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ABSTRACT 

 

Catalytic Methane Pyrolysis in Complex Liquid and Gas Phase Systems 

 

by 

 

Jiren Zeng 

 

With the increasing awareness of human society on climate change caused by 

greenhouse gas emission, and the continuous discovery and exploitation of abundant low-

cost natural gas resources, methane pyrolysis (CH4 →C + 2 H2) is considered as a reaction 

with a great potential in providing an economical way for CO2-free hydrogen production and 

natural gas utilization. Some of the major barriers for the commercialization of methane 

pyrolysis are: (1) conventional solid catalysts used to accelerate methane pyrolysis are 

deactivated by surface carbon deposition and no efficient non-oxidative method for activity 

recovery has been reported; (2) the prevention of reactor clogging and removal of carbon 

from the reactor are challenging; (3) the heat transfer into the reactor to maintain the high 

temperature and supply heat required for this endo-thermic, equilibrium-limited reaction is 

non-trivial.  

One strategy to solve these problems is to introduce non-solid phases (liquid or gas) into 

the reaction for catalysis, heat-transfer and/or carbon removal. In this thesis research, two 

new types of catalysts are investigated and found to be active for methane pyrolysis. 

Tellurium, an element with high electron affinity, is an active methane pyrolysis catalyst in 

both its liquid and vapor form. Zinc chloride, a Lewis acidic salt, is also an active vapor 



 
viii 

phase catalyst for methane pyrolysis. The activities, active phase and long-term stability of 

these catalysts and their performance under different hydrogen partial pressures are 

investigated. The morphology of the carbon produced and the contamination level of these 

two catalysts are also investigated.  

The pathway of C-C bond formation in methane pyrolysis is studied using solid Ni and 

Cu as two model cases. Using methane-deuterium exchange as a probe reaction and with 

density function theory calculations, two different C-C bond formation pathways are 

discussed. Similar methods are adopted to study methane pyrolysis with four different 

molten liquids (Ni-Bi alloy, Sn, KCl and MnCl2-KCl eutectic) as well, and the similarity and 

difference between these systems are identified.  

A three-phase reactor was designed to avoid catalyst coking and allow efficient carbon 

removal and heat transfer is presented in this work. Tungsten carbide as a solid packed bed 

is shown to be active in molten KCl and molten Sn. The removal of carbon from coked WC 

surface and the recovery of WC activity with molten KCl treatment is demonstrated. The 

performance of WC in molten Sn under high H2 partial pressures is also studied, and a high 

single pass CH4 conversion overcoming pseudo-equilibrium limitation is achieved.     
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1. Introduction 

This chapter is adapted in part from McFarland, E. W.; Zeng, J.; Palmer, C. 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. 

1.1. Hydrogen: Use and Production 

1.1.1. Uses of Hydrogen 

Hydrogen, one of the simplest gases, is a central chemical for human civilization. As of 

2018, the annual global consumption of hydrogen gas is estimated to be around 110 million 

metric ton (110 MMT/year).1 Demand for pure hydrogen (~75 MMT in 2018) is mainly 

from fields such as refining (including hydrocracking, diesel hydrotreating, fluid catalytic 

cracking feed hydrotreating, etc. ~50% consumption), ammonia synthesis (~40% 

consumption), transportation, power-to-applications, etc. Demand for hydrogen that is part 

of a mixture of gases (typically a mixture with CO, which is also known as “syngas”) is 

mainly from fields such as methanol production, iron reduction, etc.  

In addition to its wide application as a chemical feedstock in current industry, hydrogen 

is also believed to be the next generation clean fuel since the combustion of hydrogen only 

produces water whereas the combustion of fossil fuel emits CO2. With the growing energy 

consumption of human society, meeting the new energy demand with hydrogen has received 

great interests in many countries. For example, with increasing awareness on environment 

protection and CO2 mitigation, and also concerns on energy security, some countries such as 

Japan have proposed the concept of building a “hydrogen society” in which hydrogen will 

be used as a major energy carrier.2  
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1.1.2. Hydrogen Production from Fossil Fuels 

Despite our expectation that hydrogen is “clean”, most of the current hydrogen 

production processes actually come with CO2 emission. Today, most molecular hydrogen is 

produced from fossil fuels, mainly through hydrocarbon reforming or hydrocarbon 

pyrolysis.3 Specifically, hydrogen is produced 48% from natural gas, 30% from heavy oils 

and naphtha, and 18% from coal.3 One of the mainstream commercial hydrogen production 

processes is the steam methane reforming and water-gas shift process (SMR) with the 

coproduction of stoichiometric carbon dioxide, which account for over 95% of the hydrogen 

produced in the US.4   

CH
4
 + 2H

2
O
liq

 ¾®¾¬¾¾   4H
2
  +  CO

2
       DHo = 252.8 

kJ

mole

æ

èç
ö

ø÷
     =    63.2 

kJ

mole H
2

æ

è
ç

ö

ø
÷  

Combustion of methane is generally used to provide the heat required for the process, 

including the vaporization of water. In practice, approximately 8 kg of CO2 are emitted for 

each kg of H2. With today’s price of methane at approximately $0.15/kg ($3/GJ) hydrogen 

can be produced profitably for under $1/kg. 

Because of the carbon dioxide production associated with providing the heat for the 

SMR process, recent process options employing autothermal reforming, ATR, using pure 

oxygen have been promoted due to the improved tolerance of the process to impurities and 

feeds (no catalyst), direct contact heat transfer, and the relative ease of CO2 separation for 

carbon capture and storage, CCS.   

CH
4
 + H

2
O
liq

+
1

2
O

2
 ¾®¾   3H

2
  +  CO

2
   =  

The ATR process integrates heat addition by CO2-producing combustion into the 

reformation process for heat generation at the expense of decreased hydrogen yields and the 
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inability to make use of any other heat source option.  However, heat for the SMR process 

can be provided by methane or hydrogen combustion or from renewable electricity, no such 

option is available for ATR. 

In countries where coal is more abundant than natural gas, coal gasification could be 

more economical than natural gas reforming for syngas and subsequently hydrogen 

production. In this process, coal first reacts with oxygen and steam under high pressures and 

temperatures to form synthesis gas:  

CH0.8 + O2 + H2O → CO + CO2 + H2 + other species (unbalanced) 

After the impurities are removed from the synthesis gas, the carbon monoxide is reacted 

with steam through the water-gas shift reaction to produce additional hydrogen and carbon 

dioxide. Subsequently, hydrogen can be separated.  

1.1.3 Hydrogen Production from Other Sources  

Producing hydrogen from water splitting using renewable energy (wind and solar) has 

theoretically no CO2 emission associated and has attracted great research interests for many 

years. Unfortunately, the cost of these technologies remains to be high and thus not 

competitive at all to the large-scale fossil-fuel based methods. While the cost of hydrogen 

produced from fossil fuels can be as low as ~ $1/kg, the cost ranges of hydrogen is estimated 

to be $3.4~ 16 /kg for solar and $5.3~ $8 for wind energy.5 Hydrogen produced from 

geothermal energy costs $1.1 ~ 4.4 /kg, cheaper than wind and solar, but geothermal energy 

is not widely available and is highly dependent on geographical locations.5 Using nuclear 

energy to split water costs $2.2 ~ 5.5 /kg, yet in many countries and regions (for example, 

Germany and Taiwan) there is still very strong (and not scientific) bias against nuclear 

energy which makes it difficult for large scale application.5 
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Producing hydrogen from biomass is also a technology that many researchers are 

studying. Its cost is estimated to be around $1.2 ~ 7.0/kg.5 Pyrolyze biomass to produce 

hydrogen is somewhat similar to pyrolyze fossil fuels, as both are hydrocarbon molecules, 

with the former generally containing more oxygen in the form of water and hydroxyl groups, 

making the process more complicated.   

 

In summary, hydrogen is vital for the current industry civilization as a chemical, and 

also an important future clean fuel. However, the production of hydrogen is not trivial as the 

current commercial processes produce CO2 with hydrogen, whereas most CO2-free 

processes are too costly to commercialize. Therefore, a low-cost CO2-free hydrogen 

production process is highly favorable and could potentially generate great impact on the 

human society.  

  

1.2. Methane Pyrolysis: History and Current Status 

1.2.1. Reaction Overview: Thermodynamics and Kinetics 

Methane, CH4, is the hydrocarbon molecule generated by mother nature with the greatest 

hydrogen content and is the major component of natural gas. As of 2018, there were an 

estimated 200 trillion m3 of total world proved reserves of natural gas.6 The abundance of 

natural gas leads to its low price ($3/ thousand cubic feet in the US as of 2021 January). 

Methane pyrolysis (MP), therefore, becomes an economically and environmentally attractive 

way for CO2-free hydrogen production: 

CH
4
  ¾®¾¬¾¾   2H

2
  +  C

S
       DHo = 74.9 

kJ

mole

æ

èç
ö
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     =    37.5 

kJ
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2
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è
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In MP, the carbon in methane ends up in the form of solid carbon, different from the 

form of COx in other fossil fuel reforming reactions where oxidant is needed. Solid carbon 

can be more easily captured and stored than CO2.  

Mass balance requires that in MP twice as much methane is consumed per hydrogen 

produced than with SMR, as water is not utilized as an additional source of H2.  To produce 

one thousand metric tons per year (1 kta) of hydrogen (~16 moles s-1 kta-1) by methane 

pyrolysis, 4 kta of methane is needed (8 moles s-1 kta-1).  Without relatively low-cost 

methane and a negative cost associated with carbon dioxide production, pyrolysis processes 

cannot compete economically with conventional steam methane reforming. 

MP is a reversable equilibrium-limited reaction. For example, to achieve over 90% 

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

required (Fig. 1). For all temperatures and pressures, the most stable products are molecular 

hydrogen and graphite, and no other hydrocarbons, such as C2 hydrocarbons (ethane, 

ethylene, and acetylene) and aromatics (e.g. benzene) are thermodynamically more stable 

than these two as end products. Therefore these important reaction intermediates 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 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. 
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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.7  

 

MP is also an endothermic reaction (ΔHo = 75 kJ/mole of CH4). Complete combustion 

of methane to CO2 and steam release heat of 802 kJ/mole. In pyrolysis the carbon is 

unavailable for combustion, and the hydrogen produced can generate, at most, 240 kJ/mole 

of heat. Therefore, the energy efficiency of the process is approximately 50% with no 

carbon dioxide is co-produced. This is lower than that of SMR because in MP carbon is not 

oxidized whereas in SMR carbon ends up in CO2.  

Energy efficiency of MP:  h =
2*F

CH
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DH
comb-H
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- F
CH

4
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pyrolysis

F
CH

4
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Energy efficiency of SMR  h =
4*F

CH
4
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2

- F
CH

4
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SMR

F
CH

4

DH
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4
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In addition to thermodynamics limitations, kinetics is the other, and even more limiting 

factor for MP to be commercialized. Methane has the highest C-H bond energy (439 kJ/mol) 

among all alkanes, making it one of the most difficult molecule to activate.8 Although 

thermodynamics predicts that methane will start to decompose above 500 degree Celsius, 

typically much higher temperature (>800 oC) is needed for methane conversion to be 

observable without a catalyst, and most non-catalytic methane pyrolysis plants run above 

1200 oC.8 More details on the activation of methane will be discuss in subsequent chapters 

of this thesis.  

 

1.2.2. History of Methane Pyrolysis 

1.2.2.1. Gas Phase Non-catalytic Methane Pyrolysis 

The decomposition of naturally occurring hydrocarbons from incomplete combustion to 

produce carbon black has been used for inks and pigments since prehistoric times, observed 

today in preserved sites of ancient Chinese and Egyptian civilization. The earliest 

commercial motivation for humans to decompose methane was to produce carbon black, and 

by the middle of the 19th century, industrial plants using natural gas to produce carbon black 

for pigment had been established.9-11  The hydrogen gas co-produced was burned to supply 

process heat.  

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

revolution in the early 19th century. 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.12 In the 1860’s, Berthelot comprehensively investigated 

the decomposition of hydrocarbon molecules at elevated temperatures.13  He concluded that 
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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 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.  Methane was also identified as a primary product of larger 

hydrocarbon decomposition in addition to carbon and hydrogen. Another important 

observation was that aromatics and acetylene are only observed at high methane partial 

pressures and not under high hydrogen partial pressures.13 

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 1900.14  In 1908, Bone and Coward 

showed that a variety of hydrocarbons, when decomposed at high temperatures, produced 

methane as well as acetylene and that only at temperatures above approximately 700°C did 

methane itself undergo appreciable decomposition.13 Although they speculated that 

methane’s decomposition was largely a surface-mediated process, they were also the first to 

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

hydrogenation of radical intermediates to form CH4 was an important consideration under 

hydrogen-rich conditions. 

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).15 However, far from 
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thermodynamic equilibrium conversion, the reaction was strongly inhibited, obtaining what 

they termed as “a false equilibrium”.  They also observed ethane decomposed rapidly until 

approaching the same false equilibrium methane/hydrogen ratio of [CH4]2/[H2]3 as methane.  

Interestingly, when a similar experiment was performed on a nickel-coated silica reactor, the 

true thermodynamic equilibrium was rapidly approached.15   

Using pressure measurements in similar quartz bulb batch reactors, both empty and filled 

with carbon, Kassel published early kinetic studies in 1932 performed between 700 and 

850°C 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 79.4 

kcal/mole (332 kJ/mole): CH4 → CH2 + H2.16  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.  He also found significant 

inhibition by hydrogen such that the rate was decreased in accordance with Holliday and 

Exell’s earlier observations of a “false equilibrium.”  Also in 1932, Storch decomposed 

methane on a heated carbon filament within a quartz bulb reactor.17  The bulb was 

surrounded by a liquid nitrogen bath to condense and characterization short-lived 

intermediate species.  The measured effective rate parameters fit 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 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 Belchetz18 and 
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Rice and Dooley19 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.18  Rice and 

Dooley argued that [HCHTe]n would have deposited downstream as a red substance, which 

was not observed in their experiments.19  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 still 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 Shneerson20 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. 

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.  With all the complex 

aromatic intermediates detected in the process of methane pyrolysis, Researchers were 

aware that this seemingly simple overall reaction could not be merely viewed as the 

decomposition of a CH4 molecule into its elements due to the complex aromatic and 

aliphatic intermediates.  Vaidy reported observations on the emission spectra of flames in 

1935 and proposed that carbon formation could be viewed as a C2 polymerization process,21 

while Rummel et al. described in 1941 that soot particles are precipitated as residual carbon 

skeletons of larger aromatic or polycyclic molecules.22  In 1951, Grisdale proposed that the 
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carbon formation process in methane pyrolysis should be viewed as a gradual, multi-step 

dehydrogenation process, as benzene, naphthalene, anthracene, and a long series of more 

complex substances with decreasing hydrogen content could be detected, and they should be 

considered as intermediates along the pathway to formation of “pure carbon”.23  Consistent 

with this theory, 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.24  These 

viewpoints, depicted schematically in Fig. 3, 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,25 allowing for wall 

effects to be neglected.  In 1959 Skinner and colleagues26 measured methane pyrolysis in 

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

consistent with the earlier work by Rice and Dooley19 supporting the methyl radical 

initiation step.  Kevorkian and coworkers25 in 1960 reasserted that the initiation step of 

methane decomposition was 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 correspond to 

methyl radical formation.  The shock tube study by Kozlov and Knorre27 followed soon after 
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and supported the conclusions of Kevorkian and leaving no clear resolution to the methyl vs 

methylene initial 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 

surround 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 1560 K.  The concentration of HD produced was approximately 

twice that of H2 and D2 at a gas residence time of ~1 msec.28  If methylene radicals (i.e., CH2 

and CD2) were formed in the initial step, only the production of H2 (or D2) would occur 

initially as the coproducts.  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 193419 from their 

tellurium mirror experiments. 

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.29-30  The decisive experimental 

evidence that consolidated this theory was provided by Lahaye and Garo in the 1980’s.31  In 

a laminar methane diffusion flame, they measured the intensity profiles of elastic laser 

scattering and fluorescence signals along the axis of the flame.  They observed the 

fluorescence signal, which they attributed to PAH molecules, reached a maximum and then 
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rapidly decreased at the point where a corresponding rapid increase in the elastic scattered 

signal attributed to solid nucleation forms and particles of carbon.  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.32  

Some global kinetic models were also proposed in the 1980’s based on thermodynamic 

data of molecules and kinetics of elementary reactions in an attempt to understand in detail 

the pyrolysis of methane other hydrocarbonsin the gas phase.  After examining more than 30 

prototype elementary reactions, Frenklach proposed the hydrogen-abstraction-C2H2-addition 

(HACA) model for gas phase carbon growth in 1985.33-34  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.  The key points of this 

mechanism include: 1) acetylene is intrinsically more stable than other hydrocarbon 

molecules, allowing it to exist at higher concentration and become a major building block 

for carbon growth in pyrolysis environment; 2) the growth steps are highly reversible and 3) 

the formation of certain products with higher thermodynamic stability, mostly PAH 

molecules, is essentially the reason for the entire process to become irreversible. These 

PAHs were considered as “island of stability” and even called “stabilomers” by Fahr et al. in 

1985.35 Frenklach also proposed the concept of “chemical similarity” in 1985, in which he 

believed that the surface of solid carbon particles could be treated similarly as the edge site 
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of aromatic molecules in kinetic modeling.34 Subsequently Weiner et al. proposed the 

surface HACA mechanism, expanding HACA from purely gas phase molecule growth to 

heterogeneous solid carbon growth.36 

Despite an overwhelming acceptance surrounding the HACA mechanism, there still 

remained some debate regarding PAH formation and side reaction pathways.  For example, 

how the first aromatic ring (i.e., benzene) forms was still disputed by researchers.  Frenklach 

et al. proposed in 1985 that addition of acetylene to n-C4H3 or n-C4H5 leads to benzene 

formation,33 while Miller and Melius opposed this hypothesis in 1992, arguing that the 

stability of these two C4 molecules is insufficient at pyrolysis temperatures and that they 

would quickly isomerize.  Instead, they proposed that benzene formation should proceed 

through the reaction between two propargyl radicals.37   

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

original position of Rice and Dooley in 1934:19  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 (i.e., 

~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).38  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 



 
15 

addition/cyclization, have been proposed after 2000.39-40  Questions regarding the detailed 

pathway from PAHs to carbon nuclei remain.  Even though the clustering of PAH was 

believed to be crucial for the nucleation of carbon, the way to activate stable PAHs and 

overcome volatility remains unclear.41  Recent work in 2018 suggested that radicals with 

extended conjugation would form covalently bound complexes with other hydrocarbon 

species, and promote further growth and clustering by regenerating resonance-stabilized 

radicles, 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.  

42 A schematic illustration of the pathway from gas phase CH4 molecule to solid carbon is 

shown in Fig.1.1. 
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Figure1.1 Schematic illustration of the pathway of methane pyrolysis and carbon formation 

1.2.2.2. Catalytic Methane Pyrolysis with Solid Catalysts 

The earliest catalytic methane conversion was reported by Humphry Davy in 1817  when 

he reported the catalytic combustion of coal bed methane over platinum.43 In the 1900’s, 

more systematic studies of methane decomposition on heterogeneous solid catalysts 

appeared. Synthesis of methane from carbon and hydrogen and their equilibrium was of 

particular interest. In 1907, Sabatier and Senderens proposed that solid carbon mixed with 

Ni could react with hydrogen at temperatures as low as 250 °C to form CH4.44  In 1909, 

Mayer found Ni, Co, and Fe are active catalysts for CH4 synthesis from carbon and 
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hydrogen.44  These early observations on methane synthesis from solid carbon naturally 

stimulated interest in the reverse reaction – methane pyrolysis. In 1916, Slater published a 

milestone systematic investigation of heterogeneous catalysts for methane pyrolysis.45  He 

evaluated the rate of hydrogen production from methane decomposition in batch reactors 

installed with a variety of catalysts including SiO2, Al2O3, MgO, BaO, CaO, charcoal, 

graphite, SiC, Fe, and Cu; he reported significant differences in the hydrogen produced 

using different catalysts.  In 1924, Cantelo found Ni was significantly more active for 

methane pyrolysis than other catalysts under the same conditions.44  His discovery pioneered 

the extensive subsequent use of Ni as a methane activation catalyst.  It was the 

heterogeneous surface of Ni that was used in 1925 by Hugh Scott Taylor 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. 46  

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 

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.47  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.48 

The important concepts of Lewis regarding electron transfers and acids and bases and 

Pauling’s molecular bonding orbitals were applied to catalytic C-H bond activation in 
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methane in the 1960’s and 70’s.  The C-H bonds of alkanes could be considered as electron 

donors, and σ electrons could be attracted to weaken the bond by homogeneous electrophilic 

reagents.  In 1968, George Olah applied these ideas to methane.  He discovered that the C-H 

bond in methane could be protonated and caused to further react and form heavier 

hydrocarbons at 140 °C with the “super acid” catalyst system FSO3H-SbF5.49  Subsequently, 

he developed a comprehensive theory of electrophilic activation for alkanes in general and 

conducted extensive work on catalytic CH4 activation and halogenation with heterogeneous 

and homogeneous catalysts.50   

Methane as a weak base  donor and weak acid  acceptor allowed design of 

homogeneous and heterogeneous catalysts for many elegant methane functionalization 

chemistries.51  In pyrolysis, decomposition and formation of elemental carbon rather than 

selective carbon functionalization is the goal and most catalysts were selected for their 

activity for low temperature methane activation.  The interplay of the gas phase reactants, 

adsorbates, hydrogen, and carbon involved in methane decomposition was connected to 

heterogeneous catalysis in studies of metal carbide formation and the formation of methane 

from reactions of hydrogen with the metal carbides.  The facile generation of Ni2C from Ni 

with methane and formation of methane by reaction of Ni2C with hydrogen supported the 

interplay between the hydrocarbon and metal carbide.52   

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). 53-54  Goodman and coworkers 

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

buildup.55-57  Their experiments concluded that the chemisorption of methane on nickel is 
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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.53-54, 58  Supported Ni was in general an active pyrolysis 

catalyst, however, different support materials gave rise to differences in rates of deactivation 

from carbon deposition and in the types of solid carbon formed.59  Strong dependencies on 

the catalyst composition were observed in their propensity for facilitating C-C coupling on 

the surface to form C2+ species of varying degrees of hydrogenation.60  Carbon produced on 

catalysts that formed stable carbides were observed to be more graphitic in character as 

crystalline graphite, graphene, and carbon nanotubes developed from the supersaturated 

carbide, while less crystalline carbons were observed on metal oxide pyrolysis catalysts.60   

By the 1970’s, carbon filaments, flakes and other morphologies in transition-metal-

catalyzed CH4 pyrolysis had been reported.61-62  Proposed mechanisms for carbon growth in 

catalytic methane pyrolysis suggesting both: (1) carbon atom surface diffusion; and (2) 

carbon atom dissolution and reprecipitation from the bulk metal phase have been reported.61  

The critical experiment clearly differentiating the surface diffusion mechanism from the 

dissolution-precipitation model did not appear, however, until 2009, when Ruoff et.al used 

isotope labeled methane to grow carbon on Ni and Cu catalysts.63  First, they introduced 

12CH4  and then 13CH4 over the catalyst surface during the graphene growth process and 

observed that the carbon atoms in the graphene grown on Ni was a uniform mixture of 12C 

and 13C, whereas, on Cu, 12C was concentrated in the central part of graphene and 13C was 

concentrated at the terminal carbon edged.  This experiment clearly demonstrated that, on 

Ni, carbon atoms first dissolve into the bulk metal and then precipitate out to form solid 

carbon; however, on Cu carbon growth occurs by surface diffusion.  
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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.64  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.  Frennet expanded the work to 

Re, Mo, and Ta in 1974.65  Oxides including alumina and silica-alumina, 66-67 MgO, CaO, 

SrO, BaO, and Ga2O3 have also been studied in the 1970’s-1990’s for CH4-D2 exchange.68-69  

In most cases, CH3D is the major product, and only in very limited cases was the selectivity 

to multi-deuterated methane higher than single deuterated CH3D.  These observations 

suggested that catalytic methane dehydrogenation is a multistep reaction, and the rate of 

each dehydrogenation step should be considered separately.  

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 2020.70-71 

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 
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eject a methyl radical into the gas-phase;72 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 H2.73   

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.74  Muradov and coworkers have 

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.74-77  The general conclusion 

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

extent of graphitization), increasing overall surface area and increasing amount of surface 

functional groups (such as hydroxyls, carbonyl groups, etc).78  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.  Muradov 

patented a design in which the deactivated carbons could be reactivated with steam, O2, or 

CO2, but the process was never scaled to the pilot plant level.77   

Catalysts have also been designed to generate methyl radicals without further 

dehydrogenate them to prevent carbon-catalyst coordination, such as Bao’s single site Fe 

catalyst.79-81  These attempts have maintained activity on the order of hours, but none have 

been proven industrially.   
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1.2.2.3. Catalytic Methane Pyrolysis with Liquid Catalysts 

Despite the enormous amount of effort from academic researchers, almost all 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,82-84 or the use of a liquid phase as the catalyst itself,85-96 can remedy the issue 

of carbon coordinating permanently to catalyst surfaces. 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.97 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.98  No working process was ever disclosed to our knowledge.  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.98  A variety of catalytic molten metals and 

molten metal alloys were explored in the 1970’s and 1980’s by Yoshisada Ogino.99  

Although alkane pyrolysis was not specifically investigated,  chemistries explored by Ogino 

et al. included dehydrogenation of alcohols,100-104 amines,105 and hydrocarbons,106-109 

hydrogen transfer reactions,110 and coal hydrogenation.111-112   

Steinberg and colleagues described in a 1998 patent processes using molten iron and/or 

molten tin to produce a solid carbon product from methane pyrolysis to be removed from the 

top of a bubble column reactor.113-114  Serban et al. also suggested using the heat generated 

from generation IV nuclear reactors for direct contact pyrolysis of methane in molten media; 
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they demonstrated a 60% conversion of methane at 750 ⁰C in a suspended mixture of liquid 

Sn and solid SiC.115  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.116  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.117  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.118   

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

in molten Sn bubble columns with quartz packing between 930 and 1175 °C.94, 119-120  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 tin 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.121  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.  

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).  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 methane 

pyrolysis with near equilibrium conversion (95%) achieved in a 1.1 meter bubble column 

reactor at 1065 °C with high H2 selectivity, Fig. 14.90  The same alloy was also shown to be 
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active for pyrolysis of other hydrocarbon feedstocks.88  A Cu-Bi alloy was also shown by 

the investigators to be an active catalytic melt for pyrolysis.86  The team showed that, 

counterintuitively, the active metal for methane pyrolysis was Bi which enriches the surface 

of the melt at the gas-liquid interface and was activated by electrophilic Ni nearest 

neighbors.  Other investigations include experimental work on gallium as a catalytic liquid 

for methane pyrolysis,122 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.123   

The overall reaction rate of methane pyrolysis in catalytic molten metals will depend 

partly on the gas-liquid surface contact area.  Bubble column reactors have relatively small 

liquid reactive surface areas per unit total reactor volume.  Following on Oblad’s 1956 work 

with nebulized metal droplets with high surface areas, 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.124  The mist is composed of two 

components: a liquid phase element easy to “nebulize” such as lithium, sodium, aluminum, 

antimony, bismuth, tin, zinc, etc; and another component functioning as an 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; it is unclear whether liquid 

droplets or metal vapor is produced.  In general, the heat of condensation of a vapor phase 

element such as described in this process could be used as a significant heat source.  The 

rate of heat transfer from the mist to the methane gas stream must be matched to the rate of 

pyrolysis which will limit the reactor throughput.  An up-to-date review of potential 

implementation of molten metals for methane pyrolysis was published in 2020 by Schneider 

et al.125   
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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-

thermal126 and nuclear127 applications, and they are commonly deployed as electrolytic 

media for the production of metals such as aluminum.128  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 1975,129 highlights their importance in industrial 

chemistry.  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.130-132  Carbonate salts with suspended solid 

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

methane133 and dry reforming of methane.134-135  Upham et al. explored the CO2-free 

generation of power from the partial combustion of methane in a catalytic LiI-LiOH melt.85  

Works exploring the pyrolysis of biomass in molten salt bubble columns are abundant.136  

Kamali et al. recently explored the pyrolysis of waste plastics in molten NaCl for the 

production of conductive carbon materials.137   

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

pyrolysis because they are cheap, abundant, and non-toxic.  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.82, 

95-96, 138 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 
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tubes,139-141 and the activation energy of 347–420 kJ/mole measured in non-catalytic flow 

reactors.141  Parkinson et al. concluded these salts have minimal activity as catalysts for 

methane pyrolysis based on a weak molten surface area dependence.82  However, it is still 

unlikely that 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 catalytic, these alkali-halide molten salts were explored by Rahimi et al. 

as a “wash column” in two-phase, molten metal-molten salt bubble column reactors to 

decrease the metal retained in carbon produced in catalytic molten metals.138  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.  In the Netherlands, TNO has indicated 

they are moving forward with scale-up designs of this two-phase system for large-scale 

methane pyrolysis, known as the EMBER project.142   

Only relatively recently have catalytic molten salts received attention for methane 

pyrolysis.  Kang et al. in 201996 and in 202089are the only existing investigations into 

methane pyrolysis in catalytic molten salt bubble columns.  Similarly, with molten metal 

systems, 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;96 and (2) up to 7 wt% FeCl3 

hosted in a NaCl-KCl eutectic salt.89  In both systems, the active component is believed to 

be 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.  These complex ions may not be stable for long 
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times at the high reaction temperatures required, leading to the formation of reduced metal 

(i.e., Mn or Fe) and HCl gas.  Lu et al. recently explored a KCl-promoted Ni-Fe solid alloy 

catalyst for MP84 and Patzschke et al. explored suspensions of solid Co-Mn catalyst particles 

in alkali-halide molten salt bubble columns.83  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.   

Therefore, 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 clean and separate from molten salt contaminants.  Engineering a low-

cost, effective separation method between the carbon and the liquid medium will be critical 

for industrialization of this process.   

1.2.3. Commercial Practices of Methane Pyrolysis 

Despite the attractiveness of methane pyrolysis and the large amount of scientific 

research on this topic, there is only very few commercial practices. Almost all commercial 

scale methane pyrolysis processes are for high quality carbon materials (such as carbon 

black) production. For example, methane pyrolysis using plasmas to produce carbon black 

and hydrogen was extensively investigated in the 1980’s,143 and first commercialized by 

Kvaerner in the 1990’s.144 The technology has been recently deployed in the USA by 

Monolith (https://monolithmaterials.com/) and suggested as an option for production in the 

United Kingdom by GasPlas.145  Commercial plasma processes for methane pyrolysis 

introduce low pressure methane from natural gas into a plasma produced in another low 

https://monolithmaterials.com/
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pressure gas (e.g., N2, Ar, or H2) where methane is decomposed and the carbon and 

hydrogen products are transported out of the reactor as a gas-solid suspension.146  At sub-

atmospheric gas pressures energy efficiencies can be above 50%; however, at high pressures 

only low efficiencies have been achieved. The hydrogen gas produced is at low pressure and 

may be diluted in the plasma formation gas and can be difficult to purify and compress. 

Nevertheless, methane pyrolysis using plasmas is commercially practiced today because the 

primary carbon black product produced has significant value (~$2-5/kg).  The low-pressure 

hydrogen co-product is typically burned as fuel.  For large-scale production of a hydrogen 

product without value received for the carbon other than a CO2 credit, the present plasma-

based processes would have difficulty competing with alternative pyrolysis processes due to 

the low-pressure limits for efficient plasma generation and the operating cost of increasing 

the hydrogen pressure to over 20 bar for transportation in pipelines, by truck, or liquefaction.  

In the continuous “furnace black” pyrolysis process developed in the 1920’s, very hot 

combustion gas is rapidly combined with hydrocarbon feedstocks to raise the temperature of 

the hydrocarbons to the desired pyrolysis temperature and produce a suspension of solid 

carbon particulates.  In the 1940’s, configurations were proposed to make use of natural gas 

as the hydrocarbon feedstock injected into the hot combustion gas stream.147 However, 

methane is infrequently deployed when other hydrocarbon carbon feedstocks are available 

since methane requires too much heat and too high a temperature for pyrolysis to be 

completed before carbon oxides form using typical combustion gases.  

Catalytic methane decomposition on metal catalysts (such and Ni based catalysts) for 

carbon nanotube production using chemical vapor deposition methods has also been studied 

extensively but not widely commercialized.148 In these processes, typically low methane 

partial pressure is required to control the growth of carbon, and expensive post-process acid 
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treatment is used to separate catalysts from carbon for recycling. Therefore, these processes 

are not viable for large scale hydrogen production.   

1.3. Challenges for Methane Pyrolysis Commercialization 

With increasing awareness of carbon dioxide’s potential negative environmental 

impacts, the value of a zero-emission hydrogen production process is increased. 

Nevertheless, the overall process must still provide a relatively low cost of hydrogen 

production. 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, and currently 

economics requires that the hydrogen be produced for approximately $1/kg (or ~$8/GJ). 

This requires the process itself to be low-cost and/or the solid carbon product to be valuable. 

However, 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. Therefore, it is necessary to 

develop 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.  

To meet this requirement, there are several key challenges to solve. 

(1) Reaction Kinetics  

One of the biggest challenges is the kinetics of methane pyrolysis. As mentioned above, 

methane is the most stable alkane molecule, and it is very difficult to activate. Very high 

temperatures (typically > 1200 oC) are required to achieve commercially acceptable 

conversions in a reasonable residence time without catalysts. Although there are many solid 

catalysts developed to accelerate the reaction rates and some of them have very high 
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activities, the surface carbon deposition eventually deactivates the catalysts and there is no 

easy way to re-activate them without producing carbon oxides reported as of today.  

In addition, the pseudo-equilibrium can be another limitation. 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. These 

intermediates (such as C2 hydrocarbons) can undergo rapid hydrocracking reactions which 

regenerates methane.  Thermodynamically, methane decomposition is selective with over 

90% conversion at >800oC at ambient pressure (solid line in Fig. 2); however, in most 

homogeneous systems, thermodynamic equilibrium conversion is not achieved in practice 

and instead the “false” or “pseudo” equilibrium first described by Holliday and Exell in 

1929 is observed.149  The pseudo-equilibrium conversion (dashed line in Figure 4) is 

relatively low (e.g., ~40% conversion at 900 °C) and rapidly achieved; only with very long 

reaction times can the thermodynamic equilibrium conversion of methane be approached.  

This can be a significant challenge for commercial processes. 
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 Figure 4:  Solid and dashed lines are equilibrium and pseudo equilibrium149 conversions, respectively, 
of CH4 pyrolysis at 1 atm.  a-e: CH4 pyrolysis conversions (a) in a molten Sn bubble column;92  (b)150 and 
(c)151 in concentrated solar energy reactors;  (d) with a Ni/Cu/Al2O3 catalyst;152  and (e) and (f) in a molten 

Ni-Bi alloy bubble column.90   

 

The 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.153-155  As conversion 

increases, the increasing hydrogen partial pressure facilitates hydrocracking of the catalytic 

intermediates and others, leading to a loss of their activity and a decrease in overall reaction 

rate.  Recent work has shown it is difficult to overcome the pseudo-equilibrium limited 

conversion at modest temperatures within a short residence time (a few seconds) in 

homogeneous thermal decomposition of methane without a catalyst (Fig.2, points a–c).92, 150-

151 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 

true thermodynamic equilibrium values more easily, especially for Ni-based catalysts (Fig. 

4, points d–f).90, 152  Therefore, either very high temperatures and/or catalysts will be 

required to achieve high conversion at the pressures required for industrial production of 

hydrogen and solid carbon. 

 

(2) Solid Carbon Removal and Purification 

Solid carbon is the product of methane pyrolysis and the handling of it is not trivial. 

First, the removal of carbon from the reactor needs to be considered. In gas-phase pyrolysis, 

carbon tends to nucleate and grow on a heterogeneous surface, and the reactor wall is a 

perfect place for that. Consequently, carbon can clog the reactor and some mechanical force 

might be needed to remove it. Even in a reactor containing a liquid phase such as a bubble 
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column, carbon growth on the hot reactor wall might still happen if there is contact between 

gas bubble and wall, and/or there is dissolved carbon species. The removal of carbon from a 

liquid surface can also be complicated, as multiple steps such as filtering and draining might 

be needed. One potential feasible way is to use a high velocity gas stream, maybe the 

produced hydrogen, to directly carry the powder form carbon out of the reactor. However 

this requires that the vapor pressure of the liquid catalyst to be low, and it is not clear 

whether this is enough to remove the carbon that sticks to reactor surfaces.      

Secondly, separating carbon from catalysts can be challenging. In solid catalyst cases, 

typically oxidation of carbon to recover catalyst activity is performed but this generates 

carbon oxides. In some carbon materials production processes, carbon produced from 

transition metal catalyzed methane pyrolysis typically encloses metal carbon particles and 

acid treating is generally use to post-process the product. For a large-scale hydrogen and 

carbon production process, the liquid waste produced in this step could be huge and its 

treatment can be costly. In liquid catalyst cases, solid carbon can entrain liquid with it and 

the liquid will solidify and become micro/nano particles mixed with carbon once the 

temperature decreases. These “contaminants” will not only degrade the quality of carbon (if 

it can be sold as product), but also causing continuous material/catalyst loss in the reactor. 

Even if the carbon is to be disposed, the toxicity of these contaminants and the potential 

environment hazard need to be considered.       

 

(3) Other Engineering Challenges  

As mentioned above, methane pyrolysis is an endothermic reaction that need to be run at 

very high temperatures. Efficiently delivering energy into the system and achieving a high 

heat transfer rate can be challenging. What makes the pyrolysis reaction system particularly 
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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 to produce the thermodynamically stable end product, solid carbon. 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 conveniently.  At commercial scale, ambient temperature methane 

will be delivered at high pressure to the facilities.  The process must input energy to raise the 

methane temperature to a relatively high reaction temperature (850–1200 °C). At high 

concentration, methane and other common constituents of natural gas (e.g., ethane and 

propane) will decompose and produce solid carbon (coke) on most surfaces within the 

reaction environment.  Heat must be added to the methane gas either by directly into the gas 

phase by mixing the gas with a higher energy vapor phase energy carrier, with 

electromagnetic energy, or through heat transfer surfaces from which the solid carbon 

produced can be efficiently removed from the reactor.   

Since a major technical challenge in methane pyrolysis processes is how to transfer 

energy (heat) into the methane gas at high temperatures, the different process technology 

options can be categorized based on how the energy required for pyrolysis is transferred into 

the methane gas.  Processes have been proposed where the means of energy transfer at high 

temperature are primarily by: 

• Electronic excitations from plasmas, discharges, and/or electromagnetic fields. 

• Mixing methane with higher temperature gases. 

• Contacting methane with high temperature solids. 

• Contacting methane with high temperature liquids. 
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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 described in several excellent reviews.125, 156 Today, the only, operating, 

commercial scale facilities for methane pyrolysis produce valuable carbon black as a 

primary product from methane at relatively low pressure and rely on heating relatively low-

pressure methane with electromagnetic energy or combustion gases.  Alternative process 

options are under development. 

1.4. Dissertation Objectives and Overview   

Application of methane pyrolysis as a practical means of producing zero-CO2 hydrogen 

requires an improved understanding of the reaction pathway in an reaction environment that 

transforms the alkane to solid carbon that can stored indefinitely in an economical and 

environmentally acceptable manner.   One requirement is a high reaction rate and high 

methane conversion to the final solid carbon product and pure hydrogen.  Developing new 

catalysts that enables a high-rate of methane pyrolysis, studying new catalysts that are not 

deactivated by surface carbon deposition and that can be economically separated from the 

carbon produced are critical tasks for the eventual commercialization of methane pyrolysis. 

Understanding the cause of pseudo-equilibrium and designing strategies to avoid or 

overcome this underappreciated limitation is important as well especially for pyrolysis at 

high pressures. Developing new low-cost methods to remove carbon from a solid catalyst 

surface without oxidation treatment to reactivate it is also helpful for the commercialization 

of a solid-catalyst-based methane pyrolysis process. 

In this dissertation, Chapter 2 and 3 report investigations of two new catalysts – 

tellurium and zinc chloride – as non-solid electrophilic catalysts for methane pyrolysis. 

Their activation energies and active phases are investigated. The performances of these 
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catalysts over long term are studied as well to understand whether they will be deactivated 

by carbon deposition. 

In Chapter 4, studies of the C-H bond activation and C-C bond formation pathways on 

several different catalysts (solid Ni, solid Cu, molten Ni-Bi alloy, molten Sn, molten KCl, 

molten MnCl2-KCl eutectic) are described to deepen the understanding on the C-C bond 

formation pathway and the origins of pseudo-equilibrium.  

Chapter 5 describes a three-phase reactor system making use of a solid tungsten carbide 

catalyst for pyrolysis of gas phase methane in the presence of a liquid “solvent” to remove 

carbon from the catalyst surface. The activity of this system is studied under different 

hydrogen partial pressures to examine whether it is limited by the pseudo-equilibrium. The 

removal of carbon from coked WC surface and the recovery of WC activity is demonstrated.   
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2. Catalytic Methane Pyrolysis with Liquid and Vapor Phase 

Tellurium 

This chapter is adapted in part from Zeng, J., Tarazkar, M., Pennebaker, T., Gordon, M. 

J., Metiu, H., & McFarland, E. W. Catalytic Methane Pyrolysis with Liquid and Vapor 

Phase Tellurium. ACS Catalysis, 2020. 10 (15), 8223-8230. Copyright 2020 American 

Chemical Society. 

2.1. Abstract 

Methane pyrolysis transforms CH4 into hydrogen and solid carbon without a CO2 

byproduct.  Using a high temperature liquid catalyst in a bubble column reactor, deactivation 

from coking is avoided and the solid carbon removed.  As an element with high electron 

affinity, liquid tellurium is an active methane pyrolysis catalyst with an apparent activation 

energy of 166 kJ/mol.  At the reaction temperature of approximately 1000 °C Te has a high 

vapor pressure and the vapor is also found to be a catalyst with an apparent activation 

energy of 178 kJ/mol.  Contrary to results obtained for other molten alloy catalysts, 

dissolving Ni in molten tellurium lowers the pyrolysis activity.  Quantum mechanical 

calculations were performed with accurate methods for the gas phase reaction, and with ab 

initio, constant temperature, molecular dynamics (MD) simulations with energies computed 

using density functional theory for the liquid phase.   

 

2.2. Introduction 

Hydrogen is an important commodity chemical, used for ammonia and methanol 

production, for oil refining and for many hydrogenation reactions.  It has long been 
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imagined that clean burning hydrogen might become an important fuel in the future.  

Unfortunately, most hydrogen is manufactured by reforming of natural gas with steam, a 

process that produces approximately 50 million tons of hydrogen per year and generates 300 

million tons of CO2 as an unavoidable byproduct.   

It is possible to produce hydrogen without CO2 by using methane pyrolysis, CH4 ⇌ C + 

2H2.  Some of the hydrogen produced by the pyrolysis reaction can be used to provide heat 

to the process, thus potentially avoiding all CO2 cogeneration.  The solid carbon co-product 

is readily and safely stored far easier and cheaper than capturing and storing gaseous CO2. 

Gas phase pyrolysis of natural gas is currently used only to produce high-quality carbon 

black; the low-pressure hydrogen generated is used as fuel.  A gas-phase process for 

hydrogen production by methane pyrolysis is not economically feasible because the reaction 

is slow at commercially accessible temperatures119-120, 157-159 and practical aspects of carbon 

removal are challenging.  Much work has been devoted to the search for conventional solid, 

heterogeneous catalysts for pyrolysis.160-162  Unfortunately, the carbon produced by the 

reaction poisons the catalyst, which is regenerated by burning the carbon which produces 

CO2.   

A strategy for avoiding the detrimental effects of carbon production uses a liquid media 

in a bubble column reactor.119, 163-164  The pyrolysis reaction takes place inside the bubbles 

rising through the liquid column.  The carbon is formed in the bubble and can be transported 

to the surface of the liquid by flotation.  If the liquid serves as a catalyst, when introduced 

into the reactor, each bubble is in contact with clean liquid catalyst, and the coking of the 

catalyst is no longer a problem.  Liquid catalysts are not poisoned by impurities and do not 

coarsen.  



 
37 

Because the pyrolysis reaction is carried out at high temperature, the molten catalysts 

used so far have been pure metals, metal alloys, molten salts, or mixtures of molten salts.  

The following molten metals have been suggested or studied experimentally:  Al or an AlNi 

alloy,163 Sn,117, 120, 165-166, Pb,117 and Mg.118  Upham et al.90 showed that high methane 

conversion with high hydrogen selectivity is possible by using a variety of molten metal 

alloy catalysts in a bubble column reactor.  Kang et al.167 showed that a molten mixture of 

MnCl2 with KCl is also an excellent catalyst, and that alkali halide salts have poor 

performance. 

Despite considerable research on methane activation, the scope of catalysts studied has 

been limited to several elements and compounds already known to be active, and the 

development of new catalysts is still largely based on trial and error, due to the lack of a 

clear correlation between the intrinsic properties of catalysts and their methane-activation 

activity.  However, there have been reports of a positive correlation between the electron 

affinity (or equivalent ) of catalysts and their catalytic activity for methane.90, 168-171  

Tellurium is a metalloid with the highest electron affinity172 and electronegativity173 among 

the common low-melting-point elemental solids and therefore might be active.  Tellurium 

has been shown to be a dehydrogenation catalyst for several polynuclear hydrocarbons,174-176 

but to our knowledge, it has not been studied as a catalyst for C-H bond activation in 

methane or CH4 pyrolysis.   

In this work we present experimental and computational results regarding the catalytic 

activity of Te for CH4 pyrolysis, in the temperature range of 1000-1273 K.  We have found 

the following unexpected features.  (1) Te is an active liquid catalyst for methane pyrolysis.  

This is rather surprising because we could find no prior example in which Te catalyzes a 

light alkane reaction.  (2) Te vapor is a pyrolysis catalyst.  We are not aware of any other 
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gas-phase catalyst for methane activation.  (3) Previous work on molten metal alloys was 

based on the idea of using an easy-to-melt metal (e.g. Ga, In, Pb, Sn, Bi) as a solvent for a 

catalytically active metal (e.g. Ni, Pt, Cu).  In all cases studied so far, the addition of the 

active metal substantially increased the activity of the “solvent”; for example, Bi is a poor 

pyrolysis catalyst while Ni/Bi90 and Cu/Bi171 alloys are among the best catalysts found so 

far.  Surprisingly, the addition of Ni to low melting Te significantly decreased the catalytic 

activity of the melt.    

 

2.3. Experimental Results  

2.3.1. Materials 

Tellurium powder (99.8% trace metal basis) was purchased from Fisher Scientific.  

Nickel powder (99.99% trace metal basis), bismuth shot (99.9% trace metal basis), and 

sodium chloride (>99%, Redi-Dri, anhydrous, ACS reagent) were purchased from Sigma 

Aldrich.  Gases (methane, argon, hydrogen) with ultra-high purity (99.99%) were purchased 

from Airgas.  

 

2.3.2. Catalysis by the vapor 

At a reaction temperature of 1223 K, Te has a vapor pressure of 532 Torr and a methane 

bubble ascending through the liquid tellurium column will contain Te vapor.  In addition, 

there is tellurium vapor in the head space of the bubble column.  It is therefore necessary to 

determine whether the Te vapor is a gas-phase, homogeneous catalyst for methane pyrolysis.   
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Figure 2.1.  At left we show the reactor used to study the reactivity of Te vapor.  At right we show the 

reactor used to study the reactivity of Te liquid and vapor.  In the middle we show the conversion in each 

reactor as a function of the Ar flow rate.  Reaction temperature was 1173 K.  The CH4 flow rate was 36 

sccm, and the Ar flow rate was varied from 2 to 18 sccm (residence time in the 17-cm3 reactor varied from 

6.2 s to 4.4 s).  In control experiments without Te, no CH4 conversion was detected at 1173 K under same 

gas flow rate. 

 

To determine whether Te vapor is catalytically active, the two-vessel reactor shown in 

Fig.2.1 was used to perform two kinds of experiments.  In one experiment Ar was passed 

into the reactor arm in which Te liquid was located and methane was introduced into the 

other arm (see the picture at the left in Fig.2.1).  There was only one exit port for gas (right 

reactor arm in this case).  The Ar entrained Te vapor into the right arm where methane was 

introduced.  Under these conditions, methane reacted only with Te vapor.  In separate 

experiments Ar was introduced through the right arm of the reactor and the methane was 

introduced in the left arm, where the gas exit port and molten Te was located.  In that 

experiment methane reacts with both Te liquid and Te vapor.   

The plot in the middle of Figure 1 shows methane conversion as a function of flow rate.  

Methane conversion was similar in both reactor configurations, and there was no detectable 

conversion in the control experiment in which no Te was loaded.  The experiment shows 

that both the Te vapor and the liquid are methane pyrolysis catalysts.   
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Another argument that supports that at least a fraction of the methane reactions are taking 

place in the gas phase is that the reaction rate is the collision rate times the probability that 

the collision results in a reaction.  From the known bubble surface area, the collision rate 

with the surface of the bubbles was calculated (see below).  If only surface reactions were 

occurring, this would require the reaction probability to be greater than one.  This indicates 

that the measured rate contains a term which is not due to the collisions with the surface; 

therefore, the reaction must take place in the gas phase inside the bubble.   

 

2.3.3. Kinetic measurements in a bubble column reactor 

The activity of several melts was measured by bubbling methane in a quartz tubular 

reactor containing molten liquid.  In a typical experiment, 7 sccm CH4 and 3 sccm Ar were 

pre-mixed and bubbled through a 7 cm column of molten liquid, at various temperatures, in 

a quartz tube reactor with a 1.2 cm inner diameter.  The initial diameter of the bubbles was 

approximately 5 mm.  From measuring the rise velocity, we calculated a bubble residence 

times in the liquid of approximately 0.5 s.  The composition of the effluent gas was analyzed 

with an SRS RGA 200 mass spectrometer.  The temperature was varied between 1173 K and 

1253 K.  The temperature dependence of methane conversion under these conditions is 

shown in Fig.2.2 for molten NaCl, Te, Ni0.5Te0.5, and Ni0.27Te0.73.  For comparison, we also 

show the performance of molten Ni0.27Bi0.73, which is the most active molten metal found 

prior to this work.90  All tellurium-containing melts studied so far are more active than 

Ni0.27Bi0.73.  

 Prior work90 has shown that easy-to-melt metals, such as In, Bi, Sn, Ga, and Pb, are 

poor catalysts.  Dissolving Cu, Ni, or Pt in molten In, Bi, Sn, Ga, or Pb increased 

substantially the catalytic activity and led to the suggestion that In, Bi, Sn, Ga, and Pb are, 
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more or less, inert solvents and Cu, Ni, and Pt are active components.  We expected that a 

similar increase might be obtained by dissolving Ni in Te.  Surprisingly, we found that 

tellurium activity decreases upon addition of Ni to the melt (see Fig.2.2).  The specific 

origin of the decreased activity may arise from a lower surface concentration of Te 

accessible to the gas-phase methane, specific electronic interactions between the Te and the 

Ni, and/or the decreased concentrations of gas phase Te present in the bubble.  

 

 

Figure 2.2.  CH4 conversions in 7-cm bubble column reactors.  The partial pressure of CH4 was 0.7 

atm, the bubble diameter was ~5 mm, and the residence time was approximately 0.5 s.  

 

2.3.4. Kinetic Modeling  

After being filled with a mixture of methane and Ar carrier gas, the bubble travels 

upwards through the molten Te column.  It is difficult to build a detailed kinetic model for 

pyrolysis in the high temperature bubble column because several processes occur 

concomitantly.  (1) Tellurium evaporates and produces Te vapor inside the bubble.  (2) As 

the pyrolysis reaction proceeds, there is time-dependent formation of solid carbon, which 

adheres to the wall of the bubble blocking some of the bubble surface area.  From the carbon 
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balance we know that sufficient carbon is formed to produce multilayers.  (3) The process is 

further complicated by the fact that the carbon is a pyrolysis catalyst.  The catalytic activity 

of the carbon is substantially lower than that of tellurium, but it would be incorrect to think 

of carbon as a mere surface blocker.  (4) As the reaction proceeds and the total number of 

moles of gas increases (two moles of H2 are produced per mole of CH4 consumed), the 

volume of the bubble increases.  (5)  There is likely some (unknown) solubility of hydrogen 

in the liquid tellurium, and there is no information regarding the rate of this process.   

Despite the complexities of the reacting system, useful information for comparisons of 

different catalysts can be obtained from apparent activation energies and effective first order 

rate constants obtained in a differential reactor configuration.  An assumption that the 

reaction kinetics can be defined by a first order rate constant is consistent with the widely 

accepted assumption that breaking the C-H bond is the rate-limiting step.  In the present 

context, the measurements tell us that regardless of the mechanism, the bubble column is 

more efficient than the vapor alone and that in a bubble most of catalytic activity is due to 

the liquid surface.  

 For a differential bubble column reactor operating at very low methane conversion 

X, the apparent rate constant k is  

   (1) 

where the reaction rate is measured in moles/m3-s and the methane concentration, [CH4], 

changes minimally over the residence time, , which is the rise time of the bubble in the 

reactor.  For the reaction in the vapor phase in the differential 2-vessel reactor, the apparent 

second-order rate constant in the differential reactor is: 
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  (2) 

where the tellurium concentration is proportional to the partial pressure of the tellurium 

vapor.  In general, the reaction rate of a catalytic process is proportional to the number of 

active sites;, here the number of active sites is proportional to the partial pressure of Te and 

the vapor pressure is temperature-dependent.177  

 

 

Figure 2.3.  Plot of  versus  for the reaction with Te vapor catalyst (blue squares) and 

in the bubble column containing molten Te (red circles).  Data were obtained in a differential reactor with a 

residence time of approximately 5 seconds for a 2-vessel reactor and 0.5 seconds for a bubble column.  R is 

the ideal gas constant and T is temperature. 

 

In Fig.2.3 we plot the log of conversion/residence time versus 104/RT for both bubble 

column and 2-vessel reactor, where R is the ideal gas constant and T is temperature.  For 

bubble columns, this is the same as an Arrhenius plot if we assume the major catalyst is 

liquid Te and the contribution from Te vapor is negligible.  For the 2-vessel reactor, where 

the major contribution comes from Te vapor, it is not an Arrhenius plot because the amount 

of catalyst (Te vapor) is temperature-dependent.  This plot shows that the reaction rate is 
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higher in a bubble column than when using a Te-vapor catalyst in a 2-vessel reactor.  The 

apparent activation energies and the Arrhenius pre-exponential factors in the effective rate 

constants are shown in Table 2.1, which shows that Te vapor catalyst is more active than 

pure gas phase CH4 pyrolysis without catalyst. 

 

 

Composition 
Apparent Ea 

(kJ/mol) 

Pre-exponential 

factor  

Te bubble column  166 4.9 × 106 s-1 

Ni0.27Te0.73 193 1.8 × 107 s-1 

Ni0.5Te0.5 223 4.7 × 108 s-1 

Ni0.27Bi0.73 208 6.5 × 105 s-1 

NaCl 374 3.9 × 1012 s-1 

no catalyst178  423 5.1× 1014 s-1 

Te vapor  178 4.4× 106
 m3mol-1s-1 

Table 2.1. Kinetic data of CH4 pyrolysis in different systems measured between 973 K and 1253 K 
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Figure 2.4. (a) Schematic representation of the reflux reactor.  (b) Methane conversion (red) and H2 

yield (blue) of pyrolysis in the reflux reactor.  Residence time in hot zone (900 °C ~ 1000 °C) is less than 12 

s.  

 

2.3.5. Catalyst stability 

Using molten and gaseous Te as catalysts avoids two of the main disadvantages of solid 

catalysts for pyrolysis: there is no loss of activity due to coking or to coarsening.  However, 

some deterioration is possible if feed impurities build up or if any carbon residues 

dissolve/disperse in the liquid and modify its composition and mechanical property.  We 

investigated the stability of the Te catalyst over a 16-hour period.  To prevent loss of catalyst 

in the vapor phase we used a reflux configuration (Figure 4a) containing 15 grams of Te (~ 5 

cm column height).  The reactant gas (7 sccm CH4) and an inert gas (3 sccm argon) were 

introduced at the bottom of the reactor, which was maintained at 1273 K, slightly above the 

boiling point of Te (1263 K).  The temperature of the middle part of the reactor was less 

than 1173 K, and the temperature at the top part of the reactor was 753 K, slightly higher 

than the melting point of Te (which is 723K).  The volume of the reactor in the hot zone 

(1173~1273 K) was 15 cm3.  Methane conversion and hydrogen yield were stable for 16 

hours (Figure 4b).  During this time the conversion was 37%, with a hydrogen yield of 70%-
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80% (Figure 4b).  Since the reactor was run at steady state and both vaporization and 

condensation of Te took place in the reactor,  we do not know the partial pressure of Te in 

the gas, but it should be reasonably high due to its high vapor pressure.  Based on gas flow 

rate, reactor volume, and temperature, the calculated maximum residence time of CH4 is 

12 s assuming low Te vapor pressure, but the actual residence time should be shorter. 

Although no C2~ C5 compounds were detected during the stability test, small amounts of 

relatively stable aromatics and polycyclic aromatics, including benzene, toluene, 

naphthalene, anthracene, pyrene and other compounds, were detected.  This suggests that 

after the C-H bond in methane is broken, polycyclic aromatic hydrocarbons are formed.  

Because of this, the hydrogen yield is less than 100%.  It is known179-181 that the rate of 

dehydrogenation of polyaromatics is higher than that of methane dehydrogenation.  

Therefore, we attribute their presence in the effluent to the very short residence time and low 

conversion.  

 

2.3.6. Solid Carbon Characterization  

The solid carbon generated by pyrolysis contains Te. The contamination level of Te in 

carbon was dependent on where carbon was collected. The carbon collected in the 900~1000 

oC zone contained more than 2 atom% Te, whereas the carbon collected in other low 

temperature zone where condensation of Te took place contained even more Te. To remove 

Te we baked all collected carbon in a tube furnace at 1273 K for 10 hours, in Ar.  This 

reduces the amount of Te in the carbon to less than 0.5 atom%.  Scanning electron 

microscopy (SEM) (Thermo Fisher Apreo C LoVac) and energy-dispersive X-ray 

spectroscopy (EDS) were used to characterize the morphology and purity of the carbon.  

Raman spectroscopy (Horiba Jobin Yvon LabRAM Aramis) was performed using a 633-nm 

https://ucsb.corefacilities.org/equipment/show/350426


 
47 

laser wavelength, to characterize the extent of graphitization of the carbon.  Electron 

microscopy shows (Fig.2.5a) that the carbon has a layered structure on the scale of 10 m, 

consistent with sp2 carbon.  The Raman spectrum (Fig.2.5b) of the carbon samples contains 

a clear D band and a G band, which are signatures of sp2 graphitic carbon.  The broadening 

of the D peak and the high intensity ratio of D to G indicate that the carbon is disordered.182   

 

Figure 5.  (a) SEM image of the carbon collected from the reflux reactor after heat treatment.  The inset 

shows the EDS element analysis for this carbon sample.  (b) Raman spectrum of the carbon collected from 

the reflux reactor. 

 

2.4. Computational Results  

2.4.1. Electronic structure calculations 

We performed electronic structure calculations for the reaction of methane with gaseous 

and liquid tellurium.  Te vapor consists mostly of Te dimers.  For examining some aspects 

of the reaction of a Te2 cluster with methane, we used the coupled-cluster single double 

(CCSD) method.183  The structure of the molecules involved was optimized using second-

order Møller−Plesset perturbation theory (MP2).184  The correlation consistent-polarized 

valence double zeta (cc-pvdz) basis set185 that we used for carbon is composed of 14 

functions, (9s4p1d) /[3s2p1d].  Five functions (4s1p) /[2s1p] were used for the hydrogen.  
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For Te atoms we used a correlation consistent-polarized valence quadruple zeta basis set 

with a relativistic pseudopotential (cc-pvqz-pp) 186 composed of (14s11p12d2f1g) Gaussian 

type functions, contracted to [6s6p4d2f1g].  The calculations of Te2 properties were 

performed with the Gaussian computational package187 and the visualization was performed 

with Macmolplt.188 

Ab initio, constant-temperature, molecular dynamics (MD) simulations189-191 for liquid 

Te were performed with the VASP program.192-195  The energy for the molecular dynamics 

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

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

space, the PBE functional196, and D3 van der Waals correction.197  We used the projector 

augmented-wave method198-199 and included six valence electrons for Te atoms, four 

electrons for carbon, and one electron for H; the remaining electrons in the atoms were 

treated with the frozen core approximation.  Spin-paired (non-spin-polarized) DFT 

calculations were performed for all molecular dynamic simulations of the melt.  Similar 

calculations have been performed for liquid Te 200-203 but none examined methane chemistry 

at the liquid surface.  

 

2.4.2. Methane activation by liquid tellurium 

It is generally accepted that the rate-limiting step in methane activation is the breaking of 

the C-H bond and that all subsequent reaction steps have substantially higher rate.  The 

binding energy for more than ten different configurations on Te liquid was computed by 

using the equation: 

Eads = E(*CH3+*H)/Te(ℓ) – ETe(ℓ) – ECH4(g)                                                                          (3) 
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E(*CH3+*H)/Te(ℓ) is the total energy of Te liquid with H and  CH3 adsorbed on the surface, 

ETe(ℓ) is the energy of the liquid in the absence of methane, and ECH4(g) is the energy of gas-

phase methane.  Figure 6 shows schematically the energy of several bonding configurations 

for CH3 and H bound to the liquid surface.   

 

 

Figure 2.6.  The energy of dissociative adsorption of methane on the surface of liquid tellurium as a 

function of the binding site 

 

According to the Brønsted-Evans-Polanyi rule204 the reaction with the lowest activation 

energy is likely to be the one for which the final state has the lowest energy.  In Fig.2.6 this 

is the state in which both CH3 and H are bonded to one Te atom in the surface of the liquid.  

In Fig.2.7 we show the lowest energy path for the reaction *CH4 → *CH3 + *H, where the 

notation *A indicates that the species A is adsorbed on the surface.  The energy along the 

reaction path was calculated with the nudged elastic band method, for a process in which the 

system starts as methane adsorbed on the liquid and dissociates to form the lowest energy 

configuration shown in Fig.2.6.  The calculated activation energy of the reaction *CH4 → 
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*CH3 + *H is 1.45 eV (139 kJ/mol).  The effective activation energy measured in the bubble 

column is 166 kJ/mol (see Table 2.1).  The activation energy at the liquid surface depends 

on the surface site where the dissociation occurs.  Since we have calculated the lowest 

activation energy (the one for reaching the most stable dissociated state) the calculated value 

should be lower than the measured one.  Considering the error inherent in the density 

functional calculations and the variety of adsorption sites, one would not expect closer 

agreement.  

 

 

 

Figure 2.7.  (a) Reaction path for methane dissociation on the surface of liquid Te.  (b) Initial atomic 

configuration and the energy of methane adsorbed on the surface of liquid Te.  (c) Transition state energy 

and configuration for CH4 dissociation.  (d) Dissociated state consisting of adsorbed CH3 and adsorbed H. 

   

2.4.3. Methane activation by gas phase tellurium 

Our calculations show that the lowest energy compound formed by the reaction of Te2 

with methane is CH3‒Te‒Te‒H.  The energies, entropies, and free energies of several 
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reactions of this compound are listed in Table 2.  The free energy favors the reaction CH3–

Te–Te–H → Te–Te–H + CH3 with CH3–Te–Te–H → Te–CH3 + Te–H almost as probable.  

The reaction path of CH4 + Te2 → CH3–Te–Te–H is shown in Fig.2.8.  The calculated 

activation energy is 2.48 eV (239 kJ/mol) while the measured effective activation energy is 

178 kJ/mol.  Since the method of calculation of the activation energy is fairly accurate, the 

discrepancy may be attributed, in part, to the fact that the effective activation energy might 

not be exactly the activation energy of the rupture of the C-H bond.   

Due to the known shortcomings of DFT, the calculated activation energies are not 

quantitatively reliable.  However, the qualitative difference between the values of the 

reaction catalyzed by the liquid and that catalyzed by the vapor, is significant.  It shows that 

the vapor is an inferior catalyst.   

 

Reaction 
∆Ho

1023 K 

(kJ·mole-1) 

T∆So
1023 K 

(kJ·mole-1) 

∆Go
1023 K 

(kJ·mole-1) 

CH3‒Te‒Te‒H → [Te‒CH3]· +[Te‒H]· +160 +131 +29 

CH3‒Te‒Te‒H → [Te‒H]· + CH3· +Te +348 +255 +93 

CH3‒Te‒Te‒H → [ Te‒CH3]· + H·+ Te +386 +227 +159 

CH3‒Te‒Te‒H → [Te‒Te‒H]· + CH3· +180 +159 +21 

CH3‒Te‒Te‒H → [Te‒Te‒CH3]· + H· +212 +118 +94 

Table 2.2. The energy, the entropy, and the free energy of various reactions taking place after the 
reaction of Te2 with CH4 to form H-Te-Te-CH3 
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Figure 2.8. Energy along reaction paths. (a) The energy along the reaction path for Te2(g) + CH4(g) → 

CH3‒Te‒Te‒H(g).  (b) The energy along the reaction path for CH3‒Te‒Te‒H → Te‒Te‒H + CH3 

 

2.5. Conclusions 

As an element with high electron affinity, molten tellurium is an active methane pyrolysis 

catalyst with an apparent activation energy of 166 kJ/mol.  Methane conversion of over 30% 

was obtained at residence times of less than 12 seconds at temperatures between 1100 K and 

1250 K, which is very close to the Te boiling temperature of 1261 K.  Since the vapor 

pressure of Te at these temperatures is very high experiments showed that the vapor itself is 

a catalyst but substantially less efficient than the liquid.  As a liquid catalyst, Te when mixed 

with increasing amounts of Ni, was observed to be less active, which if the opposite of the 

observations made of Bi when increasing amounts of Ni or Cu are added.  Given the 

relatively low activity of Te vapor, its high vapor pressure is a drawback for practical 

implementation: Te vapor escaping a bubble column reactor needs to be condensed and 



 
53 

recovered.  A possible solution is the use of a reflux reactor; however, given the fact that Te 

is rare, volatile, and expensive, it is unlikely that it will be used in large-scale commercial 

applications.  
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3. Catalytic Methane Pyrolysis with Zinc Chloride Vapor 

This chapter is adapted in part from Zeng, J., Guo, H., Safipour, J., Gordon, M. J., 

Metiu, H., & McFarland, E. W. Catalytic Methane Pyrolysis with Zinc Chloride Vapor. In 

preparation.  

3.1. Abstract 

Zinc chloride, a Lewis acidic salt, is an active vapor phase catalyst for methane pyrolysis. 

The apparent activation energy is 228 kJ/mol between 800 oC and 950 oC. Increasing the 

concentration of ZnCl2 can enhance the CH4 pyrolysis rate. The overall pyrolysis rate 

decreases significantly with increasing H2 partial pressure, which is likely a result of lacking 

adjacent sites for C-C bond formation in ZnCl2 vapor. ZnCl2 is stable and does not deactivate 

as solid carbon forms. The solid carbon produced in ZnCl2 catalyzed methane pyrolysis is 

not contaminated by ZnCl2 due to its low boiling point.  

3.2. Introduction  

Hydrogen, as an important commodity chemical today and a potential clean fuel for the 

future, is mostly manufactured by reforming of natural gas with steam currently, a process 

that produces approximately 50 million tons of hydrogen per year and generates 300 million 

tons of CO2 annually as an unavoidable byproduct.205-206 This production route is facing 

increasing challenges due to sustainability and CO2 mitigation considerations. Alternatively, 

producing hydrogen without CO2 by using non-oxidative methane pyrolysis, CH4 ⇌ C + 

2H2, has received extensive research interest in recent years.90, 93, 206-208 The solid carbon 

produced in pyrolysis can be readily and safely stored far easier and cheaper than capturing 

and storing gaseous CO2. 
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Methane thermal decomposition for hydrogen production is not economically feasible as 

of today because the reaction is slow at commercially accessible temperatures.  Much work 

has been devoted to the search for conventional solid, heterogeneous catalysts for non-

oxidative methane activation and pyrolysis at or below 1000 oC.206-208  Unfortunately, the 

carbon produced by the reaction poisons the solid catalyst.207-211 One strategy for avoiding 

coke-induced catalyst deactivation is to use non-solid systems such as bubble column 

reactors with liquid media.86, 90, 96, 138 It has been shown that with a liquid catalyst such as 

molten Ni-Bi90, 138 or MnCl2-KCl eutectic96 in a bubble column reactor, pyrolysis reaction 

takes place inside the bubbles, and carbon formed can be transported to the surface of liquid 

without deactivating the catalyst. However, further separation of carbon from catalysts is 

challenging. Efforts to remove the entrained catalysts from carbon with aqueous solution 

treatment are not effective due to the hydrophobicity of carbon and generates a lot of liquid 

waste.96, 138, 212 Contamination in carbon lowers the value of carbon as a product and causes 

catalysts loss from the reactor, which negatively impact the overall economic viability of 

methane pyrolysis.  

Vapor phase catalyst, in principle, would also be immune to coke-induced deactivation 

and easy to separate with solid carbon, but the use of it has been rarely reported. Halogen 

vapor has been used to activate methane in halogenation or oxidative conversion of 

methane, but it serves as a reactant and oxidation of hydrogen halide is required to recover 

halogen vapor, making the net reaction produce H2O instead of H2.50, 85, 213 Gas phase metal 

atoms, clusters and ions such as Zn, Na+ cluster, Fe+, Ni+ and Co+ have been studied for 

methane activation under conditions difficult to be scaled up industrially, such as using high 

power laser or discharge systems.214-217 Vasireddy et al. reported that AlBr3 – HBr vapor 

could activate CH4 at 673 K, but the long-term stability and recovery of catalysts were not 
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discussed. New gas phase catalysts and reactor systems could thus be designed to solve 

these problems. 

Zinc chloride, a low-cost Lewis acidic salt is of particular interest as previous reports 

have shown a positive correlation between the Lewis acidity (or in other equivalent terms 

such as electron affinity, etc) of catalysts and their catalytic activity for methane.50, 91, 213, 218-

220 Zinc-based catalysts has also been used widely to catalyze the decomposition of 

polymers and hydrocarbons.221-223Additionally, ZnCl2 is vapor at typical methane pyrolysis 

temperatures (boiling point of ZnCl2 is 732 oC), which has the similar potential to liquid 

catalysts to stay active without suffering surface coking. Due to the low boiling point of 

ZnCl2, it is also expected that it can be easily removed from carbon by simple heat 

treatment. 

To our best knowledge, ZnCl2 has not been studied as a catalyst for methane activation. 

In this work, we report that ZnCl2 vapor is an active catalyst for methane pyrolysis which 

does not deactivate due to coke formation, and it can be easily separated from carbon.  

 

3.3. Materials and Methods 

3.3.1. Materials  

Anhydrous zinc chloride (ZnCl2, 97% trace metals basis) was purchased from Sigma-

Aldrich. Gases (methane, argon, hydrogen) with ultrahigh purity (99.999 %) were purchased 

from Airgas. 

3.3.2. Activity measurements  

A specially designed T-shape quartz reactor placed in two separate heating units as 

shown in Fig.3.1 was used to measure the activation energy of CH4 pyrolysis with and 
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without ZnCl2 catalysts. The anhydrous ZnCl2 was loaded in the bottom of the first vessel 

and heated to a desired temperature (T1). This vessel was 24 mm in diameter and 20 cm in 

height. An Ar carrier gas was used to carry ZnCl2 vapor into the pyrolysis zone of the 

second vessel to catalyze CH4 pyrolysis. This vessel was 12 mm in diameter and 20 cm in 

length. The connection arm between the two vessels was heated to 720 °C by a nichrome 

wire resistance heater to prevent ZnCl2 vapor condensation. CH4 or mixture gas containing 

desirable amount of CH4 was pre-heated to 700 °C before directly entering the second 

vessel. For activation energy measurement, the flow rate of Ar and CH4 was 10 sccm, the 

temperature of the vaporization vessel (T1) was kept constant at 600 or 650 oC, and the 

temperature of pyrolysis zone (T2) varied from 800 to 1000 °C. Blank experiment with same 

gas flow but no ZnCl2 loaded and T1 set to 720 °C was also conducted as a control 

experiment for comparison. The effluent gas was analyzed by a SRS RGA 200 mass 

spectrometer.  

 

Figure 3.1 T-shape quartz reactor for ZnCl2 activity measurements  
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3.3.3. ZnCl2 concentration dependence measurement   

In the T-shape reactor described above, the vaporization rate of ZnCl2 at different T1 

under a constant Ar carrier flow (10 sccm) was first measured by collecting and weighing 

the ZnCl2 condensed at the outlet of the reactor. After determining the vaporization rate of 

ZnCl2 (or its concentration in the Ar carrier flow) under different T1 temperature, the 

concentration ratio of ZnCl2 to CH4 in the pyrolysis zone was varied by changing the T1 

(400-720 °C) while keeping the Ar and CH4 flowrates constant (both at 10 sccm). T2 was 

kept constant at 950 °C or 1000 °C during this experiment. The effluent gas was analyzed by 

a SRS RGA 200 mass spectrometer. 

 

3.3.4. Partial pressure and residence time dependence measurements 

In the T-shape reactor described above , for CH4 and H2 partial pressure dependence 

measurements, 10 sccm of CH4/Ar or CH4/H2 mixture was directly fed into the pyrolysis 

zone and another 10 sccm Ar was used as carrier gas in vaporization vessel. T1 and T2 were 

both kept constant. For residence time dependence measurements, the larger version of 

quartz reactor was used (same vaporization vessel as described above, but the pyrolysis 

vessel was 24 mm in diameter and 50 cm in length). The total flow rates of carrier Ar and 

directly fed CH4 was varied between 10 sccm and 40 sccm to change gas residence time, but 

the ratio of carrier Ar to CH4 was kept at 1:1. T1 and T2 were both kept constant. 

3.3.5. Long-term stability measurement in reflux reactor  

A quartz reflux reactor (Fig.3.2) was used to test the long-term stability of ZnCl2 catalyst. 

The quartz reflux reactor was connected by 3 parts: the bottom two parts were 24 mm in 

diameter and 20 cm in height, and the top part was 30 mm in diameter and 10 cm in height. 
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A quartz plate with holes and quartz beads were placed at the joint of the top and middle 

parts to provide extra surface area for the condensation of ZnCl2 vapor to ensure the reflux 

of ZnCl2. The reactor was placed in three stacked furnaces with different temperatures. 

During the pyrolysis reaction, 20 g ZnCl2 was loaded into the bottom of the reactor, and the 

reactant gas (10 sccm CH4 and 2 sccm Ar) was introduced to the bottom of the reactor by a 

2mm inner diameter inlet tube. The bottom, middle and top part of the reflux reactor was 

kept at 650 °C, 950 °C and 400 °C, respectively. This design allows ZnCl2 to vaporize from 

the bottom part, stay as vapor in the middle hot reaction zone and condense to liquid and 

flow back in the top cold reflux zone. The effluent gas was analyzed by gas chromatography 

(HP 5890 Series II) using a Molesieve 5A column and thermal conductivity detector.  

 

Figure 3.2 Reflux reactor for ZnCl2 long term stability measurements 
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3.3.6. Solid carbon characterization 

Solid carbon generated from pyrolysis experiments in both the T-reactor experiments and 

the reflux experiments were collected from the reactor wall with a spatula. Scanning 

electron microscope (Thermo Fisher Apreo C LoVac) and energy-dispersive X-ray 

spectroscopy (EDS) were used to characterize the morphology and purity of carbon.  

3.4. Results and Discussion 

3.4.1. Catalytic activity of ZnCl2  

The methane conversions in the T-shape reactor with and without ZnCl2 loading between 

850 and 1000 oC is shown in Fig. 3.3a. CH4 conversions are higher when ZnCl2 is loaded in 

the reactor comparing to the conversions in the blank reactor without ZnCl2. In addition, by 

raising the temperature of the ZnCl2 evaporation vessel from 600 oC to 650 oC to increase 

the ZnCl2 flowrate from 2 sccm to 3 sccm, the CH4 conversions could be further enhanced.  

Fig.2b is the Arrhenius plot for all three cases. In a differential reactor where conversion 

X is low, the apparent rate constant k can be calculated as follows: 

  

where the CH4 consumption rate (reaction rate) is measured in moles/m3-s and the 

methane concentration, [CH4], changes minimally over the residence time,  The apparent 

activation energies measured for the 2 sccm and 3 sccm ZnCl2 are 249 kJ/mole and 228 

kJ/mole respectively, which were close to each other within error and lower than that of the 

blank case, 421 kJ/mole. These results clearly suggest that ZnCl2 vapor is active for 

catalyzing CH4 pyrolysis. 

 

https://ucsb.corefacilities.org/equipment/show/350426
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Figure 3.3 (a) CH4 conversions at different temperatures in the T-shape reactor. 10 sccm Ar was used as 

a carrier gas in the vaporization vessel and 10 sccm CH4 was fed into the second vessel directly. The 
temperature of the evaporation vessel was kept at 600 oC or 650oC, corresponding to a 2 sccm and 3 sccm 
ZnCl2 flow, respectively. The residence time in the pyrolysis vessel was approximately 2s. (b) Arrhenius plot 
for the three reactions.   

 

Small amounts of intermediates that are not fully dehydrogenated such as ethane, 

ethylene, acetylene and benzene were detected in addition to hydrogen and solid carbon in 

both ZnCl2 catalyzed pyrolysis and non-catalytic pyrolysis. The selectivity toward C2 

hydrocarbons and benzene is shown in Fig.3.4. Here the selectivity is calculated on a H 

atom basis: 

 

The majority of H atoms of the converted CH4 were in the form of molecular hydrogen (> 

70%), and C2 hydrocarbons and benzene are the most abundant intermediates. It appears that 

the selectivity to these intermediates in ZnCl2 catalyzed pyrolysis at 1000 oC is higher than 

that of the uncatalyzed pyrolysis and lowering the temperature to reduce the overall CH4 

conversion leaded to an increasing selectivity towards these intermediates. These 

observations are consistent with the known fact that such intermediates are often present in 

the high-temperature non-oxidative decomposition of methane, and the rate of 
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dehydrogenation of such intermediates is higher than that of methane dehydrogenation so 

their selectivity will decrease with increasing conversion, residence time and 

temperatrue.179-181, 224-225 Therefore, we attribute their presence in the effluent gas to the very 

short residence time and low conversion. In addition, although thermodynamics predicts that 

ZnCl2 can be partially reduced by CH4 to form Zn, HCl and carbon at above 900 oC, there 

was no HCl detected by the mass spectrometer in these experiments, indicating that the 

reduction of ZnCl2 is likely to be a kinetically slow reaction.  

 

Figure 3.4 Selectivity toward C2 hydrocarbons and benzene of CH4 pyrolysis in the T-shape reactor. 10 
sccm Ar was used as a carrier gas in the vaporization vessel and 10 sccm CH4 was fed into the second vessel 
directly. The temperature of the evaporation vessel was kept at 650oC, corresponding to a 3 sccm ZnCl2 flow 

when ZnCl2 was loaded. The temperature of the pyrolysis vessel was kept constant at 950 oC or 1000 oC, and 
the residence time in the pyrolysis vessel was approximately 2s.    

 

To further understand the influence of ZnCl2 concentration on the reaction rate, the flow 

rate of ZnCl2 was varied by changing the temperature of the vaporization vessel, and other 

conditions, including the flowrates of Ar and CH4 and the temperature in the pyrolysis 

vessel, were kept constant. It can be seen in Fig.3.5a that the apparent reaction rate constant 

was enhanced when ZnCl2 concentration increased, further suggesting that ZnCl2 vapor is 

the active species for catalysis. In Fig.3.5b, kapparent was normalized to the flow rate of ZnCl2, 

and it can be seen that at higher ZnCl2/CH4 ratios ([ZnCl2]/[CH4] > 0.5), the normalized 
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kapparent is close to a constant, indicating that the reaction rate is proportional to the 

concentration of ZnCl2. The higher normalized kapparent values at very low ZnCl2 

concentrations were likely due to that the measured kapparent were largely from the 

uncatalyzed pyrolysis reaction and dividing it by a very small ZnCl2 flowrate closing to zero 

would cause artificial magnification. 

 

Figure 3.5 (a) Apparent rate constant at different ZnCl2/CH4 ratios in the T-shape reactor. 10 sccm Ar 
was used as a carrier gas in the vaporization vessel and 10 sccm CH4 was fed into the second vessel directly. 
The temperature of the evaporation vessel was varied from 400 oC to 720 oC, corresponding to a ZnCl2 

flowrate range from 0 to 33 sccm. The temperature of the pyrolysis vessel was kept constant at 950 oC or 
1000 oC, and the residence time in the pyrolysis vessel ranged from 0.8s to 2s. (b) Apparent rate constant 
normalized to the flow rate of ZnCl2.   

 

3.4.2. Influence of Hydrogen Partial Pressure and Pseudo-equilibrium 

It is desirable to achieve high CH4 conversions in a single pass, therefore it is important 

to understand the performance of catalysts under low CH4 partial pressures and high H2 

partial pressures which represent the conditions at the late stage of CH4 pyrolysis. In the T-

shape reactor, a CH4/Ar or CH4/H2 mixture gas was fed directly into the pyrolysis vessel and 

the carrier gas in the vaporization vessel was Ar. The apparent rate constants measured are 

shown in Fig.3.6a. It can be seen that kapparent was independent of PCH4 when Ar was used as 

the dilution gas, indicating that pyrolysis is first order to methane concentration at low 
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conversions, consistent with previous reports.90, 96, 226-227 This means that the decrease in 

PCH4 would only decrease the overall reaction rate proportionally. However, when CH4 was 

diluted in H2, kapparent decreased significantly with increasing PH2 and became almost zero 

when PCH4/PH2 was less than 1/4 (PCH4 = 0.2 atm, PH2 = 0.8 atm in mixture feed on the blue 

curve), indicating a high reverse reaction rate sensitive to PH2.  

The consequence of this significant reaction rate drop caused by PH2 was that it was 

difficult to reach high conversion in a single pass by prolonging the residence time of CH4 in 

the reactor (Fig.3.6b). The conversion reached in a short residence time did not increase 

much when the residence time was extended, instead the conversion reached a plateau at 

~36 % at 1000 °C and ~53 % at 1050 °C, respectively. 

 

Figure 3.6 (a) Apparent rate constant at different CH4 partial pressures when Ar or H2 was used as the 
dilution gas in the T-shape reactor. 15 sccm CH4/Ar or CH4/H2 mixture was directly fed into the pyrolysis 
vessel and another 10 sccm Ar was used as a carrier gas in the vaporization vessel. The temperatures of the 
evaporation vessel and the pyrolysis vessel were kept constant at 650 oC and 1000 oC, respectivel. The 

residence time in the pyrolysis vessel was ~ 2s. (b) CH4 conversion as a function of residence time in the T-
shape reactor.  10 sccm was directly fed into the pyrolysis vessel and another 10 sccm Ar was used as a 
carrier gas in the vaporization vessel. The temperatures of the evaporation vessel was kept constant at 650 
oC, and the temperature of the pyrolysis vessel was kept constant at 1000 oC or 1050 oC. 

 

These observations are similar to the famous “false equilibrium” reported by Holliday et 

al. in the 1930’s whose studies showed that there were two distinct kinetics for gas-phase 

CH4 pyrolysis: an initial stage of fast pyrolysis and a late stage of slow pyrolysis under high 
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PH2. 149 The slow pyrolysis rate under high PH2 made it look like that the equilibrium 

conversion of pyrolysis had been reached, although these pseudo-equilibrium conversions 

were far below the true equilibrium conversions (>99% at 1000 °C) calculated using 

thermodynamics data of pure CH4, H2 and graphite. The current understanding on such 

phenomena is that the initial high rate of reaction is caused by the auto-catalytic gas phase 

radicals generated at the early stage of reaction, and they can easily hydrogenate or 

hydrocrack back to methane under high H2 partial pressure as pyrolysis proceed which will 

lead to a rapid decrease in overall pyrolysis rate.155, 228-229 However, most catalytic CH4 

pyrolysis reactions with heterogeneous catalysts reported are not limited by pseudo-

equilibrium, and high conversions of methane close to true equilibrium conversions could be 

achieved in a short residence time. 90, 96, 149, 230 One potential explanation on the difference 

between ZnCl2 and these heterogeneous catalysts in CH4 pyrolysis is that since gas phase 

ZnCl2 molecules are active species (mostly monomers), the intermediates they form with 

CH4 by breaking C-H bond might be fragile to H2 attack. During the C-C bond formation 

process, subsequent intermediates such as C2 hydrocarbons, benzene, etc before stable 

graphite are also easy to hydrocrack. Unlike on heterogeneous catalysts surfaces where 

closely located adjacent sites are available for C-C bond formation, in ZnCl2 vapor the 

distance between two activated carbon species is much longer. Consequently, under high 

PH2, these intermediates will hydrocrack before colliding with each other to form stable C-C 

bond and growing toward graphitic solid carbon that are thermodynamically stable and 

resistant to hydrogenation. This is also similar to some single atom catalysts cases where 

adjacent sites are intentionally eliminated so surface C-C bond formation is inhibited to 

avoid solid coke formation.73 
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3.4.3. Catalyst Stability 

A reflux reactor was used to test the long-term stability of ZnCl2 in CH4 pyrolysis. No 

deactivation was observed for the same batch of ZnCl2 over 50 h (Fig.3.7), which was 

consistent with the hypothesis that ZnCl2 as a gas-phase catalyst was not deactivated by 

coke formation. The CH4 conversion was stable at ~28% when the reaction zone 

temperature was at 950 oC, much higher than the conversion in a blank reactor without 

ZnCl2 leading (5%).  The H2 selectivity was ~ 61%, and intermediates including C2 

hydrocarbons, benzene and other polycyclic aromatic hydrocarbons such as naphthalene, 

pyrene, etc were also detected, which accounted for the rest of H atom selectivity. Based on 

the moles of ZnCl2 loaded and the total moles of CH4 converted, it was calculated that each 

ZnCl2 molecule had converted 2.6 CH4 molecules without deactivation. In fact, as the ZnCl2 

in the evaporation zone did not fully vaporize, it is likely that a large portion of ZnCl2 never 

entered the hot reaction zone, thus the true number of CH4 molecules converted by each 

ZnCl2 molecule could be much higher than 2.6. These results also suggested that the 

potential side reaction – ZnCl2 reduction by CH4 – was not significant, if any, under the 

reaction condition, otherwise a decrease of CH4 conversion due to ZnCl2 consumption 

should take place. These results clearly suggest that ZnCl2 is a stable catalyst for CH4 

pyrolysis.    
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Figure 3.7 CH4 conversion and H2 selectivity in a reflux reactor. The bottom, middle and top part of the 
reflux reactor was kept at 650 °C, 950 °C and 400 °C, respectively. 2 sccm Ar and 10 sccm CH4 was fed into 
the bottom of the reactor directly. The estimated residence time was 15 s.  

 

3.4.4. Carbon characterization 

The solid carbon generated by pyrolysis in both the T reactor and the reflux reactor was 

mostly on the reactor wall in the form of large pieces sticking to the quartz.  It was collected 

without any further treatment after stop reaction. SEM showed that the morphology of the 

carbon collected was layered structure (Fig.3.8). Surprisingly, the residue ZnCl2 in was 

below the detection limit of EDS (< 0.1 atom%). This was potentially due to that the 

temperature of the pyrolysis zone where the carbon was collected was always higher than 

the boiling point of ZnCl2, and there was no know strong interaction between solid carbon 

and ZnCl2, so ZnCl2 remained in the gas phase and did not contaminate the solid carbon. 

This confirmed the hypothesis that ZnCl2 could be separated from carbon more easily than 

other previous catalysts candidates such as Ni-Bi alloy, simple alkali halide salts and MnCl2-

KCl eutectic and produce cleaner carbon.90, 96, 212  
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Figure 3.8 SEM images of carbon collected from the T-shape reactor wall after CH4 pyrolysis.  

 

3.5. Conclusions 

ZnCl2, as a low-cost Lewis acidic salt, is an active vapor phase catalyst for CH4 pyrolysis 

with an apparent activation energy of 228 kJ/mol and increasing ZnCl2 concentration would 

enhance the overall CH4 pyrolysis rate. Unlike conventional solid catalysts, ZnCl2 does not 

deactivate as solid carbon forms and a stable 28 % CH4 conversion was maintained for over 

50 hours in a reflux reactor at 950 oC with 15 seconds residence time. Intermediates such as 

C2 hydrocarbons, benzene and polycyclic aromatic compounds were detected. The solid 

carbon formed in catalytic CH4 pyrolysis using ZnCl2 is clean. ZnCl2 catalyzed CH4 

pyrolysis is sensitive to H2 partial pressure, and the overall pyrolysis rate decreases 

significantly with increasing H2 concentration. These results suggest that ZnCl2 is a 

prospective catalyst for activating CH4 thanks to its low cost, high activity and stability. 

Future researches coupling ZnCl2 as a CH4 activation catalyst with other C-C bond 

formation catalysts could potentially overcome pseudo-equilibrium limitations and achieve 

high CH4 conversion in a single pass.       



 
69 

4. Pathways for C-C Bond Formation in CH4 Pyrolysis  

This chapter is adapted in part from Zeng, J., Tarazkar, M., Palmer, C., Gordon, M. J., 

Metiu, H., & McFarland, E. W. Pathways for C-C Bond Formation in CH4 Pyrolysis on Cu 

and Ni. Submitted.  

 

4.1. Abstract  

Methane pyrolysis on solid catalysts begins with C-H bond dissociation.  In the formation 

of solid carbon, the initial C-C bond formation is thought to occur on/in the surface of most 

transition metal catalysts, not in the gas phase. This has been shown to be true for Ni 

surfaces.  In CH4-D2 exchange reactions on polycrystalline Ni, CD4 is the major product 

observed, which is consistent with surface mediated dehydrogenation.  However, on Cu 

surfaces, CH3D is the dominant exchange product observed, suggesting that deep 

dehydrogenation is unfavorable.  Further, in a methane flow cell reactor, the carbon density 

and crystal size of the graphene formed from pyrolysis on Cu surfaces depends on the 

distance downstream in the flow field; whereas, no such dependence is observed for Ni. 

Density functional theory calculations support an entropically favorable pathway, whereby, 

on Cu after dissociative chemisorption of methane, the surface adsorbed CH3 desorbs rather 

than undergoing further dehydrogenation; on Ni complete, dehydrogenation is favorable.  

Reactive methyl radicals from Cu surfaces would participate in gas phase pyrolysis upon 

desorption, forming the initial C-C bond in the gas phase with subsequent re-adsorption and 

surface modification of gas phase generated oligomers. In CH4-D2 exchange in high 

temperature liquid bubble columns, CH3D is the dominant exchange product observed for all 

four systems studied: Ni-Bi alloy, Sn, MnCl2-KCl eutectic, KCl. However, the CH4 
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conversion for exchange reaction and the deuteration extent is higher in Ni-Bi and MnCl2-

KCl. The selectivity to C2 hydrocarbons and benzene is also lower in these two systems.    

 

4.2. Introduction  

Low cost and abundant methane has long been examined as a feedstock for chemical 

products.224, 231 Non-oxidative conversion of CH4 has received considerable attention in 

recent years, including non-oxidative coupling,73, 225, 232-233 dehydro-aromatization,234-236 

complete dehydrogenation for H2 production,90, 206, 230, 237-238 and for solid carbon 

synthesis.239-242  Since methane is extremely stable, high temperatures (>973 K) are 

generally required for non-oxidative chemistry, even with the use of a catalyst. For example, 

dehydro-aromatization of CH4 on Mo-zeolite-based catalysts is operated at approximately 

973 K,234-236 and complete dehydrogenation of CH4 in catalytic molten Ni-Bi alloys was 

operated above 1273 K.90   On copper, producing graphene from methane typically requires 

temperatures at or above 1273K. 241-243 

The products of non-oxidative methane reactions come from combinations of C-H bond 

cleavage and C-C bond formation.  Ni is one of the most widely used catalysts for methane 

activation, and reactions of methane on Ni surfaces have been exhaustively studied.63, 206, 230, 

244 Some key findings include: (1) Ni is one of the most active transition metal catalysts for 

complete methane decomposition with an apparent activation energy reportedly between 27 

and 88 kJ/mol;160 (2) carbon is soluble in solid Ni and will precipitate out as graphite after 

reaching saturation, and (3) various forms of solid carbon, including filaments, nanotubes 

and graphene layers can be produced on Ni through methane decomposition. Copper has 

also been studied as a catalyst for methane pyrolysis, especially with the aim of producing 

carbon materials such as graphene.241-243, 245 Compared to Ni, Cu is much less active for 
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methane activation (Ea = 337 kJ/mol for Cu(100)),206 and the solubility of carbon in Cu is 

three orders of magnitude lower than in Ni.246  

For the synthesis of graphene, Mechanism A in Fig.4.1, featuring a non-desorptive 

surface or bulk carbon growth process, is generally invoked to describe chemical vapor 

deposition (CVD) of graphene on Ni or Cu from CH4 decomposition.63, 220, 245, 247-249  On Ni, 

CH4 undergoes complete dehydrogenation, yielding single C atoms that dissolve into Ni and 

re-precipitate out as graphitic carbon layers.63, 249 This process makes it difficult to control 

the number of layers of graphene on Ni. However, carbon is much less soluble in Cu; as 

such, Cu is widely used to grow single layer graphene.245, 248  Theory and simulations have 

been applied to understand the mechanism of graphene nucleation and growth on Cu 

surfaces.247-252 However, most of these mechanistic studies assume that the nucleation and 

growth of graphene proceeds by Mechanism A with initial C-C bonds formed on the surface.  

Under Mechanism A, surface or bulk diffusion and reaction are usually examined with 

internal energy (or enthalpy) changes along the reaction pathway with surface C-H bond 

cleavage and C-C bond formation enthalpies calculated to suggest the most probable 

reaction pathways.220, 245, 247-249, 251-252 In the general pathway, CH4 activation and carbon 

formation are treated as pure surface phenomena, and moreover, widely used in 

heterogeneous catalysis investigations of methane.  
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Figure 4.1 Schematic diagrams of two proposed mechanisms for methane decomposition on metal 
surfaces. 

 

However, recent studies have shown that C atoms are not stable on Cu, and sequential 

dehydrogenation of CH4 on Cu is thermodynamically less favorable than on Ni, which is 

inconsistent with Mechanism A, suggesting that alternative pathways of CH4 activation and 

C-C bond formation might exist. 252-254  An alternative pathway for catalytic methane 

conversion that gives rise to gas phase reactive methyl radicals desorbed from reactive 

surfaces was proposed by Lunsford based on work in doped MgO.255  More recently, Bao 

invoked ejection of methyl radicals from Fe-doped silica at high temperature (1363 K). 73 

These desorbed radicals can subsequently undergo complex reactions in the gas phase and 

produce multiple products including ethylene, benzene, toluene, naphthalene and coke, 

providing an alternative pathway for C-C bond formation. In fact, at such high temperatures, 

desorption of chemical species becomes increasingly favorable due to the entropy factor. 

Nonetheless, this desorption-involved pathway is much less studied in heterogeneous 

catalysis for CH4 compared with surface diffusion and/or reaction pathways, especially in 

graphene growth mechanism studies.  
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In addition, unravelling the C-C bond formation pathway on different catalysts surfaces 

could also help us to deepen our understanding on the cause of pseudo-equilibrium 

limitations in CH4 pyrolysis. As mentioned in previous chapters, low CH4 pyrolysis rate 

under high H2 partial pressure is a great practical challenge for the commercialization of 

CH4 pyrolysis. Such pseudo-equilibrium limitations were observed in some systems such as 

ZnCl2 vapor, molten Sn, molten KCl and non-catalytic homogeneous CH4 pyrolysis, but not 

in systems such as solid Ni, molten Ni-Bi alloy and molten MnCl2-KCl eutectic.90, 96, 149, 212 

The fundamental difference between these systems in elementary steps along the reaction 

pathway is not known between these systems.  

In this work, we examine an alternative pathway (Mechanism B, Fig.4.1), for methane 

pyrolysis on nickel and copper.  CH4  dissociative chemisorption generates adsorbed *CH3 

and H*.  In mechanism A, the bond between the *CH3 adsorbate and substrate is strong, and 

desorption of *CH3 is unfavorable; whereas, in mechanism B at high temperature, a weaker 

bond with the substrate and an entropic advantage at high temperature might favor *CH3 

desorption to the gas phase where radical chemistry will occur, leading to initial C-C bond 

formation and oligomerization in the gas phase.  Oligomers formed in the gas phase may re-

deposit onto the catalyst surface and further react to grow solid carbon.    

 

4.3. Materials and Methods 

4.3.1. Materials  

Ni foil (0.127 mm thick, annealed, 99+%) and Cu foil (0.127mm thick, annealed, 99.9%) 

purchased from Alfa Aesar were used for graphene growth. Ni powder (<150 μm, 99.99% 

trace metal basis), Cu powder (<150 μm, 99%) and silica gel (high purity grade (Davisil 
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Grade 62), 60-200 mesh) purchased from Sigma Aldrich were used for CH4-D2 exchange 

experiments. Nickel powder (99.99% trace metal basis), bismuth shot (99.9% trace metal 

basis), manganese chloride beads (98%) and potassium chloride (>99%, Redi-Dri, 

anhydrous, ACS reagent) were purchased from Sigma Aldrich. All gases (methane, argon, 

hydrogen, deuterium) with ultra-high purity were purchased from Airgas.  

4.3.2. CH4-D2 exchange reaction on Cu and Ni 

CH4-D2 exchange experiments were carried out in a fixed bed reactor: 0.6 g silica and 0.6 

g metal powder, physically mixed and ground together, were packed in a quartz tube (4mm 

ID). The quartz reactor was placed in an electric heated furnace and heated up to 500 oC 

under 20 sccm H2 flow for 30 min. The reactor was then cooled down to 250 oC in Ar flow 

before introducing the reactant gas mixture (4 sccm CH4 and 16 sccm D2). Ar was then 

turned off and the temperature was raised to initiate the reaction. Another stream of 20 sccm 

Ar was introduced at the outlet of the reactor as a reference during reaction. The outlet of the 

reactor was connected to a SRS RGA 200 mass spectrometer for product analysis.    

4.3.3. Graphene growth and characterization  

Metal foils were cut into 6cm x 3mm pieces and cleaned with DI water and acetone 

before use. A piece of metal foil was placed in a 4mm ID quartz tube in a split tube furnace, 

heated up to 1000 oC in 50 sccm H2 flow with a 30 min soak. CH4, Ar and H2 were then pre-

mixed to the desired ratio and introduced to the reactor for 30 min for graphene growth. The 

furnace was opened to allow fast cooling after graphene growth, and the CH4 and H2 flow 

were turned off. Raman spectroscopy (Horiba Jobin Yvon LabRAM Aramis) with a 633nm 

laser was used to directly characterize the graphene grown on metal foils. 
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4.3.4. Computational Methods 

Methane dissociation followed by further dehydrogenation or desorption of methyl group 

was studied on Cu (111) and Ni (111) slabs, melted and frozen after long molecular 

dynamics (MD) simulations. We first make the crystal structure of Cu(111) and Ni(111) and 

initiate the MD simulations at high temperature (1300 K and 1900 K, respectively). We then 

selected a configuration from an MD simulation that has run for 12 ps, we freeze the bottom 

80% of the slab and optimized the atomic positions of the metal atoms in the remaining 

20%. This creates a “glassy” solid surface. We then placed the dissociated species (*H and 

*CH3, *H and *CH2, or *CH2) on different sites on the surface and minimized the energy. 

Binding energies for different configurations were calculated and the results were within 

5%.  Here, we report the reaction energies for the most stable configurations.  

The surfaces of Cu and Ni were simulated with a five-layer and four-layer slab, 

respectively. The energies were calculated using density functional theory (DFT) 

implemented in VASP 192-194, 256. PBE was used as the exchange-correlation function196.  

The van der Waals interactions were calculated by the method of Grimme et al257.  The 

calculations used the projector augmented-wave (PAW) method198-199 and treated explicitly 

ten valence electrons for Ni atoms, eleven valence electrons for Cu, four valence electrons 

for C, and one valence electron for H atoms. The remaining electrons in the atoms were 

treated with the frozen core approximation. The spin charge density difference on Ni atoms 

ranged between 0.70 to 0.75 e. No net spin on Cu, C, and H atoms was observed. The 

calculations utilized a 2×2 Monkhorst–Pack k-point grid and employed a plane-wave basis 

with 400 eV energy cutoff. For the bulk calculations, we used a plane wave basis set with 

500 eV energy cutoff, and a 13 × 13× 13 Monkhorst–Pack k-point grid. 
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We calculated the energy of various reactions to predict possible pathways for methane 

dissociation on Ni and Cu slabs.  The adsorption energy of the methane molecule on Ni 

and/or Cu slab (Eadsorption) is calculated as energy differences; for example, the energy cost of 

methane dissociation on Ni, ∆E*CH3*H, is given by equiation: 

                                        ∆E*CH3*H = E*CH3*H/Ni – ENi  – ECH4 (g)                                                   

where E*CH3*H/Ni is the total energy of dissociated methane on the Ni slab, ECH4 is the 

energy of the methane molecule in the gas phase, and ENi is the energy of the Ni slab.  

The energies of the gas phase molecules (CH4 and H2) are calculated as follows.258 The 

center of mass of the molecule is fixed, while the molecule can rotate and vibrate. Thus, the 

calculations contain the electronic, classical vibrational, and classical rotational energy of 

the molecule in vacuum. Therefore, the translational energy (3/2 kBT where kB is Boltzmann 

constant) is added to the energy of the gas molecule.  

 The entropy of the reactions was calculated to estimate the reaction Gibbs free energy 

∆G, at 1300 K. To estimate the entropy of an adsorbate on Cu or Ni, we froze all metal 

atoms and let the adsorbates relax. The harmonic approximation was used to estimate the 

vibrational rotational entropy.  Configurational entropy was calculated using a lattice gas 

model44,45.  We assumed a surface coverage of  = 0.1.  In the reactions that we study here, 

metal is present in both the reactant and product side, and we assume that the entropy of the 

solid is negligible. The entropy of the gas phase molecules was taken from the NIST web 

site (http://kinetics.nist.gov/janaf/).  

4.3.5. CH4-D2 exchange reaction in liquid bubble columns 

CH4-D2 exchange experiments were carried out in 4 liquid bubble columns: 20 mol % Ni 

– 80 mol % Bi alloy, Sn, 50 mol % MnCl2- 50 mol % KCl eutectic and pure KCl. 24 mm 

diameter, 30 cm long quartz reactors were used for these reactions. All liquid bubble 
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columns were 15 cm in height. The quartz reactors were placed in an electric heated furnace 

and heated up to 800 oC under 20 sccm H2 flow for 30 min to melt solids and reduce oxides. 

The MnCl2-KCl eutectic was treated with dry HCl after being melted to remove hydroxides 

and oxides. The reactant gas mixture (5 sccm CH4 and 20 sccm D2) was introduced to the 

bottom of the liquid using a quartz tube (3 mm diameter) and 50 sccm Ar was introduced 

above the liquid surface as a sweeping gas. The outlet of the reactor was connected to a SRS 

RGA 200 mass spectrometer for product analysis.    

 

4.3.6. Intermediates in CH4 pyrolysis in liquid bubble columns 

The selectivity to C2 hydrocarbons (ethane, ethylene and acetylene) and benzene of CH4 

pyrolysis in the above mentioned four bubble columns were measured using the same 

experimental system. 20 sccm CH4 was directly fed into the bottom of the bubble column 

and 50 sccm Ar was used as a surface sweeping gas. The temperature of the bubble column 

was kept at 1050 oC, and the effluent gas was analyzed using a SRS RGA 200 mass 

spectrometer and a gas chromatography with a Molesieve 5A column and a flame ionization 

detector. 

 

4.4. Results and Discussion 

4.4.1. CH4-D2 exchange on Ni and Cu 

Fig.4.2 shows the isotopic composition of the products measured for CH4-D2 exchange 

over the Ni and Cu catalysts.  The distribution of deuterated species of CH4 can be used to 

indicate how many steps of dehydrogenation happen on the catalysts surface before 

desorption takes place.65, 244 If more than one H is stripped from CH4 after dissociative 
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chemisorption on the catalyst surface to form CHx(ads) (x < 3) as Mechanism A suggests, 

multi-deuterated CHxD4-x (x < 3) will form as a result of deuteration of CHx from the 

population of surface deuterium, even at low CH4 conversion. If the barrier to C-H bond 

dissociation of the surface absorbed methyl is high, the methyl will be deuterated and 

desorb, yielding CH3D as the dominant intermediate, and CHxD4-x (x < 3) will only appear as 

subsequent exchange products of CH3D at higher CH4 conversion.  Due to the intrinsic 

difference in activity for dissociative chemisorption of both D2 and CH4 between Ni and Cu, 

the CH4-D2 exchange reaction will take place at different temperatures on these two 

catalysts. 

 

Figure 4.2 Product distribution of CH4-D2 exchange reaction on (a) Ni and (b) Cu catalyst. The reaction 
temperature range was 300-400 oC for Ni and 850-1025 oC for Cu. Flowrates FCH4 = 4 sccm and FD2 = 16 
sccm. Total catalyst surface area = 0.16 m2, residence time = 0.3s for Ni and 0.18 s for Cu.     

 

Fig.4.2a shows that CD4 is a major product of CH4-D2 exchange on the Ni surface, 

consistent with the multi-step dehydrogenation suggested by Mechanism A.  In contrast, 

Fig.4.2b shows that on Cu, CH3D is the only product observed at low (<10%) CH4 

conversion, and CHxD4-x (x < 3) only appears at higher conversion as subsequent exchange 

products from CH3D dissociative chemisorption.  This observation is consistent with the 

presence of a significant barrier to further surface dehydrogenation of chemisorbed methyls, 
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which is consistent with Mechanism B. These observations are also in good agreement with 

previous reports that Ni promotes complete dehydrogenation of CH4 and gives rise to CD4 in 

exchange reactions, and that alloying Ni with Cu shifts the product distribution towards less 

deuterated products, which was explained by the geometric dilution of Ni in Ni-Cu alloy.259  

 

4.4.2 Graphene growth on Ni and Cu 

Fig.4.3 shows Raman spectra of graphene deposited from CH4 decomposition at different 

locations along the gas flow direction on the metal foils in the flow reactor. The abscissa in 

Fig.4.3c is the distance between the upstream end of the foil in the gas flow field and the 

position at which the spectra were obtained. It can be seen clearly that the graphene on Ni 

shows uniformly strong G band (1580 cm-1) and low D band (1350 cm-1) intensity along gas 

flow direction (Fig.4.3a). In contrast, the graphene on Cu shows a much stronger D band 

peak, and the intensity ratio of the D and G band peaks (ID/IG) changes along the gas flow 

direction (Fig.4.3b). ID/IG in Raman spectra of graphene is used as a measurement of the 

crystallite size of graphene (La), and the following equation can be used to calculate La from 

ID/IG and the wavelength of excitation laser (λ, in eV)260:  
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Figure 4.3 Typical Raman spectra of graphene grown on 6 cm (a) Ni and (b) Cu foils at different 
locations along gas flow direction and (c) the average ID/IG value versus position. The gas flow velocity was 
25 cm/s, PCH4 =30 torr, PAr=730 torr, T = 1273 K, growth time =30 min.    

 

  Under the same gas velocity, La values trend differently on Ni and Cu along the gas 

flow direction. On Ni, ID/IG is low and uniform along the foil, indicating uniformly large La 

(~700 nm). On Cu, however, ID/IG is larger and increases along gas flow direction under 

same gas velocity, indicating a much smaller La (~60 nm) that decreases along gas flow 

direction (Fig. 4.3c). These differences between Ni and Cu suggest that the graphene growth 

mechanism on Ni is type A, as the growth of graphene takes place on/in the Ni substrate, 

and it is independent of the growth position on Ni. In contrast, the type B mechanism is 

likely to happen on a Cu surface. After initial dehydrogenation of CH4, CH3 desorbs from 

the Cu surface and undergoes complex radical chemistry in that gas phase to form initial C-

C bonds. These gaseous precursor molecules of graphene are then carried downstream by 

the flow and re-adsorb on Cu, resulting in higher nucleation density and thus smaller crystal 

size downstream.      

Decreasing the gas velocity for the Cu surface leads to reduction in crystallite size of 

graphene and less difference between upstream and downstream positions (Fig. 4.4a). This 

is because under lower horizontal gas velocity, the residence time of gas is longer and there 

is a higher chance of gaseous graphene precursor molecule re-adsorption, which leads to 
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higher nucleation density and smaller crystallite size overall. The difference between 

upstream and downstream is also minimized, as the horizontal velocity of gas molecules 

slows down, which is consistent with the prediction of Mechanism B. 

 

Figure 4.4 (a) Average crystal size (La) of graphene grown on 6cm Cu foils under different gas flow 
velocity conditions. PCH4 =30 torr, PAr=730 torr. (b) Average crystal size (La) of graphene grown on 6cm Cu 

foils under different hydrogen partial pressure. Gas flow velocity = 25 cm/s, PCH4 =30 torr. For both (a) and 
(b), T = 1273 K, growth time =30 min.    

 

The influence of H2 on the initial C-C bond formation during CH4 pyrolysis on Cu was 

also investigated, as H2 is widely used as a co-feed inlet gas in graphene synthesis, even 

though it is a reaction product itself.220, 241-243, 245 Co-feeding H2 with CH4 under the same 

gas velocity conditions effectively eliminates the position-dependent crystal size trend, and 

the average crystal size of graphene at downstream positions was increased, as shown in Fig. 

4.4b. This is consistent with other reports,261 and it could be interpreted by both type A and 

B mechanisms. In the presence of H2 at high temperature, gaseous hydrocarbon molecules 

hydrocrack and form CH4, resulting in large reduction in gaseous nuclei precursor 

concentration and nucleation density, thus increasing the crystal size of graphene. In the 

meantime, it is believed that surface adsorbed H atoms could be catalytic and leads to H 

abstraction (CHx(ads) + H(ads) → CHx-1(ads) + H2).261-262 The latter would further inhibit the 
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type B mechanism and make the type A mechanism more likely, which results in a more 

uniform crystal size distribution along the gas flow direction.        

 

4.4.3. Methyl radical desorption vs. subsequent dehydrogenation 

To further understand the thermodynamic driving force of both mechanisms, DFT 

calculations were used to obtain the internal energies (∆E) and Gibbs free energies (∆G) of 

reactions occurring on Cu and Ni.  We have investigated the methane dissociative 

adsorption (MDI),   

,           

the subsequent dehydrogenation of the adsorbed methyl (SDH), 

 ,         

the desorption of methyl (DEM), 

         

and the H-abstraction induced H2 formation and desorption (HAB),  

         

In all reactions, a star preceding the chemical symbol indicates that the species is bound 

to the surface.   

The reaction energies (∆E) and the reaction Gibbs free energies (∆G) for the reactions 1- 

4 are given in Fig.4.5. Our calculations suggest entropy plays a significant role in 

determining which reaction is more favorable. As shown in Fig.4.5, once the first C-H bond 

of methane is dissociated, if the surface of Ni is not pre-occupied with adsorbed H atoms, 

the ∆GSDH is -0.26 eV, while ∆GDEM is calculated to be +0.47 eV, indicating that subsequent 
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dehydrogenation (type A mechanism) is thermodynamically more favorable than CH3 

desorption (type B mechanism) on Ni. Analysis of ∆E on Ni predicts the same mechanism 

after the first C-H bond dissociation of methane, as ∆ESDH=-0.15 eV < ∆EDEM=+2.63 eV 

(Fig.4.5d). Introducing H into the system does not change reaction pathway preference, as 

subsequent dehydrogenation is still the most favorable reaction. 

 

 

Figure 4.5. Gibbs free energies for the first C—H bond dissociation of methane (green), subsequent 

dehydrogenation of methane to make 2*H+*CH2 (pink), desorption of methyl group to the gas phase (grey), 
and hydrogen abstraction reaction (orange) on (a) Cu and (b) Ni. In parallel, the reaction energies for the 
first C—H bond dissociation of methane (green), subsequent dehydrogenation of methane to make 
2*H+*CH2 (magenta), desorption of methyl group to the gas phase (black), and the hydrogen abstraction 

reaction (red) on (c) Cu and (d) Ni is shown.   
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In contrast, results of the calculations predict a different pathway for Cu. After initial C-H 

bond dissociation, ∆GSDH is calculated to be +0.67 eV, whereas ∆GDES is -0.41 eV 

(Fig.4.5a), indicating that CH3 desorption (type B mechanism) is thermodynamically more 

favorable than subsequent dehydrogenation (type A mechanism). However, as shown in 

Fig.4.5c, analysis of ∆E alone on Cu shows ∆ESDH=+0.44 eV < ∆EDEM=+1.62 eV, 

suggesting subsequent dehydrogenation is more favorable than CH3 desorption, which is 

completely different from the trend suggested by the ∆G analysis and experiment. These 

results demonstrate that entropy, a commonly ignored parameter in theoretical calculations, 

plays a significant role in determining the thermodynamically preferred pathway of high 

temperature reactions.  

Introducing hydrogen onto the Cu surface changes the pathway preference. As shown in 

Fig. 4.5a, the H abstraction reaction on Cu is also thermodynamically favorable (∆GHAB = -

0.17 eV) compared to subsequent dehydrogenation of CH3(ads). In addition, ∆GHAB is 

comparable with ∆GDEM, and ∆EHAB < ∆EDEM, making it hard to predict which reaction is 

kinetically more favorable.  These observations suggest that the presence of surfaced 

adsorbed H atoms might be necessary for the type A mechanism to take place on Cu, which 

is consistent with our experimental observations. It is worth mentioning that the ∆G analysis 

only shows thermodynamic instead of kinetic pathway preference; whereas, ∆E analysis 

could partially reflect a kinetic preference in many cases due to the Bell–Evans–Polanyi 

principle. However, in the case of CH4 dissociation on Cu, since the activation barrier is 

high for all kinetic pathways (>0.9 eV),263 thermodynamic preference becomes important 

and ∆G analysis is necessary. 
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4.4.4. CH4-D2 exchange in high temperature liquids 

In addition to solid Ni and Cu surfaces, the role of high temperature liquid surfaces in 

CH4 pyrolysis reactions is also of interest. CH4-D2 exchange reactions in 4 liquid bubble 

columns were investigated: 20 mol % Ni – 80 mol % Bi alloy, Sn, 50 mol % MnCl2- 50 mol 

% KCl eutectic and pure KCl. Ni-Bi alloy and MnCl2-KCl eutectic are two active catalysts 

reported not limited by pseudo-equilibrium, whereas Sn and KCl are two relatively inert 

liquid media with pseudo-equilibrium limitations.90, 96, 212 Understanding their difference in 

CH4 activation using CH4-D2 exchange as a probe reaction is of interest. Fig.4.6 shows the 

exchange conversion at different temperatures in these bubble columns. The two active 

pyrolysis catalysts, Ni-Bi and MnCl2-KCl were also more active in catalyzing the exchange 

reactions than the inert Sn and KCl. Under the same temperature, the CH4 conversion in Ni-

Bi and MnCl2-KCl was generally 10~15% higher than that of Sn and KCl.     

 

Figure 4.6 CH4 conversion in CH4-D2 exchange reaction in 4 bubble columns. The reactant gas was 5 

sccm CH4 and 20 sccm D2, and 50 sccm Ar was used as a sweeping gas above the liquid surface. All 4 liquid 
columns were 15 cm in height and the residence time of reactant gas mixture in the liquid bubble columns 
(bubble rising time) was ~ 0.5 s. 

 

    Fig.4.7 shows the distribution of deuterated products in these four bubble columns. 

Surprisingly, the distribution patterns were similar for all 4 media despite their difference in 
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activity. CH3D is the only product observed at low (<10%) CH4 conversion, and CHxD4-x (x 

< 3) only appears at higher conversions. This pattern was similar to the pattern on Cu and 

different from the pattern on Ni, indicating that C atom formation from rapid 

dehydrogenation did not take place in any of these four systems, and desorption of 

intermediates such as methyl radicals was likely to occur in these systems. However, at the 

same temperature, the CH4 conversion of the exchange reaction and the extent of deuteration 

were higher in the two active systems (Ni-Bi and MnCl2-KCl), which means more C-H 

bonds were broken in these two systems than the two inert systems under the same 

temperature.     

 

Figure 4.7 Distribution of deuterated products of CH4-D2 exchange reaction in liquid bubble columns 
at different CH4 conversions.  
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4.4.5. Intermediates in CH4 pyrolysis in high temperature liquids 

As described above, if the bond between the carbon in a methyl group and the catalyst 

surface is not strong, desorption of methyl radicals from a catalyst surface might take place 

and C-C bonds could form in the gas phase. Even if C-C bonds form on the catalyst surface, 

as long as the dehydrogenation is not complete, these surface hydrocarbon oligomers can 

still desorb at high temperatures. To test this hypothesis, the selectivity to C2 hydrocarbons 

(ethane, ethylene and acetylene) and benzene of CH4 pyrolysis in molten Ni-Bi, Sn, MnCl2-

KCl and KCl was measured, and the results are shown in Fig.4.8.    

 

Figure 4.8 Selectivity to C2 hydrocarbons and benzene of CH4 pyrolysis in liquid bubble columns at 
1050 oC. 20 sccm CH4 reactant gas was fed directly into the bottom of the liquid and 50 sccm of Ar was used 

as a surface sweeping gas. The height of the liquid bubble columns were 15 cm and the residence time of 
reactant gas (bubble rising time) was ~ 0.5 s.  

 

Here the selectivity was calculated on a H atom basis: 

 

Unlike the results in CH4-D2 exchange experiments, the differences in selectivity to 

intermediates between these four systems were significant. In the two inert systems, Sn and 

KCl, where pseudo-equilibrium was observed, the selectivity to intermediates was high. C2 
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selectivity in Sn and KCl was 7.3% and 11.2%, respectively, and benzene selectivity was 

4.5% and 4.0% respectively. Such selectivity was similar to that of ZnCl2 in Chapter 2 

(9.2% C2 selectivity and 5.1% benzene selectivity at 1000 oC with ~2 s residence time). In 

comparison, selectivity to these intermediates in Ni-Bi was much lower: 3.8% C2 selectivity 

and 1.4% benzene selectivity. In MnCl2-KCl, the selectivity was even lower: both C2 and 

benzene selectivity was lower than 0.1%.  

There are two potential hypotheses to explain the differences is selectivity to 

intermediates between these systems: 

(1) The reaction pathway bypasses the formation of intermediates in the low-selectivity 

systems. One example for this hypothesis is solid Ni, on which complete 

dehydrogenation of CH4 to C atom is known to take place. Under such 

circumstances, no hydrocarbon intermediates will form. Instead, solid carbon 

directly forms by the C-C bond formation between C atoms. For molten Ni-Bi and 

MnCl2-KCl, although the CH4-D2 exchange experiment suggests that C atom 

formation is not likely, the bond between partially dehydrogenated CHx and liquid 

catalyst surface can still be relatively strong and C-C bond formation between 

adjacent CHx species takes place to form surface adsorbed oligomer species. These 

oligomers stay on the surface for subsequent dehydrogenation and C-C bond 

formation to form thermodynamically stable products such as solid graphitic carbon. 

The dehydrogenation degree of these surface oligomers might be deep enough so 

that little desorption happens and thus the selectivity to intermediates desorbed into 

gas phase is low.     

(2) Partially dehydrogenated intermediates still form in the low selectivity systems, but 

these systems also happen to be active for catalyzing the dehydrogenation of these 
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intermediates. For example, according to the unpublished results from our research 

group, Ni-Bi is also active for catalyzing benzene dehydrogenation to form hydrogen 

and solid carbon whereas KCl is not. Therefore, it is likely that in low-selectivity 

systems such as NiBi, formation of incompletely dehydrogenated intermediates and 

their desorption still take place, but the dehydrogenation of these species is also 

catalyzed by the same CH4 activation catalyst subsequently, leading to a low 

intermediates selectivity observed. As of today, it is not conclusive whether a CH4 

activation catalyst is necessarily also active for catalyzing other hydrocarbon 

dehydrogenation and C-C bond formation reactions. Therefore, further investigations 

on the correlation between CH4 activation and the dehydrogenation of other 

hydrocarbons are needed to test this hypothesis.       

Coincidentally, pseudo-equilibrium limitation was observed in the 3 systems with high 

selectivity to intermediates (Sn, KCl, ZnCl2), but not in the 2 systems with low selectivity to 

intermediates (Ni-Bi, MnCl2-KCl). One hypothetical explanation on this correlation is that 

in high intermediates selectivity systems, the observed high CH4 pyrolysis reaction rate 

under low hydrogen partial pressure is largely because these intermediates are catalytically 

active (as discussed in section 1.2.2.1) and lead to autocatalysis. Under high PH2, however, 

these intermediates hydrocrack back to CH4 and no longer play a role in activating CH4 

molecules, hence the observed CH4 pyrolysis rate without contribution from these active 

intermediates is very low. In contrast, in low selectivity systems, multiple elementary steps 

might take place on the heterogeneous surfaces, including CH4 activation, C-C bond 

formation between C species adsorbed on adjacent sites (monomers or oligomers, fully or 

partially dehydrogenated), C-C bond stabilization by aromatization/graphitization, 

nucleation to form a new phase, etc. It is likely that many of these steps, in addition to the 
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activation of CH4, are accelerated by the heterogeneous surfaces. Therefore, even the 

contribution of autocatalysis is eliminated at high PH2, these surface reactions still take place 

and the overall CH4 pyrolysis can still proceed towards the true thermodynamic equilibrium.   

 

4.5. Conclusions 

Methane pyrolysis produces molecular hydrogen and solid carbon products. Two distinct 

pathways for the initial C-C bond formation are possible in the formation of solid carbon 

oligomers on metal catalysts. Previous work and the experiments and calculations presented 

herein support a pathway whereby dissociative chemisorption, followed by sequential 

surface dehydrogenations (Mechanism A), results in complete dehydrogenation of CH4 and 

solid carbon formation on solid Ni surfaces. On Cu surfaces at high temperature, the isotope 

exchange results, and the spatial dependence of the carbon isoforms found in a flow field, 

support a pathway whereby surface mediated dissociative chemisorption of methane 

produces desorbing methyl radicals that facilitate gas phase reaction pathways, leading to C-

C bond formation (Mechanism B). At high temperatures, the entropic advantage of 

desorption makes possible this alternative pathway.   

Whereas CH4 is completely dehydrogenated on Ni and only minimally on Cu, there 

might also be catalysts on which the degree of dehydrogenation to *CHx lies between these 

two extremes, possibly resulting in different final carbon isoforms. Future studies on high 

temperature non-oxidative catalytic methane pyrolysis should take into consideration 

entropy-driven surface species desorption and gas phase reactions in addition to mere 

surface reactions.  

In the 4 liquid systems studied (Ni-Bi, Sn, MnCl2-KCl, KCl), CH4-D2 exchange was also 

found to follow a sequential exchange pattern similar to that of Cu. However, the two active 
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systems, Ni-Bi and MnCl2-KCl, showed higher conversion for exchange reaction and higher 

deuteration degree than the two inert systems under the same temperature. The selectivity to 

incompletely dehydrogenated intermediates such as C2 hydrocarbons and benzene was also 

lower in Ni-Bi and MnCl2-KCl. These results suggest that the C-C bond formation pathway 

is likely to be different between these two types of systems. The correlation between the 

elementary steps along the CH4 pyrolysis and C-C bond formation pathway and the 

observed overall CH4 pyrolysis rate under different gas partial pressures still needs further 

investigation.  
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5. Catalytic CH4 Pyrolysis with Tungsten Carbide in Molten 

Liquids 

5.1. Abstract 

It is desirable to use a three-phase reactor for CH4 pyrolysis in which the solid packed 

bed activates CH4 and the liquid removes carbon from the catalyst surface constantly to 

prevent deactivation and reactor clogging. Tungsten carbide is a CH4 pyrolysis catalyst that 

deactivates due to surface carbon deposition. When immersed in a bubble column of molten 

KCl or molten Sn, WC was found to remain active for extended periods of time with carbon 

yields exceeding 25 mmol C atom / m2 WC catalyst in molten KCl and 1167 mmol C atom / 

m2 WC catalyst in molten Sn. Using molten KCl the carbon on the coked WC surface could 

be removed , and the activity of WC recovered.  In addition to remaining active, catalytic 

CH4 pyrolysis with WC in molten Sn was not limited by pseudo-equilibrium and CH4 

conversion under high H2 partial pressures was observed. A 71 % CH4 conversion was 

achieved in a 30 cm WC packed bed in 45 cm molten Sn at 1100 oC with a gas residence 

time of approximately 2.5 seconds.  

5.2. Introduction 

There are advantages of using solid catalysts for CH4 pyrolysis.  Most reported solid 

catalysts for CH4 pyrolysis have high activities and conversion is not limited by pseudo-

equilibrium. The disadvantages of solid catalysts include deactivation by surface carbon 

deposition, challenging carbon removal and separation of the catalysts from the carbon, and 

inefficient solid heat transfer at large scale. On the other hand, using a high temperature 

liquid such as molten KCl or Sn could potentially allow efficient heat transfer and easy 
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carbon removal from the reactor despite their low activity. One potential strategy to utilize 

the advantages of both systems is to combine these two systems together with the liquid 

serving to transfer heat and remove the carbon.  A three-phase reactor was developed with a 

packed solid bed immersed in the liquid bubble column (Fig.5.1). The solid catalyst was 

selected to activate CH4 and be unaffected chemically in the high temperature liquid.  The 

liquid-solid interaction was selected to allow controlled contact of the gas with the solid 

catalyst surface.   Bubbling liquid around the solid removes the carbon from the catalyst 

surface as it forms during pyrolysis to maintain the active solid surface. The liquid phase can 

also help to transfer heat into the system and transfer carbon product out to prevent reactor 

clogging.  

 

Figure 5.1 Schematic illustration of a three-phase reactor  

 

There are several factors to be considered when designing such a system: 

(1) The interaction between catalyst and carbon should be weak enough so that carbon 

can be physically removed by the circulating liquid. It is challenging to search the 

catalyst candidates for an appropriate catalyst – carbon interaction because the 

definition of the forming “carbon” is poorly defined ranging from C atoms, partially 

dehydrogenated hydrocarbon, to fully formed solid carbon . For example, Pt is known 
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to interact with C atom and C2 species strongly, but the interaction between graphene 

and Pt is weak. Ni, on the other hand, is known to interact strongly with all these 

species.264-265    

(2) The interaction between the liquid and the solid catalyst needs to be moderate. One 

measurement of the interaction between the solid surface and the liquid is wettability. 

A strong interaction between the liquid and the solid catalyst is helpful for removing 

carbon as the catalyst favors contacting liquid. However, if the interaction is too 

strong, the liquid film forms on the surface of catalyst might prevent CH4 molecules 

from contacting the catalyst surface. Consequently, the catalyst might be deactivated 

by the liquid instead of carbon.  

(3) The interaction between the liquid and solid carbon needs to be moderate. A high 

wettability of liquid on carbon favors the carbon to leave the solid surface and enter 

the liquid phase, but the subsequent separation of carbon from liquid could be 

challenging it the interaction is too strong.  

 

There are very limited reports on such complex three-phase systems for methane 

pyrolysis and the relevant designing principles. Servan et al. have studied methane pyrolysis 

with several solid packed bed materials in molten tin, but their conclusions are questionable 

because they used stainless steel as their reactor, which is known to be an active catalyst for 

methane pyrolysis. In addition, key issues such as material wettability, carbon-catalyst 

separation, carbon removal, etc. were not discussed. 117 Therefore, more exploratory 

investigations are needed. 

Tungsten carbide, WC, has been reported to have similar electronic structure as platinum 

and demonstrate platinum-like catalytic behavior in many reactions such as hydrocarbon 
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conversion, hydrogen oxidation, CO hydrogenation, CO oxidation, etc.266-268 It is also 

known as a catalyst for CH4 activation.269-270 As a carbide, it is already saturated with C 

atoms so it is reasonable to assume the interaction between excess carbon and WC is weak. 

In fact, no strong interactions between WC and carbon species have been reported and thus 

it is likely that the carbon formed on WC surface during CH4 pyrolysis can be removed. In 

addition, the wettability of the two liquid candidates, molten Sn and KCl, on WC is not very 

high. Therefore, WC is potentially a good catalyst candidate for the three-phase system. 

Molten KCl is reported to have a high wettability on graphite among simple alkali halide 

salts. 271 It is also low-cost and highly soluble in water, making it a potential good candidate 

to remove carbon from WC surface and be subsequently separated from solid carbon. The 

separation of carbon from molten Sn in methane pyrolysis has also been reported to be easy, 

and the contamination level of Sn residue in the carbon product is low, making Sn another   

potential good candidate for the three-phase system.117, 238 

In this work, the catalytic performance of catalytic WC immersed in molten KCl and Sn 

is studied. The surface of WC before/after contacting CH4 and before/after being cleaned 

with molten KCl is investigated to understand the feasibility of the surface carbon removal 

concept. Moreover, the performance of WC in molten Sn under high H2 partial pressure is 

also studied to understand its potential in overcoming pseudo-equilibrium limitations and 

achieving high CH4 conversions in a single pass.       
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5.3. Materials and Methods 

5.3.1. Materials 

WC (3mm diameter balls with 6% Co binder) were purchased from MSE Group, LLC. 

KCl (>99%, Redi-Dri, anhydrous, ACS reagent), Sn (99.8%, 3 mm shot), SiO2 (fused 

(granular), 4-20 mesh, 99.9% trace metals basis) were purchased from Sigma Aldrich. All 

gases (methane, argon, hydrogen, deuterium) with ultra-high purity were purchased from 

Airgas.  

5.3.2. CH4 pyrolysis with WC in molten KCl 

20 sccm CH4 was bubbled through a 6 cm WC packed bed immersed in 10 cm molten 

KCl using a quartz inlet tube with a diameter of 3mm at various temperatures in a quartz 

tube reactor with a 2.4 cm inner diameter. 50 sccm Ar was introduced above the liquid 

surface as a sweeping gas. For apparent activation energy measurements for WC without 

liquids, 6 cm WC packed bed was loaded in a quartz reactor with a 1.2 cm inner diameter, 

dilute CH4 (2 sccm CH4 in 20 sccm Ar) was fed into the bottom of the reactor and no 

additional Ar was used. To produce carbon, pyrolysis with 20 sccm CH4 at 950 oC was 

conducted between Ea measurements. The composition of the effluent gas was analyzed 

with an SRS RGA 200 mass spectrometer. 

5.3.3. Coked WC cleaning with molten KCl  

The WC catalysts coked in the previous experiment by CH4 in KCl was cooled down 

and separated from solidified KCl by dissolving KCl with water. Subsequently, these coked 

WC were loaded into another reactor with solid KCl at room temperature, and the 

temperature of the reactor was then raised to 900 oC to melt KCl under Ar after air was 

purged out. 20 sccm Ar bubbling was kept for another 30 minutes before the reactor was 
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cooled down again. De-coked catalysts were separated from solidified KCl by dissolving 

KCl with water. WC catalysts at different stages were characterized using scanning electron 

microscopy (SEM) (Thermo Fisher Apreo C LoVac) and energy-dispersive X-ray 

spectroscopy (EDS). For surface C/W atom ratio measurements, EDS was performed on 5 

spots on each sample with a 100 μm x 100 μm scanning area.  

5.3.4. CH4 pyrolysis with WC in molten Sn  

45 sccm CH4 or CH4/H2 mixture was bubbled through a 6 cm WC packed bed immersed 

in 15 cm molten Sn using a quartz inlet tube with a diameter of 3mm at various temperatures 

in a quartz tube reactor with a 2.4 cm inner diameter. 50 sccm Ar was introduced above the 

liquid surface as a sweeping gas. For Ea measurements, to produce carbon, pyrolysis with 45 

sccm CH4 at 1000 oC was conducted between Ea measurements. For control experiments, 

three systems using the same reactor dimensions were studied: 15 cm molten Sn without any 

solid packing, 6 cm SiO2 pellets packed bed without any liquids, and 18 cm SiO2 pellets 

packed bed immersed in 15 cm Sn (the extra 12 cm SiO2 was above the Sn liquid to hold the 

6 cm packed bed immersed in Sn as the density of SiO2 was lower than Sn). For the high 

conversion experiment, 45 sccm CH4 or CH4/H2 mixture was bubbled through a 30 cm WC 

packed bed immersed in 45 cm molten Sn using a quartz inlet tube with a diameter of 3mm 

at various temperatures in a quartz tube reactor with a 2.4 cm inner diameter. 50 sccm Ar 

was introduced above the liquid surface as a sweeping gas. The composition of the effluent 

gas was analyzed with an SRS RGA 200 mass spectrometer. 

  

https://ucsb.corefacilities.org/equipment/show/350426
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5.4. Results and Discussion 

5.4.1. Catalytic CH4 pyrolysis with WC in molten KCl 

Table.5.1 shows the apparent activation energy (Ea) measured for WC at different stages. 

Fresh WC was active for CH4 pyrolysis with an Ea of 164 kJ/mol, but it deactivated quickly 

as carbon produced from pyrolysis coked its surface. Based on the surface area of the WC 

used and the total moles of CH4 converted, it could be calculated that how much carbon 

atoms were needed to deactivate WC. It can be seen from the table that the reaction rate 

dropped by 80% and Ea increased to 318 kJ/mol after 2.5 mmol C atom was produced on 1 

m2 WC surface. However, when the pyrolysis with WC was conducted in molten KCl, the 

apparent Ea was lower than the deactivated WC even after more than 2.5 mmol C/ m2 WC 

was produced. One possible explanation for such phenomena is that in molten KCl, solid 

carbon deposited on the WC surface was constantly removed by the mechanical force 

applied by the flowing liquid, and the WC surface was never fully covered by solid carbon, 

thus there were always some active sites available for CH4 activation, leading to a lower 

observed Ea than that of the completely deactivated WC. Since the surface carbon was 

constantly removed, no net accumulation occurred and thus the Ea remained low even after 

25 mmol C / m2 WC was produced. The Ea of WC in KCl was higher than that of fresh WC. 

This was likely due to that there were multiple types of sites on the surface of 

polycrystalline WC, and the most active ones, which were typically the least coordinated 

ones such as step sites and kink sites, were likely deactivated by molten KCl and/or carbon. 

Only the less active sites that were not bonded by KCl strongly were responsible for the 

observed CH4 activation. Carbon species produced did not bond to these sites tightly and 

could be constantly removed, hence no further deactivation took place.      
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Table 5.1 Kinetic parameters measured for WC with different moles of C atoms produced. For the fresh 
WC without KCl, dilute CH4 was used (2 sccm CH4 in 20 sccm Ar), whereas in other cases 20 sccm pure 
CH4 was used. Temperature ranged from 800 oC to 950 oC. The residence time was approximately 0.5s in 

the reactor with molten KCl and 3s in the reactor without KCl. 

 

To further test the hypothesis of surface carbon removal, the used WC catalysts in KCl 

was cooled down, separated from KCl by soaking in water and characterized with SEM 

(Fig.5.2). The surface of the WC was not uniformly covered by solid carbon, with some 

regions fully covered (high atom ratio of C to W measured by EDS) and some regions less 

covered. This was consistent with the hypothesis that carbon formed on the WC surface was 

constantly removed by the bubbling liquid.    
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Figure 5.2 SEM photo of WC catalyst after pyrolysis in KCl.  

 

5.4.2. Cleaning coked WC in molten KCl   

There could be two explanations for the partial coverage of WC surface by carbon after 

pyrolysis in molten KCl: (1) carbon was removed from the surface or (2) some regions on 

the surface were always covered by molten KCl and never exposed to CH4 during pyrolysis, 

hence no carbon formed. To test these two hypotheses, the partially coked WC sample was 

cleaned with molten KCl again under Ar, separated from KCl and characterized with SEM. 

For comparison, 3 sample surfaces were characterized with EDS: fresh WC (Sample A), 

WC coked by CH4 in molten KCl (Sample B), and Sample B after the second round of 

molten KCl treatment (Sample C). For each sample, five WC spheres was characterized, and 

the average results are shown in Fig.5.3.  
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Figure 5.3 Average surface atom ratio of carbon to tungsten. Sample A: fresh WC; Sample B: WC 
coked by CH4 in molten KCl; Sample C: Sample B washed in molten KCl under Ar.   

   

The ratio of C to W on the fresh WC surface was 1.2 ± 0.3, consistent with the 

stoichiometry of WC. For sample B, the average C/W ratio was as high as 22.9 ± 12.0 since 

it was a coked sample. The large error range was due to that carbon coverage was not 

uniform. The C/W ratio of sample C was 3.6 ± 0.6, much lower than sample B, suggesting 

carbon removal indeed took place during the extra molten KCl cleaning step. These 

observations are consistent with the hypothesis that carbon produced on WC in molten KCl 

can be removed by KCl. 

To further confirm the surface carbon removal was key to maintaining the activity of 

WC, temperature programmed CH4 pyrolysis reactions were performed on these three 

samples in the absence of molten KCl (Fig.5.4). For the fresh WC (Sample A), the H2 

production rate increased first with increasing temperature, peaked at 2.62 sccm H2, and 

then decreased rapidly as it was deactivated by surface carbon deposition. For Sample B, 

similar H2 production rate pattern was observed but the overall rate was much lower, with a 

highest H2 production rate of only 0.31 sccm, followed by a decrease to 0.18 sccm. This was 

consistent with the observation that the surface of Sample B was largely covered by carbon 
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and thus not very active. However, since the surface was only partially covered by carbon, 

the uncovered sites, although low in numbers, were still active. Consequently, a peak of H2 

production rate (albeit very small) and the decrease trend in rate afterwards were still 

observed. Interestingly, Sample C showed an obvious recovery in activity, with a highest H2 

production rate of 1.34 sccm. This was consistent with the surface characterization of 

Sample C showing low surface carbon content. All these results were consistent with the 

hypothesis that molten KCl could remove carbon from coked WC surface, and the re-

exposed surface was still active for CH4 pyrolysis.      

 

Figure 5.4 Temperature programmed CH4 pyrolysis with WC catalysts in the absence of molten KCl. 
Sample A: fresh WC; Sample B: WC coked by CH4 in molten KCl; Sample C: Sample B washed in molten 

KCl under Ar. In all cases, 40 g of catalysts were used, and the gas fed was 3 sccm Ar and 10 sccm CH4. The 
residence time was approximately 3 seconds.   

 

5.4.3. Catalytic CH4 pyrolysis with WC in molten Sn 

Although carbon removal from WC surface by molten KCl was demonstrated, the carbon 

product was heavily contaminated by KCl. As can be seen in Fig.5.2, there was 13 wt% KCl 

residue left in carbon even after water treatment. On the other hand, Sn has been reported to 

contaminate carbon less seriously in pyrolysis.237 Therefore, the performance of WC in 

molten Sn for CH4 pyrolysis is investigated in this section.  
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Table.5.2 shows the apparent activation energy (Ea) measured for WC at different stages 

in molten Sn. Similar results as mentioned in the previous section for WC in molten KCl 

were observed. It took 2.5 mmol C atom / m2 WC to deactivate WC without liquids, but the 

apparent activation energy remained low for WC in molten Sn even after significantly more 

than 2.5 mmol C atom / m2 WC was produced, which suggested that the bubbling molten Sn 

removed C from WC surface constantly. Similar surface SEM characterizations and activity 

recovery experiments are still in progress, but it is more challenging to run these 

characterizations in the molten Sn systems, as the separation of coked WC from solidified 

Sn was more difficult.  

 

 

Table 5.2 Kinetic parameters measured for WC with different moles of C atoms produced. For the fresh 
WC without Sn, dilute CH4 was used (2 sccm CH4 in 20 sccm Ar), whereas in other cases 40 sccm pure CH4 
was used. Temperature ranged from 800 oC to 950 oC. The residence time was approximately 0.5s in the 

reactor with molten Sn and 3s in the reactor without Sn. 

 

To investigate whether CH4 pyrolysis with WC in molten Sn is limited by pseudo-

equilibrium, the apparent CH4 pyrolysis rate constant under different hydrogen partial 

pressures was investigated for 4 systems: WC packed bed in molten Sn, SiO2 packed bed in 
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molten Sn, molten Sn with no packing material, and SiO2 packed bed with no liquid. The 

apparent CH4 pyrolysis rate constant k was calculated by the following equation:  

  

where the CH4 consumption rate (reaction rate) is measured in moles/m3-s and the methane 

concentration, [CH4], changes minimally over the residence time,  he results are shown in 

Fig.5.3 

 

Figure 5.3 Apparent rate constant for CH4 pyrolysis with WC in molten Sn measured under different 
H2 partial pressures at (a) 1000 oC and (b) 1100 oC. The feed gas was a 45 sccm mixture gas of CH4 and H2, 

50 sccm Ar was used as a sweep gas above the liquid surface. The residence time of the gas bubble in the 
solid/liquid was approximately 0.5 s.  

 

It can be clearly seen from Fig.5.3 that WC in molten Sn demonstrated high kapparent under 

all different PH2, whereas kapparent dropped to close to zero at higher hydrogen partial 

pressures in other control systems. SiO2 packed bed in molten Sn was also limited by 

pseudo-equilibrium, suggesting that the high kapparent observed in WC-Sn system was not due 

to the mere existence of a packed bed and a catalyst was necessary. These results suggested 

that WC in molten Sn was not limited by pseudo-equilibrium and was still active for CH4 

pyrolysis under high hydrogen partial pressures.  



 
105 

To further examine whether high CH4 conversions could be achieved in a single pass 

with WC in molten Sn, CH4 pyrolysis was conducted in a 30 cm WC packed bed immersed 

45 cm molten Sn, and the residence time of the gas bubble in the packed bed and liquid 

phase was approximately 2.5 seconds. Fig.5.4a shows that the single pass CH4 conversion 

reached 70.7% at 1100 oC with a residence time of approximately 2.5s. Moreover, if a 

mixture gas with a CH4/H2 ratio of 1:5 (a simulated CH4 conversion of 71.4% if pure CH4 

was fed initially) was fed into the reactor, the CH4/H2 ratio in the effluent gas was 1: 10.8 at 

1100 oC, corresponding to a 84.4% CH4 conversion if pure CH4 was fed. These results 

suggest that high CH4 conversion in a single pass without pseudo-equilibrium limitations 

could be achieved with WC in molten Sn by extending gas residence time.      

      

Figure 5.4 (a). CH4 conversion at different temperatures with 30 cm WC packed bed immersed in 45 cm 

molten Sn. 45 sccm CH4 was fed into the bottom of the reactor and 50 sccm Ar was introduced above the 
liquid surface as a sweeping gas. (b) Outlet CH4 conversion with different simulated inlet CH4 conversion. 
45 sccm CH4/H2 mixture was fed into the bottom to simulate different conversions of CH4 at 1 atm, and 50 
sccm Ar was introduced above the liquid surface as a sweeping gas. The the residence time of the gas 

bubble in the packed bed and liquid phase in both cases was approximately 2.5 seconds.       

    

5.5. Conclusions 

In this work, the feasibility of a three-phase reactor for CH4 pyrolysis in which the solid 

packed bed activates CH4 and the liquid phase removes the carbon from the catalyst surface 
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was demonstrated for tungsten carbide in molten KCl and molten Sn. The apparent 

activation energy of WC in molten KCl and molten Sn was approximately 230 kJ/mol, and 

the activity of WC was maintained for significantly more turnovers when immersed in 

molten KCl or Sn. The removal of carbon from coked WC surface by molten KCl and the 

consequential recovery of WC activity was demonstrated. The high single pass CH4 

conversion achieved with WC in molten Sn overcame the pseudo-equilibrium limitation 

suggesting that WC (or WC/Sn) provided catalytic decomposition of limiting intermediates.  

More systematic studies are needed for such complex systems to understand details such 

as the rate of carbon removal, the influence of gas flowrates on the carbon removal, the 

properties of active sites in a molten liquid environment, the extent of activity recovery, etc. 

Whether the cobalt binder used in the WC pellets played a role in the observed activity and 

carbon removal also needs to be studied. Further efforts are also needed to develop effective 

strategies for carbon removal from the reactor and heat transfer into the reactor. However, 

the exploratory results in this work showed the potential of using a three-phase reactor for 

CH4 pyrolysis to avoid catalyst deactivation and reactor clogging, overcome pseudo-

equilibrium limitations and allow efficient carbon removal.       
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6. Conclusions and Outlook 

Methane pyrolysis is a reaction with a long history.  Until the present global interest in 

hydrogen as a potential zero-emission fuel there was little motivation for deploying 

pyrolysis when reforming technology is superior economically.  With society willing to pay 

a price for emissions reductions, pyrolysis can be the most economical process for CO2-free 

hydrogen generation during a transition period where natural gas is abundant and available 

at low-cost.   However, this seemingly simple reaction with only two elements is in fact 

extremely complicated and challenging to commercialize. Scientifically, our understanding 

of the process of C-H bond activation and C-C bond formation in methane pyrolysis is 

incomplete despite numerous studies over more than one hundred years, the details of the 

transition from gas to solid phase remain incompletely defined in reaction environments 

suitable for large scale continuous reactors, and the structures of the “solid carbon” products 

at the atomic level and the factors determining them are not completely understood. 

Engineering attempts to scale-up methane pyrolysis are progressing, however, thus far they 

have been unsuccessful. Researchers are still exploring new catalysts to accelerate the 

activation process, developing new strategies to avoid catalyst deactivation caused by 

surface carbon deposition, investigating the detail kinetics of complex elementary reaction 

network, and designing new reactor configurations to allow efficient carbon removal and 

heat transfer. In this thesis, efforts are described to deepen our understanding of methane 

pyrolysis and new methods proposed to overcome the engineering challenges.  

As discussed in Chapter 2, the highly electrophilic tellurium element was discovered to 

be active for methane pyrolysis. It was found that both Te liquid and vapor were active 

species with liquid Te being more active. As a non-solid catalyst, Te was not deactivated by 

solid carbon formation. Similarly in Chapter 3, the Lewis acidic ZnCl2 vapor was found to 
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be active for CH4 pyrolysis, and the pyrolysis reaction rate could be enhanced by increasing 

ZnCl2 concentration. As a gas-phase catalyst, ZnCl2 was also resistant to coke formation and 

did not deactivate. Another advantage was that the carbon produced with ZnCl2 was not 

contaminated due to the low boiling point of ZnCl2. The two new catalysts proposed in these 

two chapters could inspire more future explorations into new elements or compounds for 

CH4 activation in addition to the widely studied transition metal or oxides catalysts. 

Moreover, the demonstration of using a gas phase catalyst for CH4 activation could also 

expand the range of catalyst candidates to more than solids and liquids in the future catalysis 

studies. 

Chapter 4 provided some detailed discussions on the C-C bond formation pathway in 

CH4 pyrolysis. These discussions could help to change some stereotype understandings on 

heterogeneous CH4 pyrolysis catalysis. Firstly, CH4 pyrolysis is not a mere surface reaction 

even in heterogeneous catalysis. Instead, desorption of surface species and complex gas-

phase reactions need to be considered for high temperature reactions. Secondly, the C-H 

bond cleavage and C-C bond formation should not be considered separately. The assumption 

that the carbon formation process could be simplified as a C atom aggregation process in 

many researches is not correct. Alternatively, the formation, pyrolysis and hydrocracking of 

incompletely dehydrogenated species need to be considered when discussing the reaction 

pathway of CH4 pyrolysis. Thirdly, a high CH4 pyrolysis rate observed under low H2 partial 

pressure does not necessarily mean a good catalyst is discovered. Unravelling the 

contribution of autocatalytic gas-phase species and evaluating the catalyst performance 

under high H2 conversion should be done. This chapter shows the complexity of the 

elementary reactions in CH4 pyrolysis, and it could serve as a reference for future studies on 

CH4 pyrolysis pathways and pseudo-equilibrium.  
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In Chapter 5, a three-phase reactor system was proposed for CH4 pyrolysis to avoid solid 

catalyst deactivation and allow efficient carbon removal and heat transfer. The high 

activities of WC in molten KCl and molten Sn were demonstrated, and the removal of 

carbon from coked WC catalysts and the recovery of WC activity were achieved. This is one 

of the first works showing the carbon removal from a coked catalyst surface and the activity 

recovery using a non-oxidative method. In addition, the performance of the system under 

high H2 partial pressures was also evaluated and high single pass CH4 conversions 

overcoming pseudo-equilibrium limitations was achieved. These results proved the 

feasibility of using a three-phase system to maintain the catalyst activity in CH4 pyrolysis, 

and it could inspire more studies on new combinations of solids and liquids for CH4.  

Overall, this research has attempted to provide new scientific insights on CH4 pyrolysis 

and develop new strategies to solve the engineering challenges in CH4 pyrolysis. It has 

broadened the scope of CH4 pyrolysis catalyst candidates to new elements, compounds and 

unconventional phases, which could also be applied in other catalysis reactions. The 

experimental methods and reactor designs developed in this thesis work could also be 

valuable for future studies on other non-solid catalyst systems. More importantly, the 

discoveries could serve as starting points for new research directions. For example, the use 

of liquid and/or gas phase catalysts in other hydrocarbon conversions could be further 

explored. In the homogeneously catalyzed, gas-phase, reaction the distances between active 

“sites” are naturally greater than on solid surfaces; there could be applications of vapor 

phase catalysts in reactions where bond formation between adjacent active species needs to 

be controlled, such as methane dehydro-aromatization reaction and polymerization 

reactions. The discoveries of correlation between the formation of incompletely 

dehydrogenated intermediates and the occurrence of pseudo-equilibrium may inspire more 
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investigations on the microkinetic pathways of CH4 pyrolysis in different systems. The 

findings on the differences in intermediate selectivity between catalysts could frame 

investigations on new reactions in these systems, such as hydrocracking of other 

hydrocarbons, biomass conversion, etc. The three-phase reactor concept demonstrated could 

also be applied to many other ionic liquids and solids combinations for new catalysis.  

CH4 pyrolysis is a special reaction with great potential in helping the global society to 

reduce greenhouse gas emissions, enable economic utilization of abundant natural gas 

resources without CO2, and enable a transition to a hydrogen fueled society. It is a complex 

reaction with mysteries, challenges and, of course, opportunities.  Much work is still needed 

to more completely understand and commercialize this reaction. Hopefully, this work can 

help in bringing this reaction from the lab to large-scale commercial applications for the 

benefit of our future world.        
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