceous species formed from decomposition 

of the feed additives, confirming that rate enhancements were derived from only radical 

reactions. Likewise, the rate enhancements due to active carbon species deposited from the 

decomposition of the feed additives have been undeniably proven by Muradov et al.54 In one 

set of experiments, they periodically switched between decomposing methane and another 

hydrocarbon (such as acetylene) in a fixed-bed reactor; the activity for methane 

decomposition was observed to be consistently replenished by the carbonaceous deposits 

from the acetylene decomposition. In this setup, the gases were not intermixed, and 

therefore, the rate enhancements could not be derived from radical reactions. Overall, the 

contributions of catalytic carbonaceous species produced in-situ are proven under conditions 

where they accumulate in appreciable quantities, while the rate enhancements at early 

reaction times are mainly attributed to autocatalytic radical reactions. 

Recently, increasing attention has been given to utilizing high-temperature liquids for 

MP.69, 73-78, 80-83, 116-118, 276 Unlike solid catalysts which quickly deactivate due to carbon 

deposition (or coking), liquids provide a continuously-renewed gas-liquid interface and an 

environment for continuous separation of the solid carbon co-product. Molten metals have 

been explored more extensively than molten salts, however, with catalytic molten metals 
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there are challenges in finding suitable materials for reactor construction.116 Further, residual 

metal contamination in the solid carbon product make carbon disposal and/or application 

routes challenging.116 Molten salts are considered an attractive alternative to molten metals 

in industrial heat transfer applications. Monovalent, alkali-halide molten salts such as NaCl 

and KCl are particularly attractive because of their low-cost, thermal stability, and 

environmental safety.279  Unfortunately, these simple salts possess minimal activity as 

catalysts for MP.76, 82, 83, 116, 322 Without sufficient activity, it will be difficult to achieve high, 

single-pass conversions of methane at acceptable residence times (i.e., acceptable reactor 

sizes).  

Improvements in the activity of the molten salt environments have been achieved by 

incorporating reactive solids with the liquid medium whose surfaces have inherent catalytic 

activity. Solid catalysts such as supported Ni-Fe,71 alumina,69 and supported Co-Mn70 have 

been either mixed with small amounts of molten salts in a supported reactor bed 

configuration71 or suspended in molten salts in bubble column configurations.69, 70 The 

increased methane conversions were attributed to the presence of active solid surfaces and 

the molten salt was thought to facilitate carbon removal from these surfaces. Recently, 

Tarazkar et al. have simulated the effects of a molten NaBr phase on methane decomposition 

on solid nickel surfaces;276 they found dissociated carbon atoms at the nickel surface 

preferentially dissolve into the nickel and do not enter the molten salt. Therefore, the long-

term stability of these combined solid-liquid mediums is unclear, and the role of the molten 

salt phase requires further confirmation.  

Homogeneous, catalytic molten salt mediums, such as FeCl3-NaCl-KCl76 and MnCl2-

KCl,83 have also been explored; although the long-term high-temperature stability of these 

systems unproven. Overall, in these reactive molten salt systems, it is unclear whether the 
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enhanced activity outweighs the tradeoffs with enhanced costs due to catalyst instability or 

the additional separations required. 

Hydrocarbon feed additives have yet to be evaluated in molten salt reactors to determine 

their potential for increasing the homogeneous reactivity.  Sufficiently increased reaction 

rates achieved with low-cost additives could reduce the temperatures for MP and eliminate 

the need for additional catalysts and/or unit operations. In this work, we systematically 

explore the effects of different hydrocarbon feed additives on the rates of MP in both inert 

and catalytically-active molten salt environments in order to address the following 

questions: (1) What is the impact on the methane reaction rate in molten salt bubble column 

reactors of selected hydrocarbon feed additives ? (2) Does the molecular structure of the 

specific additives have a significant effect on any changes in kinetics? (3) Do the same feed 

additives increase methane decomposition rates in catalytic molten salts? (4) Will 

hydrocarbon feed additives inhibit methane decomposition at higher methane conversions in 

the presence of hydrogen? (5) By how much might we expect to increase the overall 

methane conversion in an industrially-sized bubble column reactor? (6) What effects do 

hydrocarbon feed additives have on the carbon morphology and separability from salt? 

 

C. Materials and Experimental Methods 

Chemicals, Materials of Construction, and Reactor Components 

Potassium chloride (KCl, >99%) was purchased from Sigma Aldrich®. Bubble column 

reactors are 1” OD quartz tubes with rounded bottoms. Custom reactor tops are made of 

Pyrex and connected to the quartz reactors by ground ball and socket joints. Quartz reactors 

are heated with resistive, 12-amp, ceramic fiber furnaces from Watlow®. All gases (i.e., 

CH4, H2, Ar, ethane, propane, butane, ethylene and acetylene) are ultra-high purity 
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(99.999%) and purchased from Airgas®. Benzene (>99%) is purchased as a liquid from 

Sigma Aldrich®. Gases are delivered to the reaction system by MKS 1179 mass flow 

controllers integrated with LabVIEW. 

 

Product Analysis and Kinetic Measurements 

In a standard bubble column experiment, a 3 mm OD x 2 mm ID quartz inlet tube from 

Quartz Scientific® is used to deliver 15 SCCM of reactive gas to a bubbling depth of 18 cm 

in a top-down fed configuration. A K-type thermocouple from Omega® was sheathed in a 

sealed 3x2 mm quartz tube and fed top-down into the molten salt, with the tip submersed to 

a depth of ~6 cm. This thermocouple was used as the control for the furnace temperature 

controller (Inkbird® ITC-100VH PID controller), which resulted in an accurate, in-situ 

temperature reading at all times. Another top-down fed, 3x2 mm quartz inlet tube is situated 

just above the surface of the molten salt and delivers 30 SCCM of inert ‘sweeping’ gas (i.e., 

Ar) to the headspace. This reactor configuration is designed to minimize reactions for a 

methane feed in the injection tube and in the reactor headspace to ensure the kinetic 

measurements represent only reactions during bubble rise. However, other hydrocarbons 

decompose at faster rates compared to methane, and undoubtedly have contributions from 

residence times spent in the injection tube and the headspace. The contributions to the 

decomposition rates of methane are accurate regardless and therefore the authors feel this 

does not influence the major conclusions of this work. Headspace methane conversions are 

also measured at each condition by flowing 15 SCCM of CH4 and 15 SCCM of Ar in the 

headspace and bubbling 15 SCCM of Ar in the molten salts at a depth of 18 cm to maintain 

the same temperature profile when compared to bubbling pure methane. 
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The hydrocarbon feed additives are supplemented to the base 15 SCCM gas flowrate of 

CH4. For example, a +2% ethane additive is 0.3 SCCM of ethane added to the 15 SCCM 

methane feed, resulting in 15.3 SCCM as the new total bubbling flowrate. Benzene is 

delivered to the reactor using a bubbler at room temperature and ambient pressure, in which 

benzene’s vapor pressure is ~0.10 atm. The decompositions (i.e., conversions and product 

selectivities) of the hydrocarbon feed additive themselves are measured at higher partial 

pressures for accurate selectivity calculations, although the conversions and product 

selectivities were not found to be strong functions of reactant partial pressure. For these 

measurements, the gaseous feed additives were delivered at a flowrate of 3 SCCM 

supplemented with 12 SCCM of argon. For benzene, 15 SCCM of argon was bubbled into 

the liquid benzene bubbler, which then carried an additional ~1.67 SCCM of benzene into 

the reactor. It is assumed that the hydrocarbon feed additives have a similar production 

distribution with and without the presence of methane. 

At the effluent of the reactor, gas products are collected through 1/8” Teflon tubes 

heated to >100 °C to prevent condensation of products such as benzene. A 0.025 mm 

(heated) glass capillary tube syphons a sample from the product stream for analysis in an 

online quadrupole mass spectrometer (Stanford Research Systems, RGA 300), also 

integrated with LabVIEW. The product gas then enters an autosampler in a model 8610C 

gas chromatograph from SRI Instruments®. Aliquots are taken from the autosampler and 

sent simultaneously to both a thermal conductivity detector (TCD) for analysis of H2, Ar, 

and CH4 and a flame ionization detector (FID) for analysis of all hydrocarbon products (e.g., 

CH4, ethane, propane, butane and C2s). Nitrogen gas is used as the carrier for both columns. 

Hydrocarbon conversion is calculated as follows: 
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Details about the differential kinetic model used for rate parameter calculations can be found 

in the SI section 1. 

 

Carbon Characterization and Processing 

Scanning electron microscopy (SEM) was performed using an FEI XL30 Sirion FEG 

Digital Scanning Electron Microscope equipped with an energy dispersive X-ray 

spectrometer (EDX) operated at 15 kV. SEM images were taken at an accelerating voltage 

of 10kV at multiple magnifications. Samples were adhered to titanium SEM stages with 

adhesive copper tape. Raman spectra of the quenched molten salt samples were collected 

using a Horiba Jobin Yvon T64000 open- frame confocal microscope with a 488 nm laser.  

The carbon washing procedures were detailed in a recent in-house publication322 but will 

be repeated here for convenience. To isolate the carbon from the cooled molten salt bubble 

columns after the hydrocarbon decomposition experiments, the entire carbon-salt composite 

is submerged in a ~1 L cold water bath. Once the salt had been dissolved, the solution was 

filtered through a Buchner funnel under a slight vacuum. The carbon powder was then 

rinsed with an alcohol (isopropyl alcohol or ethanol) to remove any residual organics and 

aromatic compounds (which are soluble in alcohol). The carbon is then transferred to an 

oven and dried overnight at 90 °C. 

The hot water washing procedure is as follows: the dried carbon powders are submersed 

in 500 mL of DI water on a hot plate. The mixture is constantly stirred for 2 hours at a 

temperature of 70 °C. It is then cooled and filtered through a Buchner funnel, rinsed with 

alcohol to displace any residual water, and then placed in an oven to dry overnight at 90 °C. 
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D. Results and Discussion 

To ascertain the influence of hydrocarbon feed additives on the decomposition rate of 

methane, the decomposition of the feed additive itself must be understood in order to 

deconvolute the products of additive decomposition from the products of methane 

decomposition. The fractional conversions of feed additives versus temperature in a molten 

KCl bubble column reactor are shown in Fig. 1a. The experimental conditions (e.g., the 

hydrocarbon partial pressures) are detailed in Materials & Methods. The conversions of the 

alkanes (i.e., ethane, propane, and butane) all exceed 99% at temperatures >1000°C. Among 

these alkanes, the order of reactivity is as follows: butane > propane > ethane, which is 

consistent with trends in chain lengths and bond strengths (see Table 1). The reactivities of 

acetylene and benzene are markedly lower, potentially owing to their considerably stronger 

C–C and C–H bond strengths (Table 1). At 1000°C, the conversion of acetylene is 97 ± 2% 

and the conversion of benzene is only 30 ± 5% (Fig. 1a). The product selectivities (both H 

and C) from the different hydrocarbon decompositions are shown in SI section 2. The 

primary products across all hydrocarbon feeds are methane, hydrogen, C2 hydrocarbons, and 

benzene. 

 
Table 1: Hydrocarbon bond strengths. Taken from refs.323-327 

Hydrocarbon 
C–H strength 

[kJ/mole] 
C–C strength 

[kJ/mole] 

Methane 431 - 

Ethane 410 368 

Propane 
397 (interior) 
411 (terminal) 

356 

Butane 
395 (interior) 
409 (terminal) 

345 

Ethylene 469 716 

Acetylene 556 957 

Benzene 460 518 
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The methane conversions under the same experimental conditions are significantly lower 

compared to the other hydrocarbons (black triangles, Fig. 1b), reaching ~7.5% conversion at 

1025 °C after subtracting the contributions from the headspace. Additions of 2 vol% of 

hydrocarbon feed additives to methane considerably increases the decomposition rate of 

methane (Fig. 1b), as many researchers have noted in the past. Again, the product yields 

from the additive are accounted for in this calculation of methane conversion. In all cases, 

the product selectivities from methane with and without feed additives are similar (see SI 

section 3), with roughly a 95% selectivity to H2 at 1000 °C. Among the alkane additives, the 

order of increased methane reactivity trends with chain length (i.e., butane > propane > 

ethane); a 2% addition of butane significantly increases the methane conversion from 5 ± 

1% to 16 ± 2% at 1000°C (Fig 1b.). This trend in reactivity at a fixed volume percentage 

additive is not surprising, as more radical species and/or active carbonaceous species can be 

produced per mole of feed additive as the chain length of the alkane additive is increased.  

An addition of 2 vol% acetylene has approximately the same rate enhancements of +2 

vol% propane (Fig. 1b), despite having a shorter chain length (i.e., a smaller number of C 

atoms per volume). This higher activity brought about by acetylene compared to ethane 

(which has the same number of C atoms per mole) may be derived from the smaller H:C 

ratio in acetylene, as H2 has been shown to inhibit the decomposition rates of methane24, 287, 

322 A rate enhancement from +2% benzene is not obvious until temperatures >950°C (Fig. 

1b), likely stemming from the conversion of benzene itself being not appreciable (>10%) 

until temperatures >950°C (Fig. 1a). Therefore, the rate enhancements can be attributed to 

the products of benzene decomposition (such as phenyl and hydrogen radicals) and not from 

the benzene molecule itself. 
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Figure 1c demonstrates the effects of periodic addition of +2% propane to a pure 

methane feed in a molten KCl bubble column. When propane is added and subtracted from 

the feed, the methane conversion rapidly rises and falls, respectively. This tight relationship 

suggests that the increased activity in methane is a result of radical reactions with products 

of propane decomposition (e.g., hydrogen, propyl, ethyl, and methyl radicals), as opposed to 

reactions on the carbonaceous products of propane decomposition. If these carbon deposits 

were active, one would expect them to continue to catalyze methane decomposition after 

propane is no longer fed into the reactor, as was observed consistently in Muradov’s 

experiments,54 which is not observed in this work. This lack of activity from carbons formed 

in molten salt bubble columns is consistent with previous in-house work that showed these 

carbon species are wetted into the molten salt phase and therefore inaccessible to the gas 

bubbles.82, 322 However, some activity may be derived from nascent carbon species nucleated 

in the gas phase, for example, before they are wetted into the liquid phase. 

 

 
Figure 1: (a) Conversions of hydrocarbons versus temperature. (b) Fractional methane 
conversion versus temperature with and without 2% (by volume) hydrocarbon feed 
additives. (c) Periodic addition of +2% propane versus time-on-stream. All 
experiments were carried out in a molten KCl bubble column reactor with a bubble 
residence time of ~0.75 seconds and a bubble size of ~6 mm. 

 
 
Ethane and propane are hydrocarbon feed additives that are especially relevant to 

industrial processes for MP, as they are commonly present in natural gas reservoirs in 
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appreciable quantities. Academic works generally have low percentages of alkane additives, 

and a systematic study exploring the effects as a function of feed additive amount is 

presented here for ethane and propane. The methane conversion at 1000°C in a molten KCl 

bubble column as a function of the amount of added propane and ethane is shown in Fig. 2a. 

As the amount of propane additive is increased from 1% to 2% to 5%, the amount of 

methane converted increases. Further increasing the propane amount to 10% does not further 

improve the methane decomposition rate. A similar trend is observed with ethane as a feed 

additive; the methane conversion improves as the amount of ethane is increased to 5% but 

does not substantially improve when the amount of ethane is increased from 5% to 10% 

(Fig. 2a). In fact, the conversion appears to asymptote at the same value of ~15% for both 

feed additives. One might expect that at higher feed additive concentrations, the methane 

conversion would start to decrease below this value. 

In order to model the benefits of the hydrocarbon feed additives, methane consumption 

is assumed to be proportional to the sum of two different first-order terms: 

 

Here, k1 is the rate constant associated with methane decomposition in the absence of a 

feed additive. The effective kinetic parameters calculated for k1 in this work (k01 ≈ 2 x 1011 

1/s and Ea1 ≈ 304 kJ/mole) are consistent with previous work in molten salt bubble 

columns76, 83, 116, 322 The increased methane consumption due to the feed additives is 

modeled using the second rate constant k2. While this model by no means attempts to 

represent the complex kinetic network of radical reactions, it may still qualitatively represent 

the effective energy barriers and is sufficient for reactor modeling and sizing based on initial 

rates of reaction. 
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The measured kinetic parameters for k2 are shown in Table S1 and are also shown in Fig. 

2b for ethane and propane at different feed additive compositions. Arrhenius plots for these 

kinetic parameters can be found in SI section 4. For both ethane and propane, the measured 

effective Ea2 is approximately the same regardless of the amount added to the methane feed 

(left axis, Fig. 2b); for ethane, this effective energy barrier is ~190 kJ/mole and for propane, 

this barrier is slightly lower at ~163 kJ/mole. Both of these values are markedly lower than 

the ~300 kJ/mole barrier measured without a feed additive and the ~420 kJ/mole barrier 

expected from homogenous gas-phase activation of methane,133, 264, 287, 299-301 and likely 

represent the lower-energy-barrier pathways for methane activation made possible by the 

feed additives. The measured effective pre-exponential factors, k02, for both ethane and 

propane systematically increase as their feed additive amounts are increased from 1% to 2% 

to 5% (right axis, Fig. 2b). This frequency factor is expected to be proportional to the 

amount of feed additive, as there is no term representing the concentration of the feed 

additive in the employed kinetic model (Eq. 3). 

 

 
Figure 2: (a) Fractional methane conversion in molten KCl at 1000°C versus feed 
additive composition (vol%). (b) Effective kinetic parameters Ea2 and k02

 measured for 

1%, 2%, and 5% ethane and propane feed additives in molten KCl under differential 
methane conversion conditions. 
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As mentioned, the benefits of hydrocarbon feed additives to the gas-phase 

decomposition of methane have been well-established since the 1940s.28 The benefits of 

hydrocarbon feed additives to methane reaction systems with a catalyst present, however, 

are not as well understood or explored in the literature, particularly so in multiphase, 

molten-salt reactors. One might expect one of two possibilities: (1) the hydrocarbon feed 

additives make possible (or facilitate) the gas-phase decomposition of methane in addition to 

the catalytic surface decompositions; or (2) the hydrocarbon additives do not further 

increase the overall consumption rate of methane, as the catalytic surface decomposition of 

all species is more favorable. An example of former scenario is the recent work by Bao et 

al.,328 in which H radicals further increase the methane conversion in addition to the 

conversion derived from the Fe-based catalyst. The capability of a feed additive to be 

beneficial for methane decomposition likely depends on the kinetics of radical hydrogen 

abstraction from methane (reaction 2) compared to the kinetics of methane decomposition 

due to a catalyst. 

In this study, using propane as a feed additive is also explored for MP in a 50 mol% 

MnCl2 – 50 mol% KCl (MnCl250KCl50) molten salt bubble column reactor. MnCl2-KCl was 

recently documented to be a catalytic molten salt for MP, likely due to polyatomic, Mn-

based ions that are stabilized in the mixture.83, 329, 330 In this system, methane is posited to 

preferentially break down on the molten salt surfaces with an effective activation barrier of 

~153 kJ/mole.83 The methane conversion (with no feed additive) in molten MnCl250KCl50 

(teal stars, Figure 3) is markedly higher than in pure KCl (black triangles, Fig. 1b) under 

similar reaction conditions. Interestingly, adding +2 vol% of propane as a feed additive does 

not noticeably increase the methane decomposition rate in MnCl250KCl50 (orange squares, 

Fig. 3). It is likely that methane still preferentially decomposes on the molten salt surfaces as 
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opposed to reacting with the radicals formed by gas-phase propane decomposition and/or 

propane and its decomposition products also preferentially decompose on the catalytic 

molten salt surface. The effective activation barriers for these two pathways supports this 

notion, as the measured Ea for MP in MnCl250KCl50 of ~153 kJ/mole83 is lower than the Ea 

of ~163 kJ/mole measured in this work for MP with propane as a feed additive. Again, in 

Bao’s recent work,328 H radicals enhanced methane decomposition in the presence of an 

iron-based catalyst likely due to the lower activation barrier of H abstraction from methane 

by H radicals (~60 kJ/mole)303-305 compared to the measured effective activation energy of 

methane decomposition on the iron catalyst itself (~280 kJ/mole). 

 

 
Figure 3: Fractional methane conversion in a catalytic 50 mol% KCl – 50 mol% MnCl2 
bubble column with and without +2 vol% propane feed additive. 

 
 

The results reported so far in this work have explored the effect of hydrocarbon feed 

additives on MP in molten salt bubble columns at relatively small methane conversions (less 

than ~20%). It is unclear whether these additives will continue to be beneficial at higher 

methane conversions. One could imagine that the additives are consumed during the early 

stages of MP and do not increase the rates of MP at longer residence times in the same 
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reactor. One could also imagine that with a high enough partial pressure of H2 in the reactor, 

hydrocarbon feed additives would inhibit the overall consumption of methane, as radical 

intermediates react with hydrogen to form methane.287  

To simulate the effects of hydrocarbon feed additives at higher methane conversions, 

mixtures of methane and hydrogen were fed into a KCl bubble column at 1050°C with and 

without 2 vol% propane as a feed additive (Fig. 4). Without propane, the methane 

conversion achieved in ~0.75s of residence time decreases as the amount of H2 in the feed 

increases; no net conversion is achieved at a CH4:H2 feed ratio of ~1.5:1 (black triangles, 

Fig. 4), despite being far from equilibrium conditions of ~100% methane conversion to 

hydrogen and carbon. This inhibition by H2 has been demonstrated in our previous work322 

and has been well-established to occur in non-catalytic flow reactors.287 In fact, other 

researchers have reported this ‘false equilibrium’ – that is, little to no methane conversion 

under conditions far from equilibrium in non-catalytic reactors.23 At all CH4:H2 feed ratios 

in which methane conversion is observed, a +2% propane feed additive further increases the 

conversion (orange squares, Fig. 4). Again, the methane conversion decreases as the amount 

of hydrogen in the feed increases, and no net conversion of methane is achieved at a similar 

CH4:H2 feed ratio as the results for the pure methane feed. This result suggests that a similar 

false equilibrium is approached with the propane feed additive, likely due to similar gas-

phase mediated processes in the two experiments. Therefore, a hydrocarbon feed additive 

such as propane will not allow for conversions above the ‘pseudo-equilibrium’ to be realized 

but will allow for this condition to be established at a faster rate. 
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Figure 4: Fractional methane conversion versus CH4:H2 feed ratio with and without 
+2% propane in a molten KCl bubble column at 1050°C. Total bubbling feed rate is 
held constant at 15 SCCM. 

 
 

To estimate the best-case reaction rate achievable in a scaled-up bubble column reactor 

with and without hydrocarbon feed additives, a 20% gas holdup is assumed (see SI section 5 

for details). The target rate is ~1 mol/m3-s at atmospheric pressure (magenta dashed line, 

Fig. 5), which is approximated based on rates in similar chemical reactors that are practiced 

industrially, such as SMR reactors. Without a feed additive, ~1 mol/m3-s is achieved at a 

reaction temperature of ~1100 °C (black line, Fig. 5). With hydrocarbon feed additives, this 

same benchmark rate can be met 40 °C lower at ~1060 °C. The high temperatures in 

conjunction with molten media pose a significant engineering challenge in the materials of 

construction, so the capability to lower the reaction temperature while maintaining the same 

overall rate of methane decomposition is crucial. 
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Figure 5: Modeled methane consumption rate versus temperature with and without 
hydrocarbon feed additives at atmospheric pressure in a molten KCl bubble column 
with a 20% gas holdup. Target rate is 1 mole of methane per m3 of reactor volume per 
second. 

 
 
Here we also characterize the morphology of the solid carbon produced from different 

hydrocarbon feedstocks which have a significant effect on the solid carbon end-product, 

clearly observable in the SEM images of Figure 6. The SEM images of the solid carbon 

product synthesized in a molten KCl bubble column at 1000 °C by pyrolysis of methane, 

propane, and 5% propane added to methane are distinct. The carbon synthesized from 

methane appears wholly amorphous in nature (Figure 6a) – consistent with previous 

reports82, 83, 322, while the carbon synthesized from propane (Figure 6c), is sheet-like in 

nature, akin to the carbon products synthesized at higher temperatures (i.e., >1050 °C) from 

MP in molten KCl.322 Interestingly, the carbon synthesized from the blended hydrocarbon 

feedstocks (i.e., 5 vol% propane in methane) have mixed characteristics attributable to the 

varying make-up of the two pure feedstocks with both amorphous type and sheet-like 

carbons observable (more images can be found in SI section 6). 
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(a) CH4 (b) CH4 +5% C3H8 (c) C3H8

 
Figure 6: SEM images of carbon synthesized in molten KCl from different feedstocks 
at 1 atm: (a) CH4; (b) CH4 +5% propane; and (c) propane. All carbon products have 
been hot water washed at 70 °C for 2 hours with constant stirring. Scale bars represent 
50 μm. 

 
 

To determine the short-range structure of the carbons presented in Figure 6, Raman 

spectroscopy was performed with the results shown in Figure 7. The Raman spectra present 

three obvious characteristic bands: D, G, and 2D. The D band or ‘disorder’ band, centered at 

~1320 cm-1, is derived from characteristic vibrations of edge and/or defected carbon sites.213, 

214 The G band or ‘graphite’ band, centered at ~1590 cm-1, is associated with the stretching 

frequency of C-C bonds in the graphitic basal plane.213, 214 The 2D band, centered at ~2640 

cm-1, manifests from interactions and ordering (or lack thereof) between carbon layers as 

well as from overtones of the D band.213, 214 The intensity ratio of the D to G bands (i.e., 

ID/IG) is often used to describe the degree of graphitization of a carbon material. However, it 

also important to consider the degree of convolution of the D and G peaks, which can also 

be explained by additional disorder bands centered between the primary D and G peaks.213 

In Raman spectra of amorphous carbons such as carbon black, the convolution of the D and 

G bands is severe (i.e., other disorder modes are prevalent); whereas in spectra of highly-

graphitized materials, there is little convolution between the D and G bands (i.e., other 

disorder modes are minor). 

In the spectrum of the carbon synthesized by methane pyrolysis at 1000 °C in KCl 

(purple curve, Fig. 7), the D and G peaks are slightly convoluted, suggesting that the carbon 

is a hybrid mixture of graphitic and amorphous domains.298 Additionally, there is a weak, 
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broad 2D peak, indicating a small amount of short-range ordering between carbon layers. 

Contrarily, in the Raman spectrum corresponding to propane pyrolysis (green curve, Figure 

7), the D and G bands are severely convoluted, and no obvious 2D band is present; these 

features are akin to carbon black structures in which the degree of graphitization is 

extremely low and there is no ordering between carbon layers.298 A similar spectrum (and 

carbon morphology) is observed for the carbon sample synthesized from benzene pyrolysis 

in the same environment (see SI section 7). The spectrum corresponding to the carbon 

formed from 5 vol% of propane added to methane has characteristic contributions from the 

spectra corresponding to both the pure feedstocks; that is – the degree of convolution of the 

D and G bands (and the ID/IG ratio) and the intensity of the 2D band are between those 

observed in the pure methane and pure propane samples. Therefore, the carbon synthesized 

from the hydrocarbon blend is likely a mechanical (or chemical) mixture of the carbon 

synthesized from propane pyrolysis and the carbon synthesized from methane pyrolysis. 
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Figure 7: Raman spectra of carbon synthesized by hydrocarbon pyrolysis in molten 
KCl at 1000 °C from different feedstocks. All samples have been washed with 70 °C 
water for 2 hours with constant stirring. 
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One of the attractions to using a molten salt medium as opposed to a molten metal is the 

solubility of salts in water and other solvents, which may be one approach to an effective 

carbon-salt separation post reaction. However, relatively high contamination levels of 

residual salt have been reported even after hot water washing82 and other more aggressive 

methods such as high temperature heat treatments.322 The hot water washing procedure is 

reproduced in this work on carbon products synthesized from methane, propane, and 5% 

propane added to methane (see Table 2). The residual salt comprises ~34% (by weight) of 

the carbon product when pure CH4 is used as the feed. The carbon product from propane 

pyrolysis in molten KCl is significantly cleaner with only ~2.5% residual salt by weight. 

Benzene pyrolysis under similar conditions also results in a markedly cleaner carbon 

compared to methane (see SI section 7). Unfortunately, the carbon product from the 

hydrocarbon blend (5% C3H8 added to CH4) is only marginally cleaner compared to pure 

methane, with ~31% (by weight) residual salt present after hot water washing. It is likely 

that this carbon product is simply a mechanical (and/or chemical), and the marginally 

cleaner carbon produced from the hydrocarbon blend is a result of a combination of the 

cleaner carbon produced from propane and the dirtier carbon produced from methane. 

 
Table 2: Chemical composition of solid carbon produced in a molten KCl bubble 
column at 1000 °C from different hydrocarbon feedstocks by EDX analysis. All carbon 
samples have been washed in 70 °C water for 2 hours with constant stirring.  

Weight [%] 

Feedstock K Cl C 

CH4 18.7 ± 0.2 15.5 ± 0.2 65.8 ± 0.4 

CH4 +5% C3H8 17.1 ± 0.6 13.7 ± 0.5 69.2 ± 1.1 

C3H8 1.5 ± 0.1 1.0 ± 0.1 97.5 ± 0.2 
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E. Conclusions 

In this work, we explored the effects of ethane, propane, butane, acetylene, and benzene 

as feed additives on the rate of methane pyrolysis in high temperature molten salt 

environments. The additives themselves were found to decompose at faster rates compared 

to methane, as the barriers for decomposition and radical formation in the gas phase for 

these hydrocarbons are markedly lower compared to methane. We observe significant 

increases in the rate of methane decomposition with small additions of the hydrocarbon feed 

additives most likely due to reactions between methane and the more-easily-formed radical 

intermediates from the additives (e.g., CH3  and C2H5 ).  For example, a 2 mol% butane feed 

additive increases the methane conversion from ~4% to ~16% at 1000 °C.  Ethane and 

propane are common in natural gas and available at low cost.   Increasing these alkane 

additives to approximately 5 volume percent resulted in correlated increases of the methane 

decomposition rates; although, there was no continued significant rate increase with 

increases up to 10 volume percent.   In MnCl2-KCl melts, 2% propane provided no effect on 

the reaction rate because in this catalytic melt the reaction proceeds through a surface 

catalyzed pathway with intermediates remaining predominately on the salt surfaces as 

opposed to gas phase reactions. In non-catalytic salts such as KCl, achieving high, single-

pass conversions is difficult due to an observed ‘pseudo-equilibrium’ from high rates of 

hydrogen-mediated cracking of pyrolysis intermediates resulting in relatively slow forward 

reaction rates far from thermodynamic equilibrium conversion. A propane feed additive was 

not observed to allow for overall higher methane conversions under the same high hydrogen 

reaction conditions.  Although significantly higher initial reaction rates are possible, at best, 

hydrocarbon feed additives might allow for a ~40 °C reduction in reaction temperature to 

maintain the same initial reaction rates as with a pure methane feed; this temperature 
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reduction might be important for overcoming engineering challenges regarding thermal 

design and materials of construction.  The limitations of the pseudo-equilibrium on methane 

conversion may or may not be acceptable in a commercial process given the costs of recycle 

and separation and the additives do not improve the pseudo-equilibrium limited conversion.  

The carbon products from MP with feed additives remain difficult to fully clean of salt 

residue, however, they are minimally cleaner after hot water washing, likely because the 

carbon products from the decomposition of the feed additive itself are significantly cleaner.  

The observation that pyrolysis of the feed additives themselves result in a cleaner carbon 

product suggest that there may be approaches to allow for efficient hydrocarbon 

decompositions in the presence of molten salts which might allow for facilitated carbon-salt 

separations. 
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F. Supplementary Information 

Differential Kinetic Model 

The rate of methane consumption can be expressed using the following simplified rate equation: 
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  (1) 

Using reaction conditions that result in <10% conversion of methane, the initial concentration of 

methane is substituted, the differential is expressed as a difference, and back reactions are ignored in 

the following preliminary model: 

  (2) 

The order in methane (i.e., n) is confirmed to be 1 by measuring the rate of methane consumption 

versus methane partial pressure at low conversions, where the concentration of methane is calculated 

using an ideal gas law assumption: 

  (3) 

By dividing both sides of the equation by the initial concentration (or pressure) of methane, the rate 

constant, kf, can now be expressed using only the fractional conversion of methane (XCH4) and the 

residence time (tau): 

  (4) 

Once kf has been calculated for each temperature, the Arrhenius expression can be used to find the 

effective kinetic parameters: 

  (5) 

  (6) 
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Selectivity of Products from Hydrocarbon Decompositions 
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Figure S1: Fractional ethane conversion and product selectivity on (a) a H basis and 
(b) a C basis as a function of temperature. 3 SCCM of ethane and 12 SCCM of argon 
are bubbled through 18 cm of molten KCl with an estimated bubble residence time of 
~0.75 seconds. 30 SCCM of argon is delivered to the headspace as a sweeping gas. 
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Figure S2: Fractional propane conversion and product selectivity on (a) a H basis and 
(b) a C basis as a function of temperature. 3 SCCM of propane and 12 SCCM of argon 
are bubbled through 18 cm of molten KCl with an estimated bubble residence time of 
~0.75 seconds. 30 SCCM of argon is delivered to the headspace as a sweeping gas. 
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Figure S3: Fractional butane conversion and product selectivity on (a) a H basis and 
(b) a C basis as a function of temperature. 3 SCCM of butane and 12 SCCM of argon 
are bubbled through 18 cm of molten KCl with an estimated bubble residence time of 
~0.75 seconds. 30 SCCM of argon is delivered to the headspace as a sweeping gas. 
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Figure S4: Fractional acetylene conversion and product selectivity on (a) a H basis and 
(b) a C basis as a function of temperature. 3 SCCM of acetylene and 12 SCCM of 
argon are bubbled through 18 cm of molten KCl with an estimated bubble residence 
time of ~0.75 seconds. 30 SCCM of argon is delivered to the headspace as a sweeping 
gas. 
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Figure S5: Fractional benzene conversion and product selectivity on a H basis as a 
function of temperature. 1.5 SCCM of benzene and 15 SCCM of argon are bubbled 
through 18 cm of molten KCl with an estimated bubble residence time of ~0.75 
seconds. 30 SCCM of argon is delivered to the headspace as a sweeping gas. 

 

 

The selectivity of products on a hydrogen basis from hydrocarbon decomposition is 

calculated by dividing the total amount of atomic hydrogen in a gas product by the total 

amount of atomic hydrogen that enters the reactor in the hydrocarbon feed. The selectivity 

on a carbon basis is calculated in similar manner; the missing carbon that is not accounted 

for in gaseous products is assumed to be present in solid carbon. Although, some carbon 

(and hydrogen) may also be present in larger aromatic molecules that deposit in the 

headspace of the reactor. 
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Methane Pyrolysis Product Selectivity with and without Feed Additives 
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Figure S6: H2 selectivity of gaseous products of methane pyrolysis (MP) with and 
without +2% of select hydrocarbon feed additives in a molten KCl bubble column. 15 
SCCM of gas is bubbled into the melt at a depth of 18 cm with an approximated 
bubble residence time of ~0.75 seconds. 30 SCCM of argon is introduced in the 
headspace of the reactor for quantitative product analysis and to minimize reactions in 
the headspace. 
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Effective Kinetic Parameters of MP with Hydrocarbon Feed Additives 

Table S1: Effective first-order kinetic parameters (pre-exponential factors and 
activation energies) for k2 measured using differential methane conversion conditions. 

Feed additive k02 
[1/s] Ea2 [kJ/mole] 

1% ethane 1.4 x 106 197 

2% ethane 1.7 x 106 182 

5% ethane 7.1 x 106 190 

1% propane 3.9 x 105 164 

2% propane 4.7 x 105 162 

5% propane 6.1 x 105 162 

2% butane 2.8 x 103 104 

2% acetylene 3.3 x 106 182 
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Figure S7: Arrhenius plots using calculated k2 values for +1%, +2%, and +5% of (a) 
ethane and (b) propane hydrocarbon feed additives to methane pyrolysis in a molten 
KCl bubble column. Data points used are for differential methane conversions. 
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Scale-Up Calculations for Industrial Reaction Rates 

The equation used to calculate the best-case scenario initial rates of methane 

decomposition in industrial bubble column reactors is as follows: 

  (7) 

Here, ε is the gas holdup. 

For an industrial steam methane reformer, a first-order approximation for the overall rate 

of reaction (assuming 100% conversion of methane to products) can be calculated using the 

following: 

   (8) 

Here, tau is the residence time. Assuming methane partial pressures of 10–15 atm and a 

residence time of 1–3 seconds, the overall rates are ~32–143 mol/m3-s at 1000 °C in 

industrial reactors such as those is SMR processes. At 1 atm (assuming a first-order 

reaction), the resultant rates are approximately 3–10 mol/m3-s. Therefore, we use a more 

conservative estimate of 1 mol/m3-s as a target rate at 1 atm. 

 

Supplemental Scanning Electron Microscopy (SEM) Images 

(a) CH4 (b) CH4 +5% C3H8 (c) C3H8

 
Figure S8: SEM images of the carbon synthesized in a molten KCl bubble column 
reactor at 1000 °C and 1 atm using different hydrocarbon feedstocks: (a) 15 SCCM 
CH4; (b) 15 SCCM CH4 + 0.75 SCCM C3H8; and (c) 3 SCCM C3H8 + 12 SCCM Ar. All 
carbons have been washed with 70 °C water for two hours with constant stirring. Scale 
bars in all images correspond to 10 μm. 
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Benzene Pyrolysis in Molten KCl 

(a) 100 μm (b) 10 μm (c)

 

Figure S9: (a-b) SEM images and (c) Raman spectrum of the carbon product 
synthesized in a molten KCl bubble column reactor at 1000 °C and 1 atm using 0.09 
atm of benzene supplemented with 0.91 atm of argon. Carbon product has not been 
washed with hot water. (a) 100 μm scale bar and (b) 10 μm scale bar. 

 

 

Table S1: EDX analysis of solid carbon produced in a molten KCl bubble column 
reactor at 1000 °C and 1 atm from different hydrocarbon feedstocks. Carbon products 
have not been washed using hot water.  

Weight [%] 

Feedstock K Cl C 

CH4 27.5 ± 1.5 25.1 ± 1.2 47.4 ± 2.7 

C6H6 8.5 ± 0.5 7.2 ± 0.4 84.3 ± 0.9 

C3H8 4.0 ± 0.2 4.7 ± 0.2 91.3 ± 0.4 
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Chapter 7: Catalytic Methane Pyrolysis in Molten Alkali-Chloride Salts 

containing Iron 

Reprinted with permission from Kang, D.; Palmer, C.; Mannini, D.; Rahimi, N.; Gordon, M. 
J.; Metiu, H.; McFarland, E. W. Catalytic Methane Pyrolysis in Molten Alkali Chloride Salts 
Containing Iron. ACS Catalysis 2020, 10 (13), 7032-7042. Copyright 2020 American 
Chemical Society. 

A. Abstract 

Mixtures of molten iron-sodium-potassium chloride salts are found to be catalytic for 

methane pyrolysis.  In a differential bubble column reactor, the apparent activation energy of 

the molten salt decreases from 301 kJ/mole for the eutectic NaCl-KCl to 171 kJ/mole for 3 

wt% of iron-added as FeCl3.  The solid carbon produced in the iron-containing salt mixture 

has a graphitic structure which is distinct from the more disordered carbon produced in the 

iron-free eutectic suggesting a different solid carbon formation pathway.  Results from H-D 

exchange investigations are consistent with a different reaction pathway for methane 

pyrolysis in the iron-containing NaCl-KCl melt than in the melt without Fe.  The activity of 

the salt mixture was stable for over 50 hours, producing molecular hydrogen and separable 

solid carbon.  It is likely that the activity is due to the presence of Fe in molecular ions 

stabilized in the NaCl-KCl melt that facilitate the C-H bond activation in methane. 
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B. Introduction 

Approximately 50 million tons of hydrogen are produced annually for use as a critical 

feedstock for producing chemicals and fuels.  Today, most industrial hydrogen is produced 

by reforming methane and other hydrocarbons with steam (CH4 + 2H2O → 4H2 + CO2), 

generating annually more than 300 million tons of CO2.  A cost-effective means of 

producing hydrogen without generating CO2 would improve the sustainability of the 

chemical industry and make possible the future use of hydrogen as a CO2-free fuel.1, 2, 331, 332 

Although renewable sources of hydrogen for use as a fuel have long been investigated, 

none have been cost competitive with steam methane reforming (SMR) in the absence of a 

tax or negative cost assigned to the produced CO2.  If minimization of CO2 is a priority and 

economically incentivized, methane can also be decomposed into molecular hydrogen and 

solid carbon by “pyrolysis” (CH4 → C + 2H2).  Pyrolysis produces less hydrogen per 

methane molecule than SMR; however, the endothermic reaction (Ho = 37.5 kJ/mole H2) 

requires approximately the same energy as SMR per unit H2 produced (Ho = 41.3 kJ/mole 

H2).  Only if there were to be a cost associated with carbon dioxide generation, and/or, if the 

solid carbon produced could be economically removed from the reactor and had commercial 

value, then methane pyrolysis using abundant natural gas could be a cost-effective process 

for hydrogen production during the inevitable future transition to an energy economy 

independent of increasingly scarce fossil fuels.10, 333, 334  Even if there is little demand for the 

co-produced carbon from pyrolysis, it can be stored for the long term at far lower cost than 

sequestration of gas phase CO2. 

Thermal decomposition of methane in the gas phase without a catalyst proceeds by way 

of homogeneous C-H bond cleavage and subsequent CH3 radical generation at high 

temperatures.  C2+ hydrocarbons are generated by the reaction between CH3 radicals and 
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other hydrocarbon intermediates.265, 335, 336  Without a catalyst, at temperatures under 1100 

°C, the reaction rates are slow and the selectivity to hydrogen is limited; there is relatively 

high selectivity to hydrocarbon intermediates such as ethylene, acetylene, and aromatics.59, 

151, 287, 336  Methane pyrolysis on solid catalysts, such as Ni and other transition metals, has 

been widely studied.155, 319, 337  On solid catalyst surfaces, methane can undergo rapid 

dissociative chemisorption and subsequent dehydrogenations and C-C bond formation with 

adjacent intermediates. Further oligomerization of carbon species on the solid catalyst 

eventually forms immobile coke which deactivates the surface of the solid catalyst.319 To 

regenerate the activity of solid catalysts, the solid carbon is gasified58, 338-340 by oxidation, 

which gives rise to undesirable CO2 emission.  

By reacting methane in high temperature liquids, it has been shown that hydrogen can be 

produced together with solid carbon that is separable from the liquid.  Methane pyrolysis on 

a catalytic gas-liquid interface in a bubble column reactor does not deactivate like solid 

catalysts because the active surface of the liquid is continuously renewed as the gas passes 

through the melt.108  In a bubble column system, the produced solid carbon accumulates and 

is readily recovered by solid-liquid separations.  

High temperature molten metals and salts have been utilized for pyrolysis of biomass 

and hydrocarbons.341, 342  Several molten metal systems which are stable at the elevated 

temperature have been examined for methane pyrolysis.73, 77, 79, 114, 160, 204  Molten metal 

alloys of bismuth have been shown to be active catalysts for pyrolysis, including Bi-Ni77 and 

Bi-Cu.73  These molten alloys continuously produced separable carbon in the melt without 

deactivation.  Molten salts have also been used for pyrolysis of C2+ hydrocarbons.122, 343  

Less work has been done investigating molten salts for methane pyrolysis83 because few 
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salts are thought to be active and stable at the high temperatures required for the activation 

of the strong C-H bond in methane.    

Simple alkali halide salts such as NaCl are stable under the high temperature reducing 

conditions of methane pyrolysis; however, they are wide band gap insulating liquids with no 

significant activity for methane activation.83, 116  We have recently shown that addition of 

Mn salts to alkali halides gives rise to salt mixtures active for methane pyrolysis.83  Mn(II) is 

thermodynamically stable in the presence of methane and hydrogen at high temperatures; 

however, many transition metal ions are not.344, 345  Most common pure transition metal 

halide salts including those of Ni, Co, Cu, and Fe are readily reduced at high temperature in 

hydrogen or methane.  Iron chlorides are generally expected to be reduced to Fe0 at high 

temperatures in the presence of hydrogen and/or methane.  In mixtures of alkali chloride 

salts many Lewis acid metal halide salts including Fe(III) chloride are known to form more 

stable molecular ion coordination complexes.346-348   

We investigated the reactivity for methane pyrolysis and stability of iron in mixtures of 

sodium chloride (NaCl) and potassium chloride (KCl) where we anticipate molecular ions 

including (FeCl4)- will be formed.  Whereas the eutectic NaCl-KCl melt is a poor catalyst for 

methane pyrolysis, we observe that mixtures of iron (III) chloride (FeCl3), NaCl, and KCl 

formed stable molten salts at high temperature that have high activity for pyrolysis. There 

have been few works exploring the stability and catalytic functionality of FeCl3 salt mixtures 

at elevated temperature (> 600 °C).  In terms of economic improvements, FeCl3 is 

significant cheaper than other melts which have been reported as molten catalysts for 

methane pyrolysis.77, 83  The following questions are addressed in this communication: (1) 

What are the kinetic parameters for methane pyrolysis in a bubble column reactor with 

molten NaCl-KCl and how do they change with increasing Fe content?, (2) Is the activity for 
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pyrolysis in the melt mixture stable?, (3) What is the reaction mechanism for methane 

pyrolysis in the iron containing melts?, and, (4) What are properties of the solid carbon 

product produced in the iron-containing melt mixture? 

 

C. Experimental Methods 

Preparation of Iron-Containing Eutectic NaCl-KCl Melts 

Several salt mixtures were prepared from iron (III) chloride hexahydrate (FeCl3∙6H2O, 

Sigma Aldrich, ≥99.8%), sodium chloride (NaCl, Sigma Aldrich, ≥99.0%), and potassium 

chloride (KCl, Sigma Aldrich, ≥99.0%).  The molar ratio of NaCl to KCl was fixed at the 

eutectic: 1.02, which is named as NaKCl.  FeCl3∙6H2O was added such that the final iron 

weight percentages were 1%, 3%, 5%, and 7%.  The solid salts were mechanically mixed 

and then dehydrated under Ar flow at 110 °C for a minimum of 24 hours.  For melting the 

salts, the temperature was increased slowly (less than 0.2 °C /min) until the mixture was 

melted, approximately 660 °C.  After melting, the molten salt was sparged with hydrogen 10 

% vol in argon for 12 hours.  As prepared the molten salts were transparent, with a brownish 

color visible with increasing iron content.  

 

Methane Pyrolysis Kinetics in a Differential Molten Salt Bubble Column 

The experimental setup to measure activity and kinetic parameters of molten salts in a 

bubble column has been described previously (Figure 1).83  In bubble columns at relatively 

low inlet flow rates and short residence times, pyrolysis can be assumed to occur 

isothermally and isobarically in individual non-coalescing bubbles modeled as a constant 

pressure batch reactor with an approximately constant surface to volume ratio.  The quartz 

tube reactor with a 2.5 cm inside diameter was filled to 12.5 cm (61.3 mL) with the molten 
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salt and mounted in a furnace such that a 25 cm length was heated and maintained at 

constant temperature.  The reactant gas mixture was injected into the melt through a quartz 

capillary tube (i.d. = 0.2 cm) open 1 cm from the bottom of the melt.  The bubble residence 

time in the melt was approximately 0.5 sec with the bubble rise velocity of ~23 cm/sec.  

Under these conditions at low methane conversions the relationship between the apparent 

first order reaction rate constant and the conversion in the bubble column is given by: X ≈ 

kτ.  From the conversion and the known residence time, the rate constant is determined.  

From an Arrhenius plot of conversions measured at several different temperatures, an 

apparent activation energy and pre-exponential factor can be determined. 

 

 

Figure 1: Experimental setup for a bubble column reactor system. 
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Density and surface tension measurements were calculated using the maximum bubbling 

pressure method. Time-dependent pressure traces of the inlet gas passing through the 

injector tube were measured for different depths into the melt. Custom-made, tapered ¼” 

quartz injector tubes with inner tip diameters of ~1.5 mm were used for these measurements 

(see Figure S1 in SI). The total pressure is expressed as a combination of the hydrostatic 

pressure and the surface tension forces according to the Young-Laplace equation: 

 
The total pressure is inversely proportional with the radius of curvature of the bubble 

(R). Therefore, the total pressure reaches a maximum pressure, PMAX, when the radius of 

curvature is minimized (i.e., when the radius of curvature is equal to the radius of the 

injector tube, RTUBE): 

 
The maximum pressure at each depth (d) is plotted versus depth (Figure S1d) on a linear 

scale. The surface tension (σ) is calculated from the y-intercept, as the atmospheric pressure 

(Patm) and injector tube radius are known. The density (ρ) is calculated from the slope, as the 

gravitational constant (g) is known.  

In situ bubble sizes were estimated from the periodicity of the same pressure trace used 

for the above measurements. The frequency of the bubble generation was determined and 

the volume of the bubbles calculated using the known volumetric flow rate of the inlet gas. 

The empty space of the reactor above the melt surface was swept with 50 sccm of inert 

Ar gas to minimize any gas phase reactions in the headspace. The gas mixtures leaving the 

reactor were analyzed using a HP 5890 Series II gas chromatograph equipped with 5 Å 
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molecular sieve packed column.  The deuterated methane products from hydrogen-

deuterium exchange in mixtures of CH4 and D2 was monitored using a residual gas analyzer 

mass spectrometer (Stanford Research Systems, RGA 200).    

Because the bubble rise velocity is a function of the bubble size, it is approximately 

constant at various flow rates.33  The bubble size was estimated from the pressure 

measurement of the capillary quartz tube where the reactant gas is introduced (Figure S2).  

The diameter of the bubble in Fe(3%)/NaKCl is approximately 10% smaller than that in 

NaKCl due the marginally higher density and lower surface tension of Fe(3%)/NaKCl.  The 

bubble size increases slightly with increasing bubbling gas flowrate in all melts studied. The 

variation in bubble size at a given flowrate does not change significantly with different 

flowrates in any of the melts studied (less than 10% of standard deviation).   

The gas flow rate for measurements of activity was selected.  There are two stages for 

reaction in the melt: 1) during bubble formation at the tip of the capillary tube, and 2) during 

the bubble rise through the melt.  The time required to grow a bubble depends on the gas 

flow rate.  However, once the bubble forms and detaches at the tip of the tube, the bubble 

rises at a constant velocity independent of flow rate until the gas holdup exceeds 5-10%.  At 

very slow flow rates, the bubble growth at the tube tip is longer than its rise time in the 

column and methane conversion can be significant.  Therefore, a relatively high flow rate is 

used to ensure methane conversion occurs predominately in the rising bubble with the 

bubble growth time negligible compared with the bubble rise time (Figure S3). 

 

Salt and Carbon Characterization 

In situ analysis of the molten salt is difficult at the operating temperature of 1000 °C and 

beyond the scope of our current investigations.  Therefore, structural characteristics of the 
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molten salt were inferred from the solid salt after rapidly quenching the melt.  Using a small 

diameter (~1 cm) quartz tube to facilitate the heat transfer, the hot molten salt was rapidly 

cooled in liquid nitrogen under flowing Ar.  The resultant solid salt was collected and 

maintained under Ar to prevent the adsorption of water prior to spectroscopic 

characterization. 

The solid carbon formed from methane pyrolysis was collected on the top of the molten 

salt.  After cooling the melt, the resultant solid contained both carbon and salt residue.  The 

carbon was washed in warm water (80 °C) and the solid carbon recovered by filtration.  The 

washing-filtering process was repeated 10 times.  The final solid carbon cake was dried at 

100°C for 24 hours. 

 

Characterization of Quenched Salt and Carbon Product 

X-ray diffraction (XRD) measurements were made on a Panalytical Empyrean 

diffractometer with copper Kα source to examine the crystalline structure of the quenched 

solid salt and carbon product.  The reflection angle, 2θ, was varied from 10 to 90°.  Raman 

spectra of solid carbon product were collected using a LabRAM Aramis (Horiba Jobin 

Yvon) with a 633 nm laser.  Raman spectra of the quenched molten salt samples were 

collected using a Horiba Jobin Yvon T64000 open- frame confocal microscope with a 488 

nm laser. Quenched molten samples were sealed in between two glass slides in order to load 

them into the spectrometer without further exposure to air. Scanning electron microscopy 

(SEM) was performed using an FEI XL30 Sirion FEG Digital Scanning Electron 

Microscope.  Elemental mapping was carried out with an energy dispersive X-ray 

spectrometer (EDX) operated at 20 keV.  Transmission electron microscopy (TEM) was 

conducted using a FEI Titan 80-300 TEM. 
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D. Results and Discussion 

Activity and Stability of Iron-Containing Molten Salt for Methane Pyrolysis 

The methane conversions as a function of temperature (700 to 1050 °C ) in bubble 

columns containing different mixtures of molten Fe/NaKCl are shown in Figure 2a.  In the 

absence of iron chloride, the methane conversion of the eutectic NaKCl is low and similar to 

pure KCl which is relatively inactive.83  Conversion in these unreactive salts is attributed to 

gas phase reactions inside the bubble. With the addition of iron(III) chloride into NaKCl, the 

conversion increases significantly as the concentration increases from 1 wt % to 3 wt % of 

Fe in the NaKCl host salt.  The conversion does not continue to increase further when 

additional iron salt is added beyond 3 wt % Fe.  We suspect that this is due to saturation of 

the stable soluble iron species discussed below. 

Methane conversions with different flow rates were measured in Fe(3%)/NaKCl and 

NaKCl melts at 1000 °C (Figure S3).  Methane conversion decreases with increasing flow 

rates from 5 to 20 sccm as the reaction time in the growing bubble is long compared to 

reaction during the bubble rise time.  At flowrates at and above 20 sccm (the value used for 

our kinetics measurement), the conversion is independent of flow rate reflecting the time of 

bubble growth is fast compared to the rise time.   

Arrhenius plots constructed using the differential methane conversions are shown in 

Figure 2b.  The reaction kinetic parameters are determined for the different iron 

concentrations in the Fe/NaKCl melts and listed in Table 1. While the apparent activation 

energy of NaKCl is relatively high, it decreases substantially with the addition of iron(III) 

chloride into NaKCl.  However, the apparent activation energy reaches approximately a 

minimum at Fe(3%)/NaKCl (171 kJ/mole) and does not significantly decrease further as the 
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amount of iron in NaKCl is increased.  The apparent activation energy for pyrolysis on 

Fe(3%)/NaKCl is compared with that of previously reported solid349-352 and molten catalysts 

in Table 2.  Among molten catalysts that have been reported to produce separable carbon 

products, Fe(3%)/NaKCl has the second lowest apparent activation energy and it approaches 

that of solid catalysts.  

When iron is added to NaKCl, the pre-exponential factor of the apparent first order rate 

constant sharply decreases together with the apparent activation energy.  This observation is 

consistent with the high gas phase collision rate (pre-exponential) of the uncatalyzed, gas-

phase, reaction in the inactive NaKCl where the transition state energy barrier is high, 

changing in the presence of a catalytic iron species at the gas-liquid interface.  When the 

iron is present, the apparent activation energy is reduced; however, because the salt surface 

area offers only limited access to reactive sites, the pre-exponential is much smaller and 

partially compensates for the decrease in the apparent activation energy (Table 1).  The gas-

surface collision frequency for the molten salt (liquid) is much lower than the gas phase 

collision frequency.  As the major reaction pathway shifts from the high collision frequency, 

high barrier, gas phase for NaKCl, to the lower collision frequency, lower barrier, active 

liquid surface for Fe/NaKCl, the pre-exponential factor of the melt decreases due to the 

decreased collision rate with the liquid surface compared to the high gas phase collision rate.   

From the comparison of activities of different iron-containing molten salts, it can be 

surmised that the active sites for methane pyrolysis with the apparent activation energy of 

approximately 171 kJ/mole are formed when iron chloride is added to the NaKCl.  

Increasing Fe to approximately 3 wt% iron gives rise to increasing activity; however, further 

increases in Fe do not give rise to further increases in activity.  We suspect, that only in 

relatively dilute mixtures are the iron (III) species stabilized against reduction by 
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surrounding alkali halides and that above 3 wt % the iron can be reduced and would likely 

aggregate into larger insoluble metallic iron particles. 

Previous work has established the presence of stable iron (II or III) chloride in NaKCl 

melts at elevated temperatures under reducing conditions.  The reduction reaction of iron 

chloride into Fe0 is reversible and diffusion controlled.348  HCl could be produced when iron 

chloride is reduced by hydrogen or methane in a bubble column.  The produced HCl is 

possibly dissolved in the melt mixture and stabilized as HCl + FeCl3 → H+(FeCl4)- or it can 

react with Fe0 to produce iron chloride again. The stability of the iron chloride is increased 

by forming the (FeCl4)- tetrahedrally coordinated anionic complex in the NaKCl.346, 347  In 

the case of Fe(3%)/NaKCl, although a fraction of the iron chloride may be reduced to Fe0, 

there will always be iron(III) chloride present even in a reducing environment (e.g., with 

hydrogen and methane).  The presence of stable iron chloride in the melt is discussed further 

below. 

 

Figure 2: Catalytic activity of Fe/NaKCls for methane pyrolysis: 20 sccm of reactant 
gas (CH4:Ar = 50:50 vol%) and 50 sccm of sweep gas (100 vol% of Ar). (a) Methane 
conversion versus temperature. (b) Arrhenius plots for methane consumption rate 
measured in differential reactor. 
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Table 1: Reaction kinetic parameters of Fe/NaKCl’s for methane pyrolysis. 

Fe 
(wt%) 

Apparent 
activity energy 

(kJ/mole) 
Pre-exponential factor (s-1) 

Rate constant at 
1000 ℃ (s-1) 

R2 

0 301 ± 7 6.5 × 1010 ~ 2.8 × 1011 0.056 ~ 0.066 0.9836 

1 178 ± 5 7.0 × 105 ~ 2.0 × 106 0.055 ~ 0.062 0.9779 

3 171 ± 5 5.7 × 105 ~ 1.8 × 106 0.088 ~ 0.099 0.9620 

5 171 ± 5 6.3 × 105 ~ 1.7 × 106 0.097 ~ 0.102 0.9718 

7 167 ± 8 1.2 × 105 ~ 6.2 × 105 0.105 ~ 0.120 0.9852 

 

 

Table 2: Catalytic activities of different catalysts. 

Samples 
Apparent activity energy 

(kJ/mole) 
Catalysts 

Fe(3%)/NaKCl 171 ± 5 Molten salt 

Molten MnCl2(50)-KCl(50) 83 153 ± 16 Molten salt 

Molten Ni(27)-Bi(73) 77 208 Molten alloy 

Molten Bi 77 310 Molten alloy 

Gas phase 349 422 Non-catalytic reaction 

Ni/SiO2 350 96.1 Solid 

Activated carbon 351 200 Solid 

Carbon black 352 172-222 Solid 

 



 

 
188 

 

In order to confirm the presence of a solubilized iron compound, hydrodynamic 

parameters (i.e., density and surface tension) were measured for the neat NaKCl melt and a 

3 wt% FeCl3/NaKCl melt (post reduction in 5% H2 in Ar at 700°C) as a function of 

temperature (Figure 3). The density of the Fe(3%)/NaKCl is minimally greater than the neat 

salt (Figure 3a). This small increase is expected, as iron-containing compounds (e.g., Fe(0), 

FeCl2, and FeCl3) have a markedly higher density than NaKCl, but are only present in a 

small quantity (i.e., 3 wt %).  

The surface tension of the Fe(3%)/NaKCl is ~5% lower than the neat salt at all 

temperatures (Figure 3b). The lowering of the surface tension suggests both that: (1) a new 

compound has formed upon the addition and partial reduction of FeCl3 in NaKCl; and (2) 

that new compound is present at the gas-liquid interface. Point (2) is particularly important 

when considering the catalytic capabilities of high-temperature liquids, because reactant 

gases only interact with the surface liquid layers, which can differ from the bulk 

significantly.73 Both iron particles and iron-containing molecular complexes are expected to 

preferentially segregate to the gas-liquid interface upon formation.353-356 However, particles 

typically increase the surface tension354-356 while ionic complexes typically decrease the 

surface tension.353 Therefore, the lowering of the surface tension observed in Figure 3b 

suggests that the FeCl3 additive has complexed with the NaKCl constituents, rather than 

being fully reduced to Fe(0) particles. 
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Figure 3: Density (a) and surface tension (b) of NaKCl and Fe(3%)/NaKCl molten salt 
mixtures versus temperature. 

 

The activities of Fe(3%)/NaKCl and NaKCl were measured over continuous runs of 50 

hours at 1000 °C, Figure 4.  Although the complexation of FeCl3 with NaKCl significantly 

suppressed the vapor pressure of FeCl3, a small amount of solid condensate was observed on 

the reactor outlet at 1000 °C.  However, most vaporized salt mixtures were re-condensed 

into the melt phase by being cooled in the headspace of the bubble column reactor.  In the 

Fe(3%)/NaKCl, mixture, the methane conversion increases from 8% to 9.5 % for the first 10 

hours and then remains stable.  In NaKCl, the methane conversion increases from 3.5% to 

4.5% for the first 5 hours and then stabilizes.  The initial increase of the methane conversion 

in both cases might be attributed to the initial accumulation of solid carbon product in the 

melts which increases the viscosity of the melt and decreases the bubble residence time by 

decreasing the bubble rise velocity.  After the initial period, further increases in carbon 

accumulate at the top of the melt effectively establishing a saturation solid carbon 

concentration in the melt systems.  For a continuous run of 50 hours, the methane 

conversion of Fe(3%)/NaKCl remains higher than that of NaKCl. Assuming 50% of the 

activity is from the 3 wt% Fe in the Fe(3%)/NaKCl salt, this represents 2.5 moles of carbon 

produced per mole of Fe present in the salt. 
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Figure 4: Methane conversion over 50 hours of continuous run: reaction temperature = 
1000 °C, 20 sccm of reactant gas (100 vol% of CH4), and 50 sccm of sweep gas (100 
vol% of Ar). 

 

Quenched Salt Characterization 

X-ray diffraction data obtained from the quenched Fe(3%)/NaKCl and NaKCl are shown 

in Figure 5a.  Sharp diffraction peaks from NaCl and KCl are clearly observed in both 

quenched molten salts.  Several unique broad peaks are observed in the quenched 

Fe(3%)/NaKCl; their intensities are relatively low compared to the NaCl and KCl peaks.  

Although not definitive, the reflections are consistent with iron-sodium-potassium chloride 

complexes such as K3Na(FeCl6).  Although without in situ XRD analysis no definitive 

statement can be made, several iron ionic complexes are thought to be formed in the molten 

alkali chlorides.346, 347  Further, molten NaKCl is transparent and colorless while 

Fe(3%)/NaKCl has a brownish color (Figure S4).  The brownish color of Fe(3%)/NaKCl is 

consistent with the presence of an iron-sodium-potassium chloride complex or/and well-

dispersed iron particles in the melt.344  There is no XRD evidence of a reflection of metallic 

iron, which suggests that the amount of the metallic iron is negligible or any particles are too 

small to have detectable reflections.   
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The Raman spectrum of the solid Fe(3%)/NaKCl after rapidly quenching the molten salt 

(black curve, Figure 5b) has characteristic peaks at low wavenumbers (~170 cm-1 and ~240 

cm-1) in comparison to neat NaKCl (red curve, Figure 5b) and FeCl3 physically mixed and 

ground together with NaKCl and then dried at 150°C overnight (blue curve, Figure 5b).  The 

neat NaKCl has no vibrational features in the region of interest, while FeCl3 physically 

mixed has characteristic peaks at low wavenumbers (~300 cm-1 and ~330 cm-1) with weak 

features at ~173 cm-1 and ~220 cm-1.  These modes may be attributed to FeCl3 structures 

and/or iron oxides present in the raw salt.  Many similar iron chloride ion derivatives are 

reported to have vibrational modes in the 100–350 cm-1 range.357-359 For examples, 148 and 

331 cm-1 for NaFeCl4 and 141, 159, and 339 cm-1 for KFeCl4,
357 in these mixtures the 

tetrahedrally coordinated (FeCl4)- complex is thought to be stabilized.358   

Octahedrally coordinated (FeCl6)3- has been observed in Cs2NaFeCl6 with a shift to 

lower frequency in the primary symmetric stretching frequency from approximately 332 cm-

1 to 294 cm-1.358  There have been no prior studies with mixtures of the eutectic alkali halide 

with Fe(III) chloride and it is not possible at this point to make specific peak assignments 

with confidence.  Nonetheless, by comparison with assignments for the (FeCl4)- in 

Cs2NaFeCl6 we can tentatively suggest the 170 cm-1 and 240 cm-1 vibrations may represent 

breathing modes of the octahedral (FeCl6)3- which forms upon cooling as the four-fold 

coordination of (FeCl4)- present in the dilute melt converts to the six-fold coordination of the 

solid (FeCl6)3-.358  In the eutectic NaClKCl mixture it is not surprising that the vibrational 

spectra are different from those obtained from previously studied mixtures.  Comparing 

Raman spectra from the flash-frozen Fe(3%)/NaKCl sample and the mechanical mixture of 

FeCl3 with NaKCl shows no shared vibrational bands and supports the existence of distinct 
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molecular ion complexes formed in mixtures of FeCl3 with KCl and NaCl upon melting and 

reducing with 5% hydrogen. 

 

 

Figure 5: (a) X-ray diffraction patterns and (b) Raman spectra from samples of 
quenched molten salt and mechanically mixed Fe(3%)/NaKCl and NaKCl. 

 

The product selectivities for methane pyrolysis were measured at 1000 °C in both 

Fe(3%)/NaKCl and NaKCl.  During the selectivity measurement using a residual gas 

analyzer mass spectrometer, the methane conversion was set to 4% in both melts by 

adjusting the bubble residence time.  While NaKCl shows 89.2% hydrogen selectivity with 

8.9% C2 and 1.9% C6+ hydrocarbon selectivities, an increased 92.4% hydrogen selectivity is 

observed with 6.7% C2 and 0.9% C6+ hydrocarbon selectivities in Fe(3%)/NaKCl.  

The composition of deuterated products from the H-D exchange in mixture of CH4 and 

D2 was analyzed at different temperatures (Figure 6).  The molar ratio of D2 and CH4 was 

kept at 4 with the total flow rate of 20 sccm.  The overall methane conversions are adjusted 

to 10% at 800 °C, 20% at 850 °C, and 50 % at 900 °C in both Fe(3%)/NaKCl and NaKCl 

melts by adjusting the bubble residence time.  At a relatively low temperature (i.e., 800 °C), 

CHD3 is the major deuterated product in Fe(3%)/NaKCl, while the composition of 
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deuterated products in NaKCl follows the sequential dehydrogenation expected in the 

absence of any catalyst (CH3D > CH2D2 > CHD3 > CD4).292  At temperatures > 850°C, the 

non-catalytic gas phase D-H exchange becomes dominant compared to the catalytic gas-

surface D-H exchange and the CH3D concentration increases in Fe(3%)/NaKCl.  However, 

the concentration of CHD3 produced in Fe(3%)/NaKCl is still higher than that from NaKCl.  

It has been reported that methane is fully dehydrogenated on metallic iron surfaces,155 

resulting in CD4 as being the major product in H-D exchange between CH4 and D2.  The fact 

that the composition of deuterated products in Fe(3%)/NaKCl is different from what one 

expects to see in the gas phase or on solid iron surfaces implies that there is a distinct 

reaction mechanism in the Fe(3%)/NaKCl system.  When considering the presence of iron-

sodium-potassium chloride complexes in the melt, it is likely that methane is further 

dehydrogenated to CH or CH2 in association with iron-sodium-potassium chloride 

complexes, but not fully dehydrogenated.  The CH or CH2 moieties may be oligomerized to 

increase the hydrogen selectivity and create the crystalline carbon structure further discussed 

below.  In contrast, CH3 radical is mainly formed in NaKCl, then C2+ hydrocarbons are 

formed from non-catalytic gas phase reactions. 
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Figure 6. Composition of deuterated methane products from H–D exchange: 20 sccm 
of CH4-D2 mixture gas (CH4:D2 = 20:80 vol%) and 30 sccm of sweep gas (100 vol% of 
Ar). 

 

 

Characterization of Solid Carbon 

Scanning electron micrographs showing the morphology of the carbon product collected 

from a 50 hour continuous run in Fe(3%)/NaKCl after washing are shown in Figure S5a and 

b.  There are two different solid carbon structures observed: 1) sheet-like structures (Figure 

S5a) and 2) ball-like structures (Figure S5b).  This is because of two different reaction 

mechanisms in Fe(3%)/NaKCl at 1000 °C, catalytic methane pyrolysis on ionic complexes 

and non-catalytic gas phase pyrolysis.  In carbon obtained after 50 hours of pyrolysis in 

NaKCl (Figure S5c), the same ball-like structures are observed; however, there are no 

observable regions with the sheet-like solid material.   
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Elemental mapping shows that an iron signal is diffusely dispersed everywhere on the 

carbon product.  There are almost no aggregated iron particles identifiable in Figure S5a and 

b, suggesting that the major active species for methane pyrolysis in Fe(3%)/NaKCl are not 

associated with aggregated iron particles. 

TEM images of carbon produced from Fe(3%)/NaKCl and NaKCl are compared in 

Figure 7. As in the SEM images (Figure S5), the morphology of carbon collected from 

Fe(3%)/NaKCl (Figure 7a) has two different structures, ball-like carbon (Figure 7b) and 

sheet-like carbon (Figure 7c).  Also consistent with the SEM, TEM images of carbon 

produced from NaKCl show only the ball-like structures (Figure 7d, e, and f).  The electron 

diffraction patterns of the two different carbon structures produced in the Fe(3%)/NaKCl are 

shown in Figure 8.  Multiple diffraction rings with polycrystalline structure are observed in 

the sheet-like carbon product, consistent with a graphitic structured carbon (Figure 8b).  A 

diffraction pattern with delocalized rings consistent with amorphous carbon was obtained 

from the ball-like structures (Figure 8a) which matched that obtained from carbon produced 

in the NaKCl melt (Figure 8c and d). 
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Figure 7: TEM images of carbon produced from Fe(3%)/NaKCl (a, b, and c) and 
NaKCl (d, e, and f).  
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Figure 8. HRTEM images and diffraction rings (insets) of carbon produced from 
Fe(3%)/NaKCl (a and b) and NaKCl (c and d). 

 

High angle annular dark field scanning TEM (HAADF-STEM) images of carbon 

produced from Fe(3%)/NaKCl are shown in Figure S6.  Few aggregated iron particles 

whose sizes are larger than 100 nm are observed in Figure S6a and b, but they are fully 

encapsulated by carbon product and would likely be inactive.  Any solid iron particles 

present from reduction might be initially active; however, they would deactivate quickly as 

they were encapsulated with carbon. Further, iron nanoparticles are known to grown carbon 

nanofibers from methane – none were observed.  The observed trace numbers of large iron 

particles are not thought to be responsible for the high and long-term catalytic activity of 
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Fe(3%)/NaKCl.  Bright features are present along the edge of the sheet-like carbon (Figure 

S6c). These electron dense objects could come from iron-sodium-potassium chloride 

complexes and be responsible for the formation of graphitic sheet-like carbon.  Even in a 

mixed amorphous-crystalline structure of the carbon product (Figure S6d), the bright signal 

is stronger along the small graphitic layer than is observed from the amorphous structure.  

The average crystallinity of carbon produced from Fe(3%)/NaKCl and NaKCl was 

measured with Raman (Figure S7) and XRD (Figure S8).  In the Raman spectra, the D (1350 

cm-1), and G (1585 cm-1) bands are attributed to, defected carbon, and an sp2 carbon 

crystalline network respectively.360  A relatively small intensity ratio of the D and G bands, 

I(D)/I(G), indicates a greater degree of graphitization in the carbon.  The observed I(D)/I(G) 

ratio of the carbon product from the NaKCl is approximately 1.53 consistent with an 

amorphous structure, while carbon produced in Fe(3%)/NaKCl had a I(D)/I(G) of 

approximately 0.53 indicative of a highly graphitic structure.  The X-ray diffraction spectra 

from the carbon produced in Fe(3%)/NaKCl contained a sharp graphite peak, in further 

support of a reaction pathway generating crystalline carbon.  No such graphite diffraction 

peak was observed from the carbon product of pyrolysis in NaKCl. 

The elemental composition of the carbon produced from Fe(3%)/NaKCl and NaKCl was 

measured with EDX (Table 3).  The purity of carbon is over 90 atomic % from both salts; 

however, the carbon from Fe(3%)/NaKCl has detectable iron present.   



 

 
199 

Table 3: Elemental composition of carbon produced from melts after water-washing. 

Reaction melt Fe(3%)/NaKCl NaKCl 

C (at.%) 92.83 ± 2.61 93.67 ± 0.22 

Na (at.%) 1.42 ± 0.62 2.31 ± 0.01 

K (at.%) 1.63 ± 0.09 1.20 ± 0.07 

Cl (at.%) 3.37 ± 0.69 2.82 ± 0.15 

Fe (at %) 0.75 ± 0.19 N.A. 

 

 

E. Conclusions 

The addition of 3% by weight of Fe(III) chloride to the eutectic molten salt mixture 

NaCl-KCl increased the activity of the melt for methane pyrolysis in a bubble column.  The 

apparent activation energy for pyrolysis decreased with increased FeCl3 from 301 kJ/mole 

(0% Fe) to 171 kJ/mole (3% by weight Fe) while the pre-exponential of the apparent first 

order rate constant decreased, consistent with a transition from a gas phase collision-based 

reaction pathway to a surface mediated catalytic process.  Further, the H-D exchange from 

mixtures of CH4 and D2 in Fe/NaKCl showed relatively large amounts of CHD3 and CH2D2 

where formed, distinct from observations in NaKCl and consistent with catalytic 

dissociative chemisorption of methane on active sites with methylene intermediates formed.  

Pyrolysis in the Fe/NaKCl melt produced a carbon with a sheet-like graphitic structure, 

which is distinct from the amorphous carbon produced from gas phase methane pyrolysis 

and unlike carbon nanotubes that are typically formed on solid iron particles.  Although iron 

contamination was present in the carbon, it was present primarily as diffusely distributed 

with the NaKCl consistent with the presence of homogenously distributed FeCl3.  Methane 
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pyrolysis in the iron-containing salt mixtures was observed to be stable for at least 50 hours 

without deactivation.  No metallic iron was observed in the rapidly cooled Fe/NaKCl melts 

by X-ray diffraction while reflections consistent with the presence of iron-sodium-potassium 

crystalline forms was observed.  Raman spectroscopy supported the presence of an Fe(III) 

molecular ion in the solid salt.  Although we do not yet have direct in situ evidence for a 

stable iron-containing molecular ion at reaction temperatures under reducing conditions, we 

speculate that such a complex is present and is responsible for the observed activity for C-H 

bond activation and deep dehydrogenation of methane and the formation of graphitic carbon 

at the liquid-gas interface. 

 

Supporting Information. Surface tension measurements using the maximum bubbling 

pressure method; Bubble size measurements using the periodicity of the same pressure trace; 

Catalytic activity measurements versus flow rates; Photographs of molten salts; SEM and 

TEM images of carbon produced from melts; and Raman spectra and XRD pattern of carbon 

from the melts. The Supporting Information is available free of charge on the ACS 

Publications website at https://pubs.acs.org/journal/accacs or can be acquired by request 

from the authors.  
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Chapter 8: Identification of Intercalation Compounds in Carbon Products 

Synthesized from Methane Pyrolysis in High-Temperature Molten Salt 

Environments 

 

In all molten salt reactors explored to date (FeCl3, MnCl2, KCl, etc.), there remains a 

significant amount of residual salt species (1550 weight%) contaminating the end carbon 

products.  For MP to be successful commercially, the carbon must be continuously removed 

from the reactor and efficiently separated from the liquid (and gas) media at low costs.   

Post-reaction washing procedures have been explored at the laboratory scale; for 

example, rigorous washing with solvents such as hot water (at 70 °C) was largely ineffective 

at removing salt contaminants from the carbon, despite the salts’ high solubilities in water at 

elevated temperatures.322  This result suggested that the water was either inaccessible to the 

salt species (due to the hydrophobic nature of the carbon, for example) or the salt species 

were bonded to the carbon physically and/or chemically.   

More extreme techniques such as high-temperature heat treatments were also explored.  

For example, the carbons were heat treated at 1100 °C and 1500 °C in an argon atmosphere 

to selectively evaporate residual salt, which decreased the contamination levels to <1 

weight% in some samples.322  These heat treatments, although significantly more effective, 

would be extremely challenging to integrate into a large-scale process in an energy efficient 

manner.   
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Figure 7.1:  High-resolution X-Ray Photoelectron Spectra (XPS) of carbon samples 
synthesized from MP in molten salt bubble column reactors at 1000 °C and reference 
spectra of alkali-halide salts.  (a) K 2p spectra of carbon synthesized in molten KCl 
(top), molten KBr (middle), and the reference KCl salt from Sigma Aldrich (bottom).  
(b) Cl 2p spectra of carbon synthesized in molten KCl (top), molten NaCl (middle), and 
the reference KCl salt from Sigma Aldrich (bottom).  (c) Na 1s spectra of carbon 
synthesized in molten NaCl (top), molten NaBr (middle), and the reference NaBr salt 
from Sigma Aldrich (bottom).  (d) Br 3d spectra of carbon synthesized in molten KBr 
(top), molten NaBr (middle), and the reference NaBr salt from Sigma Aldrich 
(bottom).  All carbon samples have been hot water (70 °C) washed for 2 hours with 
constant stirring.  NaBr reference salt was dried and handled under an inert 
atmosphere. 
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To better understand the carbon-salt interactions and why it is so difficult to remove 

residual salt from the carbon products, X-ray Photoelectron Spectroscopy (XPS) is 

performed (Figure 7.1).  XPS is one technique that is used to characterize well-known 

carbon intercalation compounds (ICs), which are salt (or metal) species that have become 

chemically bonded to carbon interlayers.361 

The potassium (K 2p) spectra of carbon samples synthesized in molten salt bubble 

column reactors indicate that two different potassium species are present which have 

different chemical binding environments.  The major peak (K 2p3/2) of the characteristic 2p 

doublet at the lowest binding energy of ~292.7  292.8 eV in both the samples from KCl and 

KBr (Figure 7.1a, red curves, top and middle, respectively) is in excellent agreement with a 

potassium ion species (i.e., K+), such as that found in KCl salt (Figure 7.1, bottom).  The 

major peak (K 2p3/2) of the second doublet, which is only present in the spectra of the 

carbon-salt mixtures and not the reference salt, is centered at 293.9  294.0 eV (Figure 7.1a, 

green curves, top and middle).  This new doublet has a marked upshift compared to the K+ 

doublet, and is in relatively good agreement with potassium intercalation compounds, such 

as KC8, which has a K 2p3/2 peak centered at 294.6 eV.361  A slight disagreement may be 

expected, as the specific chemical shift may depend on stoichiometry (i.e., ratio of K to C 

atoms in the IC) and the carbon connectivity (i.e., graphitic vs amorphous carbon).  

Regardless, the K 2p spectra suggest there are both chemically-intercalated K species in the 

carbon network as well as physically-intercalated KCl salt species.   

Similarly, the Cl 2p spectra (Figure 7.1b) indicate that chlorine species are also 

chemically intercalated in the carbon products.  The Cl 2p spectra of the carbon synthesized 

in molten KCl (Figure 7.1b, top) is analogous to the K 2p spectra of the same sample – one 

doublet is consistent with Cl- from KCl salt (Figure 7.1b, bottom) and the other doublet is 
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upshifted by ~1.2 eV and is likely derived from an intercalated Cl species.  No reliable 

reference spectra for intercalated chlorine species have been found in the literature and 

efforts to make an in-house reference are ongoing.  Organic chlorine compounds, such as 

with Cl covalently bonded to C, have major Cl 2p3/2 peaks centered at ~200.5 eV,362 which 

is markedly higher than what is observed here.  The observation that both K and Cl 

intercalate is expected, as one cannot intercalate without the other for charge balance to be 

satisfied (assuming no reactions to other compounds occur such as HCl and potassium metal 

formation).  Interestingly, in the Cl 2p spectra from the carbon sample synthesized in molten 

NaCl (Figure 7.1b, middle), there is only evidence of intercalated Cl species and not 

physically intercalated Cl- (or KCl).  The carbon sample synthesized in molten NaCl was 

characterized to be significantly cleaner compared to the other alkali-halide salt 

environments after hot water washing (~85 wt% carbon compared to 6065 wt%),322 which 

may indicate that physically-intercalated salt can be washed out of this carbon , but the 

chemically-intercalated species cannot; whereas in other salt environments, neither type of 

species are easy to remove.   

The Na 1s spectra (Figure 7.1c) are not as definitive.  In the spectra for the reference salt 

(NaBr purchased from Sigma Aldrich® in this case), what should be a characteristic singlet 

presents as multiple peaks, which are likely surface contaminants.363  Therefore, it is 

difficult to make meaningful assignments to the peaks in the spectra of the carbon-salt 

mixtures at this time.  Photoelectrons with stronger binding energies such as these that are 

emitted from s orbitals close to the nuclei may also be less susceptible to chemical shifts due 

to different chemical bonding environments.   
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The Br 3d spectra (Figure 7.1d) are similar to both the K 2p spectra (Figure 7.1a) and the 

Cl 2p spectra (Figure 7.1b), in which both a chemically-intercalated Br species and a 

physically-intercalated bromide salt is also present.   

These preliminary results are part of an ongoing collaborative effort with Dr. Raphaële 

Clément’s group in the Materials Department at UC Santa Barbara, which should be 

available for publication in its entirety in the next coming months. 
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Conclusions and Outlook 

This thesis contains some of the first systematic explorations of molten metal and molten 

salt environments for methane pyrolysis (MP).  MP  is one of the few potential bridging 

technologies that still utilizes low-cost, abundant fossil fuels without emitting CO2 while an 

even more sustainable energy infrastructure is developed and deployed.  Specifically, we 

have elucidated active sites and species on molten surfaces that mediate CH bond activation, 

the carbon formation pathways, and the interactions within and at the interface of the molten 

media.  I believe these scientific findings will directly aid in the design and engineering of a 

commercial reactor in which methane must be selectively decomposed at economically-

viable rates into molecular hydrogen and solid carbon.  

As discussed in Chapter 2, in many molten metal mixtures, it was observed that both 

pure species had little activity, while mixtures thereof had considerable activity (e.g., Cu-In 

and Cu-Bi).  The surface metal compositions and electronic properties of molten Cu−Bi 

alloys were studied and found to have significant impact on their activity for methane 

activation and dehydrogenation.  These findings are likely amenable to other mixtures and 

reaffirm that the bulk properties of molten metal mixtures are insufficient descriptors of their 

overall catalytic activity for methane pyrolysis.   

In Chapter 3, the decomposition of a variety of hydrocarbons is explored in catalytic 27 

mol% Ni – 73 mol% Bi bubble column reactors.  100% conversion of propane, benzene, and 

raw crude oil was achieved at 950 oC at a residence time of approximately 1 second, which 

serves as a proof of concept that these catalytic melts can be easily extended to the 

decompositions of other feedstocks (such as the fossil fuel that is geographically the lowest 

in cost).  The hydrocarbons with lower overall solid carbon production rates (such as 

methane) result in the formation of a more graphitic carbon which is attributed to carbon 
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atom dissolution and reprecipitation into and out of the liquid metal.  The resultant carbon 

morphology from hydrocarbon decompositions with markedly higher rates of solid carbon 

production (such as crude oil and propane pyrolysis) is significantly more amorphous, 

attributed to the higher carbon nucleation and production rate in the gas-phase.  

In Chapter 4, the coupling of methane dry reforming with catalytic methane pyrolysis in 

a molten metal bubble column reactor was presented.  A syngas product ratio of H2:CO = 

2:1 can be produced using this approach by using a feed ratio of CH4:CO2 = 2:1 because 

solid carbon is also produced continuously as a byproduct.  This syngas ratio is more 

industrially attractive because it is directly suitable for methanol and Fischer Tropsch 

synthesis and is not possible to produce using conventional solid catalysts because solid 

carbon cannot be accommodated for.  The process developed in this work may be extended 

to use natural gas feedstocks with high CO2 or water contents.  Additionally, combustion 

gases for heating purposes can be potentially integrated into this scheme.   

The low-cost, alkali-halide molten salts explored in Chapter 5 of this thesis were found 

to be mild catalysts for MP.  The initial rates of MP in best-case-scenario bubble column 

reactors can be ~1 mol/m3-s; however, this decomposition rate is significantly inhibited by 

the presence of hydrogen, which will make achieving high, single-pass conversions of 

methane challenging.  Interestingly, carbon synthesized at the higher temperatures had a 

considerably lower amount of salt contamination after water washing.  However, significant 

levels of salts remained in the carbon products, posing an engineering challenge for 

deployment at large-scales.   

In Chapter 6, we used hydrocarbon feed additives in the same alkali-halide molten salt 

environments to increase the methane decomposition rates due to reactions between methane 

and the more-easily-formed radical species from the hydrocarbon additives in the gas phase.  
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Additives such as ethane and propane that occur naturally with methane in gas reserves 

provide a cheap approach to reducing the reaction temperature while maintaining the same 

initial reaction rates as with a pure methane feed; this temperature reduction will be critical 

for overcoming engineering challenges regarding materials of construction.  Interestingly, 

the carbon products from the decomposition of the feed additives were considerably cleaner, 

having far less salt contaminants compared to those synthesized from a methane feed; this 

observation suggests that there are chemical transformation pathways for hydrocarbons to 

decompose in molten salt environments without becoming inseparable from the liquid salt 

species.   

The use of a molten salt with higher intrinsic catalytic activity is explored in Chapter 7.  

The addition of 3% by weight of Fe(III) chloride (i.e., FeCl3) to the eutectic molten salt 

mixture NaCl-KCl increases the activity of the melt for methane pyrolysis in a bubble 

column reactor.  The apparent activation energy for pyrolysis was measured to be ~171 

kJ/mol, the H−D exchange from mixtures of CH4 and D2 resulted in CHD3 and CH2D2 being 

the predominant species, and the carbon synthesized from pyrolysis is sheet-like and 

graphitic, all of which suggest a distinct catalytic pathway for both methane activation and 

carbon formation compared to salts with lower activity (e.g., pure KCl).  Both metallic iron 

and iron chloride species were found to contaminate the carbon product after long pyrolysis 

experiments.  The metallic iron forms as a result of reduction of the quasi-stable iron 

containing molecular salt complexes.    

In Chapter 8, preliminary spectroscopic measurements  specifically XPS  are reported 

on the residual salt species found in the carbon materials synthesized from methane 

pyrolysis in alkali-halide molten salt (KCl, KBr, NaCl, and NaBr) bubble column reactors.  

Two different salt species are detected: one species has photoelectron binding energies 
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consistent with ionic chloride salt species (e.g., K+ and Br-) and the other species is assumed 

to be derived from salt species that are intercalated in the carbon structures, giving them new 

chemical bonding characteristics.   

Overall, this thesis work considerably furthers our understanding of how to use molten 

metals and molten salts as reaction environments.  Importantly, this work also frames 

several new and exciting directions for future fundamental research, as this thesis only starts 

to peel-back the mystery behind the wholly underexplored area of molten media in the broad 

field of catalysis.  First, the specific active sites and functionality of said sites on molten 

surfaces remains unclear and requires further investigations: 

(1) Are these active sites analogous to the sites that are well-characterized on 

similar solid catalysts?   

(2) Do the natural dynamics of a liquid surface affect reaction dynamics and 

energetics of C-H bond activation and dissociation?   

These are questions that can be answered if efforts are devoted to improving in-situ 

spectroscopy techniques on reactive environments at high temperatures.  One interesting 

starting point would be to spectroscopically identify the apparent bond made between a 

dissociated methyl moiety and a surface bismuth atom on a molten Cu-Bi melt.   

Furthermore, this work provides key insights into the challenges of using molten media 

for MP at an industrial scale.  Namely, the two major outstanding barriers that still need to 

be overcome are sufficient catalytic reactivity (especially at high hydrogen partial pressures) 

and carbon-salt post separations.  One future approach that may be more successful from an 

industrialization perspective is to first find a liquid media and/or reaction conditions that 

allows for facile and efficient carbon removal (with little to no residual contaminants).  A 

carbon product that is contaminated with even 0.5 wt% of another substance such as salt or 
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metal will result in large expenses at commercial scales (~100 kta of H2 and ~300 kta of 

carbon) both from losses of the liquid media (~1.5 kta) and premiums required for disposal 

with the additional contaminants present.  Once a clean carbon product is synthesized and its 

removal from the reactor is facilitated, then, identifying other major barriers such as 

achieving sufficient rates of reaction must be addressed.  This may require extremely high 

temperatures, but thermodynamics also demands the same high temperatures (i.e., >1100 

°C) if single-pass conversions of methane are to be realized at ~20 bar of operating pressure.   

Despite the outstanding barriers for commercialization, methane pyrolysis is 

undoubtedly one of the few technologies that can be readily deployed and retrofitted into our 

current energy landscape to allow energy companies to utilize the low-cost methane reserves 

they already own with significantly lower CO2 emissions until a longer term infrastructure is 

implemented.  Other more readily deployable technologies such as carbon capture and 

sequestration are not guaranteed to be safe and/or effective in the long term.   

Given what chemical engineers have designed and implemented to-date, such as large-

scale ethane steam cracking in high temperature (850  1100 °C), carburizing, and oxidizing 

environments as well high-temperature (950 °C), large-scale synthesis of aluminum in 

corrosive molten salt environments, this MP technology should be well within our 

capabilities, should enough engineers, funding, and time be given to it. 
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Appendix: Technoeconomics of Commodity Chemical Production using 

Sunlight 

Reprinted with permission from Palmer, C.; Saadi, F.; McFarland, E. W. Technoeconomics 
of commodity chemical production using sunlight. ACS Sustainable Chemistry & 
Engineering 2018, 6 (5), 7003-7009. Copyright 2018 American Chemical Society. 

A. Abstract 

The economic potential for commodity chemical production using sunlight is examined 

using a general comparative analysis method. The market values and feedstock prices 

together with basic thermodynamic constraints are used to evaluate the solar-to-chemical 

conversion potential for selected products using four different solar conversion pathways.  

Potential products are compared using several metrics including the net value of products 

per unit of energy input [$/kWh] and annual value of products per unit of solar exposed area 

[$/m2-year].  Low-volume, high-value chemical products such as iodine and tellurium would 

provide the greatest economic potential for a solar conversion process whereas high-volume, 

low-value products including hydrogen and methane would have tremendous challenges in 

generating sufficient revenue to pay for the required capital costs. Artificial photosynthesis 

research might be better served if the focus were to be first finding some (or any) reasonably 

valuable product that could be produced economically using sunlight before attempts are 

supported to make low-value chemical products such as hydrogen and hydrocarbons. 

 

B. Introduction 

Thermonuclear reactions in the sun give rise to radiation which illuminates our solar 

system. The radiation in sunlight is transformed into the heat and electrochemical potential 

responsible for life on Earth and all of our major power sources including our low-cost fossil 
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fuels which contain the stored solar energy from prehistoric times.  Although modern 

agriculture makes economic use of natural solar-to-chemical processes to produce foods and 

certain chemicals (including ethanol), despite decades of research, there has been no success 

in using sunlight for cost-effective artificial photosynthetic chemical processes. The overall 

economic viability of solar conversion processes is often lost in the promise that solar 

energy holds as a sustainable energy feedstock. 

The intermittent low-density source of photons in sunlight has typically been exploited 

for chemical production in two ways: (1) as a source of electrochemical potential, or (2) as 

heat. Two market proven successes that exploit solar photons are the natural reduction-

oxidation photochemistry responsible for plant growth and solar heat for selected water 

warming applications, low-grade heating, and drying processes (evaporation). Extensive 

work by large numbers of researchers has been devoted to artificial photosynthesis including 

processes for water splitting364, 365 and reduction of carbon dioxide;366-370 solar 

thermochemical processes have received less attention although steam generation for 

electricity has been semi-commercially developed at small scale.371  

Regardless of the technical details of the conversion process, basic economic metrics can 

be used to evaluate economic feasibility of a solar energy conversion process. As yet, there 

is no evidence that any artificial photosynthetic process under development for producing 

chemical products is economically competitive with alternatives. The research community 

has focused on trying to make low-value products, such as hydrogen from water and organic 

chemicals from CO2; however, if higher value chemicals with more favorable chemistry 

can’t be made cost-effectively with sunlight, then low-value products will be far more 

challenging.  
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A systematic comparison of potential products from solar photosynthetic processes is 

presented. Relative rankings for different chemical products are determined from criteria 

derived using a chemical engineering design methodology combining thermodynamics, 

product values, and feedstock costs. The revenue from the various solar-to-chemical 

processes must be sufficient to justify the required capital investments and the low capacity 

factors of solar-based processes. In this communication, the following questions are 

addressed: (1) What commercial chemical products that might benefit from use of solar 

photons offer the greatest economic potential? (2) Which chemical products are most 

accessible using photoelectrochemical or solar thermal pathways? (3) What are the 

relationships between the maximum capital cost of the solar conversion systems and their 

economic potentials? Although the total carbon dioxide emissions from global chemical 

production is relatively small compared to power production, only processes without CO2 

co-production have been considered in this analysis. 

 

C. Methodology 

This analysis follows the basic approach popularized by James Douglas for conceptual 

process design starting from a ‘black box’ with all process inputs (including solar photons) 

and outputs (products and by-products) defined and balanced (Figure 1). 

 

Figure 1: Modified Douglas 'level 2' infrastructure. 
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The evaluation is conducted in four steps to determine overall process favorability: (1) 

Estimation of the maximum economic potential with no capital costs: Economic Value ($) = 

Product Value ($) – Raw Material Cost ($). Values are estimated using market data taken for 

2016 (Table S2);206, 372, 373 (2) Determination of minimum energy inputs from 

thermodynamics; (3) Construction of a model conversion pathway – assuming ideal 

efficiencies and zero-cost equipment; and, (4) Calculation of overall solar-to-chemical 

conversion efficiencies from best estimates for each unit operation efficiency. This 

evaluation is applied to both electrochemical and thermochemical processes as described 

below. Favorability evaluation metrics for all processes are the net process values per unit 

energy input [$/kWh] and the annual process value per unit solar incident area [$/m2-year]. 

 

Electrochemistry. Industrial electrochemical synthesis is practiced at enormous scales 

for metals and halogen products. Most solar-to-chemical processes rely on redox chemistry 

and will be built around electrochemical or photoelectrochemical cells.  For this analysis, 

candidate products are selected from chemicals currently produced, or potentially produced, 

electrochemically. For each product, an idealized working voltage is assumed based on the 

equilibrium cell voltage determined from the Nernst equation at 298 K; over-potentials are 

ignored which will significantly underestimate the input power required. The half-cell 

reactions and corresponding redox potentials for each process366-370, 374-380 are provided in 

Table S1 of the Supplementary Information. For comparison of different electrochemical 

or photoelectrochemical processes, the ratio of the net product value to the moles of 

transferred electrons required per mole of product (z), Faraday’s constant (F), and the cell 

potential (Ecell) is used to obtain the net product value per unit energy input: 
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    (1) 

 

Thermochemistry. Concentrated solar thermal (CST) conversion processes have been 

shown to be capable of achieving very high temperatures.381 At present, the high 

temperature source is then used to drive a thermal cycle for electricity production; however, 

if one spends capital resources to create a very high temperature source, far greater value 

might be obtained from that same high temperature thermal source by making valuable 

chemical products (e.g. Ni, Pb, Zn) rather than steam and low-value electricity.  

Potential thermochemical processes include metal thermoreduction from ores. As in the 

electrochemical case, the heat supplied at the reaction temperature is such that the ΔG=0 for 

the thermal reduction. Most industrial metal reductions make use of carbon, carbon 

monoxide, or hydrogen to significantly reduce the temperature required for ore reduction 

and provide the energy input. Reducing agents are not included in this work as they 

generally result in carbon dioxide generation and emission. Using hydrogen as a reducing 

agent or other catalysts to reduce the minimum temperature required is outside the scope of 

this work. Although such systems might reduce the temperature requirements, by 

thermodynamic principle they do not reduce the minimum energy input required. The 

temperatures and corresponding reaction enthalpies for each process can be found in Table 

S1 of the Supplementary Information. We converted the thermochemical processes to a 

similar basis as the electrochemical processes by computing the ratio of the net product 

value to the enthalpy of reaction as a net process value per energy input: 

           (2) 

 

Solar Conversion Pathways 
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Pathway 1 – Sunlight Photoelectrochemistry. One basic solar energy conversion 

configuration is an integrated photoelectrochemical (PEC) cell, which transforms solar 

photons to electron-hole pairs capable of performing redox chemistry at an electrode surface 

(Figure 2A). The solar illumination is modeled using Air Mass 1.5 Spectral Irradiance data 

averaged over a 24-hour day.382 The approximately 200 W/m2 of average solar power is 

distributed primarily in the visible wavelength range. When powering a PEC cell with 

sunlight, the maximum cell voltage is determined by the detailed band structure of the 

absorber and the electrolyte interface. As a convenient absolute upper-limit overestimate of 

the PEC cell voltage and minimum absorbance energy, the “band gap” can be used.383 Ideal-

case scenario assumptions include; the semiconductor can absorb all solar photons at or 

above its corresponding band gap energy, recombination of electron-hole pairs is negligible, 

and the physical unit design allows for full utilization of each available solar photon. For 

sunlight PEC, the annual value per land area is calculated by multiplying the available molar 

photon flux by the net value per mole of transferred photoelectrons (easily calculated from 

Equation (1)): 

       (3) 
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Figure 2: Solar conversion pathways considered herein. (A) Photoelectrochemistry 
(PEC) using direct sunlight. (B) Photoelectrochemistry using photons from LEDs 
powered by solar panels. (C) Photovoltaic electrolysis (PV-E). (D) Thermochemistry 
using heat collected by solar-thermal apparatus. 
 

Pathway 2 – LED Photoelectrochemistry. Direct solar PEC, Pathway 1, requires the 

semiconducting materials to both have high solar-to-electron conversion efficiency and 

produce the photovoltage needed for the best chemical products.  An alternative, Pathway 2, 

would select the most cost- effective photovoltaic devices to produce power to drive recently 

available low-cost, efficient light emitting diodes (LEDs) with an ideal output wavelength 

for a specifically selected and tuned semiconducting PEC device optimized for the desired 

chemical product (Figure 2B). While this pathway does require two additional unit 

operations more than Pathway 1, solid-state LED lighting has seen major advancements in 

both price reduction and the external quantum efficiencies (EQEs), potentially making their 

use economical for photochemical processes. While not explored in this work, this pathway 

also provides the opportunity to make up for the intermittency of solar energy by combining 

diurnal sunlight and nocturnal grid-powered LED supplementation.  
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The efficiency of the photovoltaic system is assumed to be at the Shockley-Queisser 

limit of 33.7% and the EQEs of the LEDs become a function of wavelength (color). Red, 

amber, and green LEDs have EQEs of 64%, 11%, and 32%, respectively.384 Near-infrared 

LEDs are less efficient with an EQE around 5%.385, 386 The most efficient are GaN based 

LEDs that emit in the blue and near-UV ranges with EQEs reaching 75%.387 The overall 

annual value created in energy product per unit of solar irradiated area is calculated by 

dividing the solar irradiance by the energy per mole of photons at the wavelength required, 

then multiplying by the EQE and the net value per mole of transferred photoelectrons: 

          (4) 

 

Pathway 3 – Photovoltaic Electrolysis. The most common commercial configuration 

for electrochemical systems is an electrolyzer consisting of fixed electrodes in an electrolyte. 

A photovoltaic device can provide the electrical potential for the electrodes in the 

electrolysis unit (PV-E), Figure 2C. As in Pathway 2, the solar panels are assumed to 

convert 33.7% of the available 200 W/m2 into usable electrical power. The electrolyte 

solution is assumed to be ‘ideal’ with dissociation of any raw materials and recombination 

of ions forming products happening immediately and to the full extent. The overall energy 

efficiency of the electrolyzer unit is assumed to be 70%. The annual product value per unit 

of solar exposed area for this pathway is calculated by multiplying the solar irradiance by 

the efficiency of the electrolyzer and the net value per energy input calculated by Equation 

(1): 

      (5) 
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Pathway 4 – Solar Thermal Heating. The potential of solar thermal processes to use 

heat for chemical production is explored in Pathway 4 whereby concentrated sunlight is used 

to achieve the required temperature and power for chemical conversion. The medium can be 

a molten salt heated using mirrors (Figure 2D). Inevitable losses due to light scattering are 

ignored. A solar thermal facility presents the opportunity to store energy as heat, which 

could then be used continuously. The efficiency (η) of this pathway is governed by the solar 

receiver’s temperature (T), the magnification of sunlight (M), and the incident solar energy 

intensity (Is): 

        (6) 

where σ is the Stefan-Boltzmann constant.  For a given magnification and incident energy, 

the efficiencies quickly decrease at higher temperatures due to radiative losses. Using a 

practical maximum magnification of 15,000x and an incident solar energy of 200 W/m2, any 

operating temperatures above 2400⁰C will have an efficiency approaching zero. The plant 

could be designed to store heat at peak sunlight hours (~1000 W/m2), potentially extending 

the practical temperature range to 2700⁰C. The overall annual value created per unit of solar 

exposed land area is calculated the same as Pathway 3, with the efficiency for the solar-

thermal energy conversion unit: 

     (7) 

 

Technoeconomic Feasibility Assessment 

The first evaluation metric used to assess the economic feasibility of a solar-to-chemical 

conversion process is the net value of products per energy input [$/kWh]. This first metric is 

calculated for electrochemical and thermochemical processes using Equation (1) and 

Equation (2), respectively. This calculation is based solely on thermodynamics and 
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estimated net market values, making it independent of a specific solar conversion pathway. 

The lowest value process that might still generate a profit by this metric is calculated as:208 

    (8) 

It has been demonstrated that to provide an energy product at the economically 

sustainable limit of approximately $15 per GJ, the most that can be spent on capital is 

~$1.40 per watt.208 We assume a best-case scenario for the total unit capital of $1.00 per 

watt. Assuming a capacity factor (CF) of 0.2 and a modest total discount factor (TDF) of 5 

years, Equation (8) reveals that the absolute lower bound of feasibility (LBF) is $0.11/kWh, 

labeling any process with a lower value per energy input economically unfavorable.  

Similarly, the LBF can also be calculated in terms of the second evaluation metric used, 

annual value of products per unit of solar exposed land area [$/m2-year], via the following 

expression:208 

      (9) 

Again, the capital cost is assumed to be $1.00 per watt, the CF is 0.2, and the TDF is 5 

years, resulting in a LBF of $1000/m2-year. In this work, the second evaluation metric is 

calculated for each commodity product using each solar conversion pathway and incurring 

inefficiencies depending on the specific unit operations (Equations 3–7). 

 

D. Results and Discussion 

For any chemical production process, the absolute maximum value per energy input 

[$/kWh] is dependent on the economic value of the product [$/mol] and the energy input 

required [kJ/mol]. Although, the different processes may have different energy input 
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efficiencies, electrochemical and thermochemical processes can be compared together using 

these generalized metrics (Figure 3). The energy input [kJ/mol] for electrochemistry can be 

calculated from F*Vcell*z/1000 and for thermochemistry it is simply ΔH. Using these simple 

thermodynamic relationships together with estimates of the market values and feedstock 

costs, the maximum theoretical value creation of a process can be determined. 

 

Figure 3. Contour plot of absolute maximum net value per energy input [$/kWh] as a 
function of net product value [$/mol] and required energy input [kJ/mol]. Hydrogen 
production via water splitting is plotted as a reference. 
 

In Figure 3, the maximum net product values are plotted versus energy inputs required. 

What is visualized is the maximum process value per energy input and illustrates that larger 

energy inputs diminish the process value at a constant product value. However, there is also 

a weaker influence of market values on the overall process; Equations (1) and (2). In this 

framework, a large number of potential chemical processes can be compared for solar-to-

chemical conversions using electrochemistry (Figure 4) and thermochemistry (Figure 5). A 

similar framework can be extended to other chemical conversion processes. 
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Figure 4. Maximum net value per energy input (log scale) plotted versus minimum 
voltage required for all electrochemical processes or electrochemical equivalents of 
thermochemical processes. For each point, the width of the circle corresponds to the 
relative market size. Processes highlighted in green are conducted electrochemically in 
industry, to any appreciable extent. The lower bound of feasibility (LBF) is plotted as 
the horizontal dashed line. 
 

From Figure 4, it is clear that hydrogen production via water splitting and a handful of 

the CO2 reduction products (methane, ethylene, methanol, ethanol, etc.) are the lowest-

valued processes when put into perspective with other potential solar electrochemical 

processes. Moreover, these commodities sit at or below the LBF even without the solar 

conversion inefficiencies, allowing us to conclude it would be extremely challenging to 

reach economic favorability solely based on thermodynamics and practical economic 

limitations. Furthermore, it is intuitively obvious that one would not use an electrochemical 

production process to make feedstocks used for electricity generation (e.g. methane) in the 

first place.  



 

 
245 

Exploring more valuable processes that sit well above the LBF with established 

electrochemical methods in industry such as tellurium, cobalt, copper, or sodium persulfate 

may be more worthwhile and economically justified. In addition to considerations of voltage 

required and net product value, Figure 4 also highlights another important design factor: the 

commodity market size. While tellurium, cobalt, iodine, and tungsten have the largest net 

values in this analysis, they also have considerably small market sizes compared to 

commodities such as sodium persulfate or iron. It is important to note that the analysis in 

this work does not consider additional factors such as safety, operational issues, and 

complexity of separations or other product refinement required that will influence the 

overall process cost. 

 

Figure 5. Maximum net value per energy input plotted versus minimum temperature 
required for all thermochemical processes on a log scale. For each point, the width of 
the circle corresponds to the relative market size. Processes highlighted in red are 
conducted thermochemically in industry, to any appreciable extent. The lower bound 
of feasibility (LBF) is plotted as the horizontal dashed line. 
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Figure 5 is an analogous representation for thermochemical processes, mapping 

metallurgy along with water splitting and methane decomposition. The majority of 

commodities considered far exceed the established maximum operating temperature of 

2400⁰C without additional catalysts or reducing agents which are not considered herein. 

Tellurium, cobalt, and copper appear to be attractive opportunities; they are produced at 

reasonable temperatures, sit far above the LBF, and the market for copper is approximately 

the same as for hydrogen. Methane decomposition to hydrogen and graphitic carbon is by 

far the most favorable in terms of operating temperature and could remain above the LBF if 

a solar-to-chemical conversion process could be carried out at an efficiency greater than 

~16%. Overall, Figure 5 supports the present practice of using solar thermal processes for 

steam generation for electricity; although low-value, it is clear from Equation (6) that the 

temperature is the most significant factor. For thermochemical processes, additional 

important considerations include the purity of product desired, the effect of intermittency on 

production, and the safety of the apparatus at high temperatures. 
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Figure 6. Maximum annual net value per land area of all processes and commodities 
considered herein (log scale), evaluated for each defined solar conversion pathway and 
arranged in ascending energy inputs. Symbols ‘x’ and ‘o’ denote the process is carried 
out in industry via thermochemistry and electrochemistry, respectively. The lower 
bound of feasibility (LBF) is plotted as the vertical dashed line. 
 

All solar conversion pathways outlined previously are evaluated for the same group of 

chemical commodities (Figure 6). Although the solar thermal conversion pathway only had 

a few processes which would be operable at an acceptable temperature (e.g. tellurium, 

cobalt, methane decomposition, etc.), they are highly-valued, always sitting above the LBF 
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with the exception of zinc. LED PEC never exceeded other electrochemical conversion 

pathways significantly in value. However, it did prevail as the most valuable for select 

chemical commodities such as potassium permanganate, magnesium, and fluorine. These 

commodities require applied voltages, and therefore semiconductor band gap energies, 

corresponding to the blue or near-UV wavelengths. Continued research in LED efficiencies 

is sure to increase the value of LED PEC processes over time.  

PV-E and sunlight PEC processes were often the fundamentally highest valued, the 

prevailing pathway often determined by the voltage required. Although an extensive cost 

analysis for each pathway would have to be performed for definitive results, PV-E and PEC 

configurations for water splitting have been compared in the literature. Without grid 

supplementation to the PV-E process, the total expenses for the two pathways were about 

the same.388 Overall, Figure 6 shows minimal combinations of chemical commodities and 

solar conversion pathways that fall above the LBF, despite best-case assumptions in each. 

The highest estimated value for water splitting is $100/m2-year using sunlight PEC, which 

falls below the LBF by a factor of 10. The commodities that fall above the LBF all have 

values above $2/kWh and require less than 2 volts or 2400⁰C for economically favorable 

electrochemical or thermochemical production, respectively.  

 

E. Conclusions 

Sunlight from radiation driven by the thermonuclear reactions in our sun can be 

converted to electrochemical energy and/or heat. Life depends on this conversion and 

sunlight powers the profitable and vital agriculture segment of the global economy.  

However, with the exception of modest uses of sunlight for low grade residential heating 

and drying and evaporation processes, no other economically significant commercial 
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chemical production process makes use of sunlight. Solar electricity and heat is generally 

too expensive compared to alternatives. Fossil fuels provide far cheaper sources of energy 

for both electrochemical and thermochemical processes and the overall solar-to-chemical 

conversion efficiency is low, regardless of conversion pathway. If there is a case to be made 

for solar-based cost-effective production of any chemical, that case would best be first made 

with the most valuable product possible suitable for solar-to-chemical technology.  The 

scientific community has focused on water splitting and carbon dioxide reduction; these 

processes are among the least likely to ever compete with alternatives even under ideal 

conditions. Overall, there are few solar-to-chemical conversion processes surpassing even an 

optimistic lower bound of feasibility. If solar energy is to be proven economically viable to 

produce any commodity chemical, it is imperative to establish and follow fundamental 

guidelines for potential profitability. Furthermore, only if significant carbon dioxide costs 

were enforced globally or when eventual depletion of fossil reserves results in their 

increasing costs will any important non-agricultural solar conversion process offer a cost-

effective alternative. 
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