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SUMMARY 

The global targets for carbon-neutral hydrogen production by 2050 demonstrate the 

need to develop methods to produce a low-cost, low-emission form of hydrogen. 

Methane pyrolysis within a molten metal bath is currently a potential technique to 

meet this need. Despite having great techno-economic potential, this technique has not 

yet been demonstrated at an industrial scale, partly because of the lack of 

understanding of the mechanism. Molten metals are typically opaque, corrosive, and 

hard to maintain and handle, especially at temperatures over 1300 K, as is needed in 

pyrolysis reactors. Moreover, the presence of explosive and combustible gases such 

as hydrogen and methane, make it technically very challenging to perform in-situ 

measurements. To optimise the methane pyrolysis within bubble column reactors and 

hence minimise the cost of their scaling up, there is a need to develop both 

understanding about the multi-way coupling phenomenon of methane pyrolysis in a 

molten bath and reliable mathematical models. The present investigation aims to meet 

these needs. 

In doing so, a dynamic one-dimensional numerical model of methane pyrolysis within 

a rising and pyrolysing bubble in a column of molten Ni0.27Bi0.73, as a molten catalyst, 

has been developed. The model predicts both the behaviour of the rising bubble in the 

column and the chemical reactions within it, accounting for any variations in the 

bubble radius and rising velocity, which have previously been assumed to be constant. 

A systematic sensitivity analysis was also undertaken. The reliability of the model was 

assessed through comparing its predictions with the experimental data available from 

the literature and a reasonable agreement was found. Furthermore, the results attained 

from the current calculations show that for the assessed conditions, more than 97% of 

the overall conversion of methane occurs at the bubble-molten bath interface. 

Furthermore, the bubble size and rising velocity inversely influence the methane 

conversion.   
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1. CHAPTER 1 

 

INTRODUCTION  

 

 

1.1 Background and motivation  

The threat of global warming, and its adverse physical impacts on the environment 

[1], has led to significant interest and attempts both to capture and sequestrate/reutilise 

emissions resulting from fossil-based fuels, and to use low emission/clean energy fuels 

such as hydrogen (H2) [2]. Carbon dioxide (CO2)emissions were ~6 billion tonnes in 

1950, reaching 22 billion tonnes by 1990. Growth has continued until recent years, 

and it reached the highest ever level, 36.3 billion tonnes, in 2021 [3]. In this regard, 

the industrial sectors contribute to approximately a quarter of the world’s CO2 

emissions [4]. By using zero-emission hydrogen in industries and automobiles instead 

of fossil fuels and the subsequent replacement of common internal combustion engines 

with fuel cells, a potential source of CO2 emissions could be mitigated [2]. That is 

because combustion of hydrogen (H2) produces water and therefore is a promising 

substitute for the current fossil fuels if it can be produced either from renewable 

resources or with CO2 capture at a reasonable price [4-6]. However, hydrogen does 

not exist as a single molecule in nature. It is typically found in compounds such as 
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hydrocarbons and water. Hence, hydrogen must be produced from other materials, 

which requires both cost and energy [7].  

According to the IEA report [8], the world’s hydrogen demand in 2020 was 

approximately 90 Mt. Of this, ~78% of hydrogen was used in the form of pure 

hydrogen and the rest was mixed with carbon-containing gases, which were mainly 

used in steel manufacturing and methanol production industries. For example, Figure 

1.1 shows the global hydrogen demand by industry sectors for chemical production in 

2020. 

 

Figure 1.1. A presentation of global hydrogen demand for chemical production by 

industry sectors, in 2020 (IEA report: key indicators to track clean energy progress 

on hydrogen [8]). 

 

Currently, about 96% of the world’s hydrogen demand (i.e., ~76 Mtonnes/year) is 

produced via fossil fuel-based technologies, and only 4% is generated via renewable 

sources, i.e., electrolysis of water. Annually, nearly 900 Mt CO2 is emitted to the 

environment (Figure 1.2 shows the share of fossil fuels in hydrogen production) [8]. 
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By increasing the worldwide demand for hydrogen fuel, especially for industrial 

applications and automobiles [9], hydrogen production technologies without or with 

lower CO2 emissions should be developed to replace the available technologies such 

as steam methane reforming (SMR) [10]. At present, as Figure 1.2 shows, around 50% 

of H2 is produced via SMR, as the most cost-effective method for industrial-scale H2 

production at a cost of ~ $1.5  (kg H2)-1 [11, 12]. SMR accounts for the chemical bonds 

breakage of methane molecules by reacting with high-temperature steam [11-14], 

which is an endothermic reaction and requires ~206 𝑘𝐽/𝑚𝑜𝑙 energy. To further 

enhance the yield of hydrogen, the carbon monoxide (CO) product in the reforming 

reaction is also reacted with steam, producing CO2 and H2. This exothermic reaction 

is called the water-gas shift (WGS) reaction and releases ~41 𝑘𝐽/𝑚𝑜𝑙 energy. The 

main drawback of SMR is the level of CO2 emissions, which is 9-11 kg CO2 kg H2⁄  

[15, 16].  

 

 

Figure 1.2. Worldwide hydrogen production by source (adapted from previous work 

[17] with permission). 
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Methane pyrolysis (Eq. 1.1) is a newly emerging, under-development technology for 

hydrogen production that has received significant attention due to its potential for low-

cost H2 production with minimal CO2 emissions. It has manifested itself as a promising 

technology of hydrogen production without direct CO2 emissions [4]. However, 

methane pyrolysis has not yet been demonstrated at industrial-scale [18-24], which is 

mainly attributed to the uncertainties associated with the optimisation of the reactor 

and material compatibility. It needs to be understood and used on a large scale as a 

substitute for the current pollutant commercial methods for hydrogen production [25]. 

Thermal decomposition of hydrocarbons has been studied since the 1900s [26-32]. 

Methane pyrolysis reaction is simpler than SMR as it does not need a water-gas shift 

reaction [7]. 

CH4 →  C(s) + 2H2      ∆H = +74.9 kJ/mol            (1.1). 

Carbon black is a by-product of methane pyrolysis (Eq. 1.1). The conditions of the 

process are important as they have an effect on the type of produced carbon, its 

revenue, and hence the cost of the hydrogen production [33, 34]. Depending on the 

physical and chemical properties of the product carbon, it can have various 

applications as a raw material for manufacture of several products, such as paints [35], 

rubber [36], tyres, and fertilizers [37, 38].  

Methane pyrolysis can be more favourable than SMR, not only because of its by-

product revenue, but also because it requires about 50% less energy than SMR [39]. 

If the use of the pyrolysis of methane develops to an industrial scale, then there is a 

chance of a huge reduction in CO2 emissions by industry [40]. Notwithstanding the 

abovementioned advantages, the conversion of methane in pyrolysis requires 

temperatures in excess of ~1200 K to achieve a conversion rate of more than 90%.  
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Methane decomposition reaction is kinetically controlled, needing a catalyst to 

achieve an appropriate reaction rate. To date, many solid-state catalysts, such as 

iron/nickel-based catalysts, have been assessed for methane pyrolysis [7, 41]. 

Nonetheless, these types of catalysts are deactivated after a short period of time, 

mainly due to the coking within their pore structure as a result of the solid carbon 

product from the pyrolysis reaction (Eq. 1.1). To address this challenge, the use of a 

molten metal catalyst bath in a bubble column reactor has been proposed, in which 

methane is dispersed as bubbles from submerged nozzles [16, 42]. Advantageously, 

the carbon product floats to the surface of the molten bath due to the huge density 

differences between the carbon and the molten bath. Moreover, gas bubbling flow in 

a molten metal bath enables a high rate of heat and mass transfer [43]. This not only 

provides a means for continuous separation of carbon from the molten bubble column, 

but also enables the significantly high heat and mass transfer rates relevant to gas-

bubbling flow regimes (Figure 1.3a and b) [43-46]. In one estimate [47], about 250 

reactions for methane pyrolysis were reported. Some studies [15, 20, 47-49] have 

considered a stepwise transformation to simplify the methane conversion reaction, as 

is briefly shown in Eq. 1.2: 

CH4 → C2H6 → C2H4 → C2H2 → H2 + C .           (1.2). 
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Figure 1.3. A schematic representation of, (a) a molten catalyst methane pyrolysis 

bubble column reactor, and (b) a single rising and pyrolysing bubble within the 

molten metal bath [15, 49].  

 

The design and optimisation of methane pyrolysis in a molten metal bath requires a 

deep understanding of the kinetics of the reactions, hydrodynamics of the molten metal 

bubble columns and the interaction between the multi-way coupling mechanisms. To 

save time and resources for the scale-up of methane pyrolysis within a molten catalyst 

bath, one potential approach is to develop mathematical models of the underlying 

transport phenomena and reaction kinetics. This enables a better understanding of the 

phenomena needed to optimise the reactor. Fundamental understanding of the methane 

pyrolysis reaction under a gas-bubbling flow regime could mitigate not only the risks 

and cost of upscaling and commercialisation of the technology but also the amount of 

trial-and-error testing that is historically employed in this process.  
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1.2 Research objectives 

This project aims to develop a fundamental understanding of methane pyrolysis within 

a single rising and pyrolysing bubble in a molten catalyst bubble column reactor. 

Accordingly, the following objectives were considered: 

1. Develop a numerical model of a bubble, whilst it is rising and pyrolysing 

within a molten bath. This step will be performed through simultaneously 

solving the principle governing equations of mass, momentum, and energy. 

This method will determine the impact of changes in the bubble size, bubble 

rise velocity, liquid height, pressure, temperature of the gas and molten bath, 

and initial bubble composition on methane conversion. 

2. Use the model to perform a comprehensive sensitivity analysis according to 

the independent factors to identify the parameters with the greatest impact on 

the methane conversion. 

 

1.3 Structure of thesis 

This thesis is designed using the by-publication format, containing four chapters as 

follows: 

In Chapter 2 of the thesis a literature review was conducted to determine the key 

questions and gaps in the existing knowledge to establish a detailed framework for the 

current study. There is a discussion about research and extant studies, which 

investigated hydrogen production, as a clean fuel, via various catalytic/noncatalytic 

methods, including steam methane reforming (SMR), water splitting, and 
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coal/biomass gasification. Furthermore, methane pyrolysis as a potential technique for 

hydrogen production is discussed and investigated in this chapter.  

In Chapter 3, a 1-D model of a rising and pyrolysing bubble in a molten catalyst bath 

is presented. The methodology and results of the current project are presented as a 

research paper in Chapter 3. It is of note that this manuscript has been submitted to the 

International Journal of Hydrogen Energy. The current status is under revision. 

Chapter 4 includes the key conclusions and the main findings of the study, together 

with some suggestions for future work.
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2. CHAPTER 2  

 

LITERATURE REVIEW 

 

 

2.1 Hydrogen as a clean fuel 

Hydrogen is a potential clean fuel, as it burns without the emission of carbon products 

[5, 10]. In order to use hydrogen as a clean fuel efficiently in a range of industrial 

sectors, several developments need to be applied throughout the various steps of 

production, storage, distribution, and utilization [5, 50]. At the end of the 1960s, the 

first studies were undertaken on clean hydrogen production [12]. Even though 

hydrogen is very simple and plentiful in the universe, it is mainly found in combination 

with other elements, such as carbon or oxygen, in the form of compounds. Therefore, 

pure hydrogen needs to be produced via endothermic decomposition of other 

compounds, such as hydrocarbons or water [7]. 

Figure 2.1 shows a summary of the potential hydrogen production pathways and their 

applications. As shown, hydrogen can be produced via various technologies, including 

steam methane reforming [51], methane decomposition (pyrolysis) [49], coal/biomass 

gasification [52, 53], CO2 reforming of methane [54], partial oxidation of oil/methane 
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[51, 55], and water splitting [56]. However, steam methane reforming, coal/biomass 

gasification, and partial oxidation of oil/methane have the big drawback of CO2 

emission. Methane pyrolysis and water splitting inherently have no direct CO2 

emissions. The need to address the increasing demand for hydrogen in various streams 

(Figure 2.1), including transportation [29], power generation [57], oil refining [58], 

metallurgy [59-61], and buildings [62], necessitates the development of zero-emission 

technologies for hydrogen production if the target for CO2 emissions mitigation is to 

be met. In the following section a brief description of each technology is provided. 

 

 

Figure 2.1. A schematic diagram of conventional hydrogen production technologies 

and uses of hydrogen. Adapted from previous work [63] with permission. 
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2.1.1  Water splitting 

Electrolysis of water, as a pathway for hydrogen production, is an electrochemical 

process in which an electrical potential is employed to break the water molecule into 

O2 and H2. The associated reactions in the anode and cathode of a water electrolyser 

system are as follows (Eq. 2.1-2.3) [7, 12, 64]: 

Anode:       H2O →   
1

2
 O2 + 2H+ + 2e−     (2.1). 

Cathode:    2H+ + 2e− → H2       (2.2). 

Overall:      H2O →  H2 +  
1

2
 O2   ∆𝐻𝑓𝑜𝑟𝑚

0 = +235 kJ   (2.3).  

As shown in Eq. 2.3, pure oxygen is the by-product of the water electrolysis reaction 

and can be utilized in industries such as steel making [65, 66]. The water splitting 

reaction is thermodynamically unfavorable because it needs some 235 kJ mol⁄  of 

energy, which increases the price of hydrogen production via this technique [4]. It 

theoretically needs a voltage of 1.23 V; however, practically it is ~1.8 V to overcome 

the over-potential, including the Ohmic, activation and concentration losses. These 

depend on the wettability of the electrocatalyst with electrolyte, the bubble desorption 

over the electrodes, covering the active site of the electrocatalyst, and the 

hydrophilicity and aerophobicity of the electrode [67]. 

Figure 2.2 shows a schematic representation of a water electrolysis cell and water 

splitting. A variety of designs for the production of H2 has been developed, which are 

summarized in Figure 2.2b, including two-electrode electrolysis of water (e.g., 

electrolysers), water splitting driven by green energy resources, such as 

photoelectrodes, solar cells, thermoelectrics, and triboelectrics, and pyroelectrics [67]. 

In the case of using green driving energy – as shown in Figure 2.2b - the total process 
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can be considered as a clean pathway for hydrogen production, such as via photo-

electrochemicals [9], photo-chemicals, photo-biologicals, and solar thermochemical 

[1] means.  

 

Figure 2.2. A schematic representation of, a) a water electrolysis cell under alkaline 

conditions, adapted from previous work [68], and b) water splitting techniques, from 

previous work [67] with permission. 

 

Based on the 2020 IEA report [10], the contribution of water electrolysis to hydrogen 

production was ~0.03%. The cost of the electricity results in an expensive product 

hydrogen, with a cost of $4.98 (kg H2)−1 for photocatalytic water splitting [11]. This 

key factor needs to be addressed for the dominant commercial hydrogen technologies, 

such as steam methane reforming (SMR), which is further discussed in section 2.1.4. 

  

a b 
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2.1.2 𝐂𝐎𝟐 reforming of methane 

Dry (CO2) reforming of methane (DRM) is a reaction to use of carbon dioxide and 

produces hydrogen as the product [69]. The reaction of carbon dioxide reforming 

reaction is presented in Eq. 2.4:  

CH4 + CO2  →  2H2 + 2CO   ΔH298K = 247 kJ/mol    (2.4). 

A reverse water-gas shift reaction occurs as a side reaction according to Eq. 2.5: 

H2 + CO2  →  H2O + CO   ΔH298K = 41kJ/mol    (2.5). 

Furthermore, carbon deposition is created under the Boudouard reaction as follows 

[70]:  

2CO →  CO2 + C   ΔH298K = -172kJ/mol    (2.6). 

This is an endothermic reaction and needs temperatures of  > 1073 K to prevent carbon 

deposition and to achieve high equilibrium conversion of CH4 and CO2 to H2 and CO 

[69]. In this method, Ni-based catalysts are used to facilitate the conversion reaction, 

even though the deactivation due to the carbon deposition is their main problem. Nobel 

metals (e.g., Rh, Ru, Pt, and Pd) can be used to promote the performance of the Ni-

based catalysts; however, the process makes them uneconomical [69]. 

 

2.1.3 Gasification (Coal/Biomass) 

Gasification is defined as a process in which the carbonaceous (carbon-based) raw 

material, for instance coal, can be converted into fuel gas or synthetic gas, called 

syngas.   
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In this process, the interactions between oxygen (typically from the air), steam, and 

coal or other feedstock (biomass) occur in a high temperature/pressure vessel, namely 

a gasifier. Under a series of chemical reactions, the feed is converted into syngas and 

residual ash/slag [71]. As shown in Eq. 2.7, COx is the by-product of this reaction: 

Biomass → Char + C6H6 + CO + H2 + CO2 + N2 + CH4 + H2O + H2S (2.7). 

To enhance the hydrogen production, CO is further reacted with water in a reaction 

called a water-gas shift (WGS) (Eq. 2.8) [53, 72]:  

𝐶𝑂 +  𝐻2𝑂 ↔  𝐶𝑂2 +  𝐻2         ∆𝐻 = −41 𝑘𝐽/𝑚𝑜𝑙    (2.8). 

Using biomass, due to the high ratio of hydrogen to carbon, can address dependency 

on hydrocarbons for hydrogen production [73]. 

Despite the advantages of coal/biomass gasification in production of H2, it has the 

drawback of CO2 emission, especially if coal is used as the feedstock.  

 

2.1.4 Steam methane reforming (SMR) 

SMR is a commercial pathway for hydrogen production in which natural gas (e.g., 

methane, CH4) is used as the feedstock of the process [7, 74]. It consists of two 

reactions: methane reforming and water-gas shift. Methane reforming (Eq. 2.9) is an 

endothermic reaction, which accounts for the chemical bonds’ breakage of methane 

molecules by reacting with high-temperature steam [11-14]: 

𝐶𝐻4 + 𝐻2𝑂 ↔  𝐶𝑂 + 3𝐻2      ∆𝐻 = +206 𝑘𝐽/𝑚𝑜𝑙     (2.9). 
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To further enhance the yield of hydrogen, the CO product from the reforming reaction 

is reacted with steam, producing CO2 and H2 through the water-gas shift reaction (Eq.  

2.8). While reforming is a highly endothermic reaction, the water-gas shift reaction is 

slightly exothermic. In total, SMR is an endothermic process, and it requires high 

temperatures up to 1100 K [11-13]. Several conditions and parameters have been 

evaluated, based on the type of fuel employed [18, 75-78], the temperature [18, 79, 

80], pressure [18, 81], etc. [82-84].  

Currently, SMR is the most cost-effective technology for H2 production, meeting 

some 48% of the world’s H2 demand [11, 12, 85]. As shown in Figure 2.3, a simplified 

SMR plant consists of three main process sections: methane reforming, water-gas shift 

(WGS), and CO2 removal (pressure swing adsorbtion-PSA). Furthermore, the process 

plant requires two extra stages namely steam regeneration, to heat the cooled steam, 

and desulphurization, in order to make the poisoned catalyst reusable [7].  

 

Figure 2.3. A simplified representation of a steam methane reforming (SMR) plant. 

Adapted from previous work [86], with permission. 
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As Eqs. 2.8 and 2.9 depict, CO2, as a by-product of SMR, is the main drawback of this 

process. The whole process produces between 8-10 kg of CO2 per kg of H2. Out of 

this, CO2 emissions, ~83%, are produced from the oxidation of carbon in the SMR 

process, and the rest derives from the fuel consumed to supply the process heat [18]. 

Even though the CO2 product in SMR can be separated via carbon capture and storage 

techniques (CCS), it is an expensive process, with a cost of about $10-90 per ton of 

CO2 for capture and separation [39, 40, 87-89], plus $3 to $12 per ton of CO2 per 100 

km for transportation through pipelines [12]. Furthermore, the storage of CO2 needs 

specific geological reservoirs, which can be a limiting factor, and its technology still 

is not fully developed at a large scale [90]. Further to the CO2 emissions, around 79.2 

litres of water are used to process each kilogram of methane [91]. The application of 

methane in SMR is mainly restricted by the associated risks and costs of the CO2 which 

is released into the atmosphere. If CO2 emission can be mitigated, the use of 

hydrocarbons (e.g., CH4) as a fuel for hydrogen production can continue until it 

reaches a competitive price and level of availability compared with the alternative 

feedstocks and fuels [40]. Hence, even though SMR is a mature technology, it suffers 

from significant environmental disadvantages [18, 85]. The polluting outcomes of the 

SMR method emphasise the requirements for a process with fewer or zero 

environmental challenges [92]. 

 

2.1.5 Partial oxidation of Methane 

Partial oxidation of methane (POM) is another method for hydrogen production. 

Through POM, methane is partially combusted with oxygen in a non-stoichiometric 

ratio, which results in yielding CO and H2 (Eq. 2.10) [93, 94]:  
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CH4 +
1

2
 O2  →  2H2 + CO    ΔH298K = −36 kJ/mol    (2.10). 

In contrast with highly endothermic steam methane reforming, POM is an exothermic 

process. Moreover, POM needs lower cost. However, it produces more CO2 with an 

H2 to CO ratio of  2 (Eq. 2.10) [94]. In this technique, catalysts are not mandatory at 

high temperature conditions; however, the use of catalysts increases the production of 

hydrogen [95].  

The hydrogen production plant via POM, in addition to partial oxidation reactor, needs 

a shift reactor and hydrogen purification equipment. This technique needs no heat 

exchanger; thus a partial oxidation reactor is more compact than a steam reformer. The 

POM units provide a relatively high efficiency of 70 to 80%; however, POM systems 

are typically less energy efficient than steam reforming due to their requirement for 

the higher temperature condition [95].  

 

2.1.6 Pyrolysis of methane 

Pyrolysis is a combination of two Greek words, pyro (πυρο), which means fire, and 

lysis (λύσις), which means separation. This reaction occurs in the absence of oxygen 

and is mainly based on the thermal cracking of large hydrocarbon molecules into 

smaller ones [19, 96], using molecular vibrations created by high temperature [96].  

Thermal decomposition of large hydrocarbon molecules is not a new method and has 

been used since the 1900s [30, 44, 47, 52, 97, 98]. In 1908, Bone et al. [30] discussed 

the thermal decomposition of a range of hydrocarbons, including methane, ethane, 

ethylene, and acetylene. The methane cracking process has been in use since 1970 to 

produce carbon black [99]. The results of previous work on methane pyrolysis based 

https://www.sciencedirect.com/topics/engineering/steam-reforming
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on various factors, such as operation conditions, methods, reactions, and kinetic 

constants were evaluated and discussed by Khan et al. [97], which surveyed the 

research on methane pyrolysis up to 1970. Pyrolysis of various hydrocarbons such as 

biomass [52, 100, 101], polyacrylonitrile [102], plastic wastes [103], cellulose [104, 

105], coal [106], ceramics [107], and methane  [4, 89, 108-111] have been also studied.  

Methane has the highest ratio of hydrogen to carbon in all hydrocarbon molecules. It 

is also the main component of natural gas. Therefore, direct cracking of methane for 

hydrogen production has received significant attention. This reaction is called 

pyrolysis and produces solid carbon (Eq. 1.1), as a by-product, instead of CO2  

produced through SMR [10]. This is a great advantage because carbon has industrial 

applications, and it could decrease the cost of hydrogen production. Furthermore, 

pyrolysis of methane requires less energy than SMR. That is, methane pyrolysis has 

been revealed as a potential substitute for current CO2-emitting methods (e.g., SMR) 

for hydrogen production [112, 113]. Table 2.1 compares some properties of both of 

these methods. 
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Table 2.1. A comparison between SMR and pyrolysis of methane for hydrogen 

production [37]. 

Item SMR Methane pyrolysis 

Reaction chemistry CH4 + 2H2O →  CO2 + 4H2 CH4 → 2H2 + C 

Mols H2 per mol CH4 4 2 

Endothermic heat of 

reaction 

KJ/mol CH4 

165 75.31 

Process Thermal 

Efficiency for H2 

Production-% 

75 58 

CO2 emission 

mol CO2/mol H2 
0.43 0.05 

Process unit operations 

1. Reformer 

2. Shift 

3. Separation 

1. pyrolizer 

2. CH4 separation if 

needed 

By-product value low High materials potential 

Process development Well developed Needs development 

 

 

2.1.6.1 Equilibrium of the methane pyrolysis 

reaction 

Equilibrium thermal decomposition of methane as a function of temperature for 

various pressures is illustrated in Figure 2.4 [40]. As shown, the temperature required 

for the full conversion of methane to H2 depends significantly on pressure, such that 

the temperature of full conversion of methane to H2 increases from 1373 K at 0.1 MPa 

to 1773 K at 3.5 MPa. Since in the methane decomposition reaction (Eq. 1.1) the net 

number of mols (mols of product - mols of reactant) is positive, it is expected that the 

bubble expands as the reaction proceeds. Thus, a low-pressure system could increase 
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methane conversion [16, 108] at the cost of an increase in the size of the reactor [40]. 

These are in agreement with the observations of Gueret et al. [114]; who, for the first 

time, studied the species distribution at equilibrium versus temperature and the effects 

of dilution by a hydrogen atom (H/C = 4, 6, and 8) and pressure. They also found that 

methane conversion increases with temperature, while it decreases with increasing of 

the pressure, which also increases the concentration of hydrogen-rich products (CH4 - 

C2H4).  

 

 

Figure 2.4. Equilibrium thermal decomposition of methane at a range of 0.1-3.5 MPa 

pressures as a function of temperature. Adapted from previous work [34] with 

permission. 
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2.1.7 Catalytic methane pyrolysis  

Methane decomposition is found to be a kinetic control reaction with an activation 

energy of 312-450 kJ/mol, which can be lowered by means of a catalyst [8]. The 

kinetically controlled step in the methane cracking process is breakage of the bond 

between carbon and hydrogen (dissociation energy: 436 kJ/mol) [115, 116]. The type 

and the form of the catalyst may vary from metal-based to carbon-based, and molten 

to solid, respectively. 
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2.1.7.1 Solid-based catalysts 

Solid-based catalysts, typically made of transition metals (e.g., Fe, Ni, and Co-based 

catalysts), have been widely used for hydrogen production [2, 10, 25, 74, 117-119]. 

However, these catalysts, despite having a high catalytic effect on methane pyrolysis, 

are prone to deactivate due to the deposition of carbon product within their pores [10, 

12, 44, 120-123]. Fau et al. [124] proposed a mechanism for methane decomposition 

both in the gas phase (Figure 2.5a) and for solid-based catalysts (Figure 2.5b). 

However, as schematically shown in Figure 2.5b, the formed solid carbon in methane 

pyrolysis covers the active sites of the pore structure of the solid catalysts and hence 

decreases their catalytic effects. This phenomenon is called coking. It has been 

observed in many efforts that, after a few hours of operation, the catalyst is deactivated 

[18, 19, 46, 125], even though the carbon produced through the pyrolysis of methane 

may potentially play a role as a catalyst [15, 19].  

 

Figure 2.5. A schematic representation of the methane decomposition mechanism, a) 

within the gas phase, and b) on the surface of the solid-based catalyst. Adapted from 

previous work [124] with permission. 
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The use of carbon-based catalysts has been also considered, as they are less expensive 

than metal-based catalysts and have relatively high temperature tolerance [2, 91]. 

Moliner et al.[126] studied the influence of textural properties and surface chemistry 

of activated carbons as catalysts on the efficiency of methane decomposition. 

According to their results, catalysts’ surface chemistry, specifically the active sites not 

the surface area, has a significant impact on the initial rate of the decomposition of 

methane; however, the catalyst deactivates rapidly. Also, the pore size distribution and 

surface area are important in carbon deposition on the catalyst and long-term 

sustainability of the process, such that mesopore carbons with their higher surface area 

are more stable than microporous carbons. Lee et al. [120] studied methane 

decomposition over several carbon-based catalysts in an air/water-free environment 

within a fluidized bed made of quartz with 0.055 m inner diameter and a height of 

0.65 m. They found that the deactivation rate of the assessed carbon catalysts, due to 

the carbon deposition, in a fluidized bed, was the same as for a fixed bed reactor. 

Another work [2] evaluated different carbon black (CB) catalysts with high external 

surface areas as an alternative to activated carbons (AC). The results showed that the 

tested CB samples illustrated a higher sustainability in comparison with the AC. The 

process continued until most of the surface was covered by a carbon layer produced 

from methane decomposition. Figure 2.6 shows the evolution of the hydrogen 

production (as a function of hydrogen concentration in volume within the leaving gas 

stream exiting the reactor), versus time during an eight-hour run at 1123 K and under 

a methane flowrate of 20 ml/min. As shown in Figure 2.6, the initial hydrogen 

productions are different for the studied CB samples, changing from less than 10% for 

the Carbopack B sample (methane conversion of 5.2%) and up to 70% (methane 
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conversion of 53.8%) for Fluka 03866 and Norit CG samples. According to the results, 

the Fluka 05120 sample retains its high activity at the end of the eight-hour run. CBs, 

owning a high surface area in comparison with AC, provide a relatively greater 

methane decomposition rate with later deactivation. This could be attributed to the 

surface chemistry and pore size distribution as the important factors in the initial rate 

of methane conversion and the long-term sustainability of the catalyst, respectively 

[2].  

 

Figure 2.6. The evolution of the hydrogen production (as a function of hydrogen 

concentration in volume in the leaving gas stream exiting the reactor), versus time 

during an eight-hour run at 1123 K and under a methane flow of 20 ml/min for a 

series of carbon black samples. Adapted from previous work [2] with permission. 

 

Qian et al. [119] investigated the effects of catalysts on methane pyrolysis in a 

fluidized bed by using Ni/Cu/Al2O3 and Co/Mo/Al2O3. The results showed that the 
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nickel catalyst achieved higher conversion than the cobalt catalyst. Murata et al. [118] 

studied the performance of various catalysts supported on alumina for methane 

cracking in a fluidized/molten metal bed. According to their results, the catalysts’ 

activities were ordered as: Ni/Ca/Al2O3 > Ni/Al2O3 > Co/Al2O3 > Fe/Al2O3. A 

work [10] used three catalysts, namely Ni/γAl2O3, Ni/αAl2O3, and Ni/SiO2, for 

catalysed methane cracking in a fluidized bed reactor. The effects of temperature, 

pressure (𝑃𝐶𝐻4
) and the particle size, and their interactions, on methane conversion, 

were studied for each catalyst. The temperature was the dominant parameter affecting 

the hydrogen production rate for all catalysts and the particle diameter had the 

strongest effect on the total amount of carbon deposited. The maximum methane 

conversion as a function of support type followed the order Ni/SiO2 > Ni/αAl2O3 >

Ni/γAl2O3.  

Bai et al. [127] used coal char without any activation as a catalyst for methane 

decomposition. They studied the kinetics of the reaction as well as the change in 

properties of the catalyst surface. Their results showed that the initial rate of the 

reaction over char is almost the same as that of activated carbon under the same 

conditions. Also, the temperature of the reaction affects the activity and stability of 

the char catalyst. Previous studies [48, 128] confirmed that methane pyrolysis is a 

temperature-dependant process, in which, at higher temperatures, a shorter conversion 

time is required. Rodat et al. [125] designed a graphite cavity to assess methane 

pyrolysis at temperatures around 1940 K. Argon was applied to the system as an inert 

gas to control the mol fraction of the methane in the system. They reported 100% 

conversion of methane at a temperature of ~1940 K. 
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Liu et al. [129] investigated the effect of using carbon black (CB) and activated carbon 

(AC) as a catalyst, which increases the kinetics of the reaction in chemical looping for 

hydrogen production via methane decomposition (Figure 2.7). They used a chemical 

looping system with carbon as a circulating component between the reactors. The 

carbon is used as a catalyst and deactivated due to coking. Then, to activate the carbon, 

it is retreated with steam, which produces syngas. Based on their results, a part of the 

catalyst was damaged through the regeneration process. Moreover, CB and AC, as 

catalysts, showed opposite behaviours regarding the rate of deactivation. The latter 

showed a higher rate of deactivation than the former. Moreover, the catalytic activity 

of the CB, despite being lower than AC, was maintained for a longer period of time. 

The formed and deposited carbon on the surface of the studied catalysts have different 

orientations and chemical structures, and diverse shapes. In addition, the AC catalyst 

deactivated after approximately 6 hours of operation, while no variation was observed 

with the CB catalyst. Based on their investigations, the densely deposited carbon on 

the surface of the AC covers it thoroughly, mostly having an amorphous structure and 

deactivating the catalyst. The deposited carbon on the CB is relatively porous. 

However, the formation rate of active sites is greater than its deformation and it 

increases the number of exposed active sites: that is, the CB saves its activity over 

time. The main source of different shapes of deposited carbon on these two catalysts 

was reported to be the cross-linking graphene layer of AC and the spherical bent 

graphene layer of CB. 
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Figure 2.7. A schematic representation of the chemical looping concept applied to 

methane thermo-catalytic decomposition for continuous high-purity H2  production 

using activated carbon (AC) as a catalyst. Adapted from previous work [129] with 

permission. 

 

Alongside the advantages of the solid-base catalysed methane conversion process, 

carbon blockage and the cost of catalysts are the two main restricting factors in 

methane pyrolysis in gas-solid catalytic systems [13, 17, 25, 74]. Catalyst regeneration 

is practicable through burning off the carbon, gasification, and even acid treatment; 

however, these techniques are unfavourable as they either result in CO2  emission or 

need extra costs [10, 25, 44, 45, 74]. In addition to the CO2 generation, the hot spots 

within the catalysts caused by the combustion of the deposited carbon through the 

regeneration process can alter the morphology of the catalyst structure and  decrease  

their activity [130]. One potential solution to address these challenges is the use of a 

liquid/fluidized bed catalyst, which will be discussed in subsequent sections.  
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2.1.7.2 Molten catalyst 

The challenge of deactivation of the solid phase catalysts could potentially be 

addressed through employing a liquid catalyst [44, 45]. In this system, methane is 

dispersed as bubbles into the liquid catalyst bath [131, 132]. The methane bubbles 

decompose into H2 and carbon, as the bubbles rise within the column. The produced 

carbon floats to the surface of the bath due to its much lower density than that of the 

molten bath. Subsequently, the challenges associated with the coking of the catalyst 

are eliminated as the methane content of the gas bubble is continually exposed to a 

carbon-free molten metal surface [4, 25, 87]. 

The use of a molten bath has recently garnered more attention as some molten metals, 

such bismuth (Bi) and iron (Fe) alloys, present a catalytic effect on methane 

decomposition [133]. The dissolution of the active metal catalysts (e.g., Ni, Pt, Pd) in 

the inactive low-melting temperature metals (e.g., In, Ga, Sn, Pb) can produce stable 

molten metal alloy catalysts [87].  

Methane decomposition is a complicated mechanism that depends on the conditions 

of the experiment [134, 135]. Serban et al. [44] presented a setup in which either 

methane or natural gas was bubbled through a bath of either low-melting-point metals 

(e.g., lead or tin), granular or catalytic materials (e.g., silicon carbide, α-alumina, or 

NiMo/γ-alumina), or a mechanical mixture of molten metal and solid media. The 

methane conversions were reported based on the contact time between the methane 

and the molten bath, along with the methane bubble size. The most efficient systems 

containing Sn + SiC or Sn, where the natural gas bubbled through Mott porous metal 

filters, showed the product stream comprised of almost 80 and 70 vol% of hydrogen 

at 1023 K, respectively.  



29 

 

Plevan et al. [16] investigated the catalytic effect of molten tin (Sn) on methane 

decomposition at a temperature range of 973 to1223 K. According to their results, 

methane decomposition grows by increasing the temperature of the reactor and 

decreasing the gas flow rates from 200 to 5 mlN/min. They reported that the catalytic 

effect of the molten metal in the column needs to be well understood and considered, 

as it impacts directly on the methane conversion.  

Upham et al.[87] achieved a methane conversion of  95% at 1338K in a 1.1-meter 

bubble column (Figure 2.8) and produced pure hydrogen without CO2 by employing 

the 27% Ni–73% Bi alloy as a catalyst.  

 

Figure 2.8. A schematic representation of a Ni0.27Bi0.73 molten catalyst bubble 

column for hydrogen production via CH4 conversion with continuous carbon 

removal. Adapted from previous work [87]. 

 

Rahimi et al. [45] have studied carbon production via methane pyrolysis in a two-

phase liquid column containing Ni0.27Bi0.73 , KBr, and NaBr salts. They used a quartz 
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glass tube as the column to make the bubbles visible during the reactions, in which 

methane gas was injected through a submerged quartz tube. As with previous 

observations, their results also illustrated that a higher temperature of the liquid 

column results in higher methane conversion, while a high flow rate showed a diverse 

impact on the methane conversion such that a lower flow rate was favourable for 

higher conversion. The maximum conversion of methane in this setup was reported as 

approximately 38% at a temperature of 1273 K and a low flow rate of 10 ml/min. 

Also, they pointed to the formation of a carbon layer at the bubble and molten metal 

interface. 

Kang et al. [25] investigated the catalysed methane decomposition via molten 

KCl: MnCl2 mixtures in a bubble column reactor at a temperature range from 973 to 

1323 K. The results showed that the activation energy decreased from approximately 

300 kJ/mol for pure KCl to 161 kJ/mol in a 67:33 mol% mixture of KCl: MnCl2. The 

pyrolysis at 30% methane in the molten KCl: MnCl2 at 1323 K demonstrated a high 

hydrogen selectivity (~99%) in comparison with pure molten KCl (~90%), which 

produced multiple hydrocarbon co-products. The pyrolysis activity of the molten 

KCl: MnCl2 was reported to stay stable for over 30 hours and produced a separable, 

highly graphitic carbon solid, which accumulated at the surface of the higher-density 

molten salt. Perez et al. [34] studied methane decomposition within a quartz bubble 

column of molten gallium as a heat transfer agent and catalyst. They achieved 91% 

methane decomposition at 1392 K for a methane and argon gas mixture, with a ratio 

of 50-50% and a residence time of 0.5 s within the bubble column. The results showed 

that the produced carbon is mostly carbon black. According to their estimations, if the 

product carbon has a revenue and a tax for CO2 emissions, then methane pyrolysis 
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within a molten metal bubble column is comparable with the current economic 

technology (e.g., SMR).  

It is noteworthy that methane decomposition within a molten catalyst bath is under 

investigation [87, 113, 116]. The bubble columns are simple to build and operate, even 

though the hydrodynamics of these reactors and the interactions between the gas and 

the liquid in two-phase systems, and gas, liquid, and solid in three-phase systems, are 

extremely complicated [131, 136].  The pressure of the system controls the bubble size 

in the column. According to Eq. 2.11, the bubble’s radius holds an inverse relationship 

with the pressure difference between the gas inside the bubble and the liquid in the 

column [137]: 

𝑃B =
2𝜎

𝑟B
+ 𝑃MB         (2.11). 

where 𝑃B is the pressure inside the bubble, 𝜎 is the surface tension, 𝑟B is the bubble 

radius, and 𝑃𝑀𝐵 is the hydrostatic pressure of the molten bath in the column on top of 

the bubble.  

Other operational parameters are also linked together, and variations in any factor have 

an impact on the others. For example, the height and type of the molten bath affect the 

bubble size by changing the pressure due to the molten column height and surface 

tension at the gas-molten bath interface, respectively. Based on Eq. 2.11, this impacts 

the bubble pressure and hence methane conversion. Moreover, the bubble size directly 

affects the bubble rise velocity; which, in turn, influences the bubble residence time 

within the molten bath [15, 138] and the contact time of the gas with the molten 

catalyst and hence its conversion. Furthermore, the gas flow rate, the size of the nozzle, 

the bubble size, and the bubble’s superficial velocity also influence the gas hold-up, 

which is defined as the volume fraction of gas in the mixture of gas-liquid within a 
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column. The flow rate controls the time in which the bubble grows at the nozzle tip. 

Once the bubble detaches from the tube, its rise time through the molten bath depends 

on the depth, the bubble size, the melt density, its viscosity and the gas-bubbling flow 

regime [38]. By decreasing the diameter of the nozzle [15, 45, 139], the bubble size 

decreases. A smaller bubble size also decreases the mass transfer limitations inside the 

bubble, while it increases the surface area per volume of the bubble. Decreasing the 

bubble size decreases the buoyancy force acting on the bubble, which, in turn, leads 

to a lower rise velocity of the bubble, leading to a higher residence time [15, 138]. 

Hence, the contact time between the methane gas inside the bubble and molten bath 

increases, which can lead to an increase in methane conversion. Furthermore, the 

residence time affects the formation and decomposition of the heavy hydrocarbon 

intermediate products, such as acetylene (C2H2), which exist only within a short 

residence time range [15, 16, 125]. Even though there are studies on the effect of the 

nozzle type and size on the residence time of bubbles in liquid columns, they are not 

focused on methane pyrolysis in a liquid column [88, 140].  

For the development, optimisation, and scale-up of molten metal bubble column 

reactors, a fundamental understanding of the bubble hydrodynamics and the associated 

transport phenomena, both inside the reactor and within the bubbles, is required. 

Because of the lack of in-depth knowledge of the multiphase process inside the 

columns, the design of these reactors has necessarily been based on empirical 

correlations and experiments performed in the laboratory- or pilot-scale setups [141]. 

Specifically for the methane pyrolysis, the effect of the temperature, pressure, gas flow 

rate, type of molten bath, size of the nozzle, superficial gas velocity within the column 

and the height of the liquid on the methane conversion need to be better understood if 

the system is to be optimised and demonstrated at large scales [44, 142, 143].  
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Table 2.2 summarizes the operational parameters in several studies on methane 

decomposition in liquid bubble columns. As shown in the first and second rows of 

Table 2.2 [16, 144], although both experiments were undertaken in a column of tin, 

they used different column sizes, designs and operational temperatures that made their 

data incomparable. That is the same for most of the available data in the literature. 

Hence, experimental data and numerical modelling are required for better 

identification of the fundamental parameters and the magnitude of their impacts on 

methane pyrolysis. 



34 

 

Table 2.2. Experimental conditions for methane pyrolysis that have been used by researchers. 

Media 
Type of 

column 

Column 

height 

(mm) 

Liquid 

height 

(mm) 

Column 

diameter 

(mm) 

Orifice 

diameter 

(mm) 

T (K) 
P 

(bar) 

CH4 

conversion 
H2 yield Ref 

Sn - 1268 - 40.6 0.5 
1203-

1448 
1.013 - 

78% 

@1448 K 
[144] 

Sn 
Stainless 

steel 
1150 

600 

and 

1000 

35.9 1 
1023-

1173 
 0-20% 

Values for 

blank tube 
[16] 

Pb, Sn and 

Sn+SiC, 

alumina, 

NiMo/alumina 

Stainless 

steel 304 
355.6 101.6 25.4 

6.35-

1.58 + 

porous 

metal 

filter 

873-

1173 
- 0-70% 70%- 80% [44] 
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Sn and packed 

bed 

Quartz 

glass in a 

stainless-

steel 

tube 

1268 

250 Sn 

850 

packed 

bed 

40.6 0.5 
1093-

1273 
2 0-35% 0-30% [15] 

NiBi + 

(NaBr, KBr, 

and KCl) 

Quartz 

glass 

tube 

- 

300, 

400, 

1000 

22 2 
1193-

1273 
- 5-40% - [45] 

Ni0.27Bi0.73, 

catalyst (Ni, 

Pt, Pd), Low 

melting 

metals (In, 

Ga, Sn, Pb) 

- 
1100-

1150 
150 1100 3 

1313-

1338 

0.01 

- 1 
0-95% - [87] 
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2.1.7.3 Numerical modelling of methane 

pyrolysis 

Molten metal catalysts are opaque, typically corrosive, and hard to handle in a 

laboratory, especially at the high temperatures of relevance to methane pyrolysis 

within bubble column reactors. Hence, in-situ observations and measurements in these 

systems are technically challenging, time-consuming and expensive. Numerical 

modelling of these systems is a substantially useful tool to develop the required 

understanding of the phenomenon to optimise these systems. It minimises the costs, 

materials, and the risks. Catalan et al. [133] developed a non-catalytic kinetic model 

that is capable of optimisation of the diameter and length of the liquid metal bubble 

column reactor as well as the inlet pressure. By optimising the column dimensions, it 

will be possible to minimise the volume of the molten metal and consequently the cost 

of design and construction of the column. Farmer et al. [89] modelled a membrane 

bubble reactor for methane pyrolysis. This model was investigated to separate product 

hydrogen from the unreacted methane gases. This process eliminated the need for 

recycling un-reacted methane, thereby reducing the total equipment dimensions and 

energy costs. In this design, the product hydrogen can be completely collected via the 

membrane reactor walls without requiring a post reactor hydrogen separation.  

Despite the advantages of modelling methane pyrolysis within a molten bath, reported 

models are scarce in the literature [15, 141, 145]. Nonetheless, models of a single 

bubble rising and pyrolysing methane within a molten metal bath have been reported 

previously. In the available models, the impact of variations of the bubble size and the 

bubble rise velocity in the column were not considered. This is despite the fact that 

calculations show that these factors vary significantly as the bubble rises and reacts 
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within the molten bath. Also, in these models, the effect of surface tension on pressure 

has been ignored [16, 42, 47]. Plevan et al. [16] developed a thermo-chemical model 

that fitted well with their experimental data obtained from pyrolysis of methane within 

a blank reactor. However, they reported that their model does not show a good 

agreement with the experimental results for the case of a system with a temperature of 

1173 K and at flow rates lower than 25 mlN/min. This may be attributable to some of 

the governing simplified assumptions, such as a constant bubble size and rise velocity.  

In a molten metal column, the density of the liquid bath is high (e.g. ~7033 kg/m3 for 

molten tin [146, 147], and ~6095 kg/m3 for gallium [34] ); hence the hydrodynamic 

pressure on the bubble changes significantly during the bubble rise within the bath. As 

a result of decreasing the pressure on the bubble, Eq. 2.11, the bubble enlarges while 

it rises in the molten bath. Moreover, conversion of methane to H2 produces 2 mols of 

H2 per each consumed mol of CH4. Consequently, the bubble size, despite the 

assumptions made in the available models [15, 16, 42], is not constant. Additionally, 

due to bubble radius changes through the column, the bubble rise velocity varies in 

practice [15, 16, 42]. Also, the size variation of the bubble in the liquid column directly 

impacts the mass transfer [148] and the heat transfer, both within the bubble and 

between the liquid bath and the bubble, which significantly affects the methane 

pyrolysis within the bubble column [15, 16, 149]. Considering a fixed bubble size and 

rise velocity in the model is like considering a bubble as a solid sphere, which is far 

from the reality. Thus, the available models could be improved by relaxing these 

simplifying assumptions.  
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2.2 Summary of identified gaps 

Based on the literature review, the following gaps in the knowledge of hydrogen 

production via methane pyrolysis in a molten metal bubble column were identified:  

1. Neither the impact of the size variation of the bubble while it rises within the 

column nor changes to the methane concentration have been considered 

previously. The bubble size was previously assumed to be constant throughout 

the column, even though the bubble expands when it rises. This expansion 

occurs for two reasons. Firstly, the pyrolysis reaction generates two molecules 

of hydrogen from each molecule of methane within the bubble. Secondly, the 

hydrostatic pressure on the bubble decreases as it rises within the molten bath. 

2. The bubble rise velocity is another factor that has been overlooked in previous 

studies. This is an important parameter as it affects the residence time of 

bubbles within the molten bath and consequently the extent of the reaction. 

The following chapter presents the results of a fundamental study on the effects of 

the abovementioned parameters.  
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3. CHAPTER 3 

 

A NUMERICAL INVESTIGATION OF METHANE 

PYROLYSIS IN A MOLTEN CATALYST BATH–A 

SINGLE BUBBLE APPROACH 

 

 

Chapter preview 

In this chapter, a numerical model of a single rising and pyrolysing bubble within a 

molten bath column is developed through the simultaneous solution of the principle 

governing equations of mass, momentum, and energy. The developed numerical 

model provides us with an assessment opportunity of the effects of variations in bubble 

size, bubble rise velocity, liquid height, pressure, gas temperature, molten bath 

temperature, and initial bubble composition on the conversion of the methane within 

a single bubble. Also, the results of a sensitivity analysis of methane conversion to the 

abovementioned parameters are presented.  

The following section is presented in a paper format, and already has been submitted 

to the International Journal of Hydrogen Energy. 
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Molten Catalyst Bath–A Single Bubble Approach 
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Abstract 

A dynamic one-dimensional numerical model of methane pyrolysis within a rising and 

pyrolysing bubble in a column of molten Ni0.27Bi0.73, as a molten catalyst, is presented. 

The model predicts both the behavior of the rising bubble in the column and the 

chemical reactions within it, accounting for any variations in bubble diameter and 

rising velocity, which have previously been assumed to be constant. The conservation 

equations of energy, mass and momentum are solved simultaneously using the implicit 

Gauss–Seidel numerical method. The model accounts for the main parameters 

contributing to methane pyrolysis reaction, namely the bubble size, column height, 

residence time, molten bath temperature, pressure, bubble composition and 

temperature. The reliability of the model was assessed by comparison with the 

available experimental data from the literature and a reasonable agreement was found. 

The current calculations revealed that more than 97% of the overall methane 

conversion occurs at the interface of the bubble and the molten bath. A sensitivity 

analysis was also undertaken. For the studied conditions, a 400 K increase in the 

temperature of the molten bath from 1013 to 1413 K and a rise in the pressure of the 

system from 0.1 to 8 MPa enhances the overall conversion by >80%. However, a wide 

range of variations in the initial gas temperature from 313 to 1313 K and the initial 

bubble radius from 0.6 to 2.6 mm improves the conversion by approximately 10%. 

Furthermore, increasing the initial methane mole fraction within the injected gas from 

0% to 100% decreases the overall methane conversion by ~12%. 

Keywords: Hydrogen; Pyrolysis; Molten Catalyst; Carbon Capture; bubble column; 

Methane   
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Nomenclature  

𝐴0 : pre-exponential factor [1 s⁄  ] 𝑦𝑖 : Mole fraction of species [-] 

𝐴𝑐 : Nozzle cross-sectional area [m] 𝑍 : Compressibility factor of gas [-] 

𝐴𝑟 : Archimedes number [-] 𝑧𝐵 
: Axial distance from the bottom 

of the column [mm] 

𝑎, 𝑏 : Numerical parameters [-] 𝑧𝑃 
: Axial distance through the 

nozzle pipe [mm] 

𝐶 : Concentration [mole/m3]   

𝐶𝑑 : Drag coefficient [-]   

𝑐𝑝 : Specific heat capacity [J/kg. K] Greek letters 

𝐸𝑎 : Activation energy [J/mol] 𝜇 : Dynamic viscosity [Pa. s] 

𝑔 : Gravity [m/s2] 𝜌 : Density [kg/m3] 

ℎ : Convective heat transfer coefficient 

[W/m2. K] 
𝜎 

: Surface tension [N/m] 

H : Height [mm] Ω : Collision integral [-] 

∆𝐻 : Reaction enthalpy [J/mol] 𝜏 : Residence time of the bubble [s] 

𝑘 : Conductive heat transfer coefficient 

[W/m. K] 

 

𝑀𝑜 : Morton number [-] Subscripts 

𝑁𝑢 : Nusselt number [-] 𝐵 : Bubble 

𝑝 : Pressure [Pa] 𝑐 : Critical 

𝑃𝑐 : Critical pressure of gas [Pa] 𝑒𝑞𝑢 : Equilibrium 

𝑝𝑠 : Nozzle perimeter [m] 𝑓 : Final 

𝑟 : Bubble radius [mm] 𝑔 : Gas  

𝑅𝑒 : Reynolds number [-] 𝐻𝑆 : Headspace 

𝑅𝑔 : Universal gas constant [J/mol/K] 𝑖𝑛𝑡𝑓 : Interface 

𝑇 : Temperature [K] 𝑚 : mean 

𝑡 : Time [s] 𝑀𝐵 : Molten bath  

 𝑈 : Rise velocity [m/s] 𝑚𝑖𝑥 : Mixture 

𝑉 : Volume [m3] 𝑛𝑧 : Nozzle 

X : Conversion of methane [-] 𝑟𝑥𝑛 : Reaction  
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3.1 Introduction 

There is growing demand for technologies that enable low-cost production of 

hydrogen without any net CO2 emissions, often termed ‘net-zero’ hydrogen production 

[1-4]. New technologies are needed because Steam Methane Reforming (SMR), which 

is currently the most cost-effective commercial process for H2 production (at ~$1.5 

(per kg H2) ) [5, 6] and used to produce ~96% of the global hydrogen production, also 

generates some 9-10 tones of CO2 per tones of H2 [7, 8]. While these emissions can 

be mitigated via Carbon Capture and Storage (CCS), this increases the cost of SMR-

derived H2 to ~$2.5 (per kg H2) and still typically only achieves 90% CO2 avoidance 

[9], thereby failing to meet the requirement for net-zero H2 production. Auto-thermal 

reforming is another potential approach for H2 production that increases the capture 

efficiency of CO2 [10]. However, this technology costs ~$3.6 (per kg H2) since it 

requires an air separation unit to produce pure O2 as a feedstock [11, 12]. The current 

levelized cost of H2 production with nearly zero-carbon emissions using Photo-

Electrochemical (PEC) [13, 14] and Photovoltaic-Electrolytic (PV-E) methods is 

estimated to be $11.4 and $12.1 per kg H2, respectively [15-17]. While these costs are 

reducing rapidly, there remains a need for other technologies with the potential to 

reduce the price differential for CO2-free hydrogen and natural gas if hydrogen is to 

make a substantial contribution to CO2 mitigation. Hence, there is a need for the 

development of alternative technologies with the potential to achieve cost-effective, 

zero-carbon production of hydrogen. 

An emerging technology option for net-zero hydrogen with strong potential is methane 

pyrolysis (CH4 → 2H2 + C) [15, 18-20]. This technology avoids direct emission of 

CO2 by generating a carbon product. The storage of solid carbon is technically less 
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challenging than CO2 sequestration [21], which requires specific sites and geology 

[22]. Moreover, carbon black is a co-product of hydrogen in pyrolysis, which can be 

used as a raw material for several valuable products, such as paints [23], rubber [24], 

tires, and fertilizers [25, 26]. However, it is worth noting that the reaction conditions 

affect the carbon product type and its value [27]. The aforementioned factors have led 

those generating energy transition policies to conclude that the methane pyrolysis 

technology has alternative value drivers from the SMR, PEC and PV-E technologies, 

although the technology must still be optimized [28-31]. Hence, the overall aim of the 

current study is to investigate methane pyrolysis as a potential method for hydrogen 

production. 

While methane starts to dissociate at temperatures above 673 K, its complete 

conversion to H2 and C requires temperatures above 1273 K [28] in atmospheric 

pressure. Coke formation is prominent in the methane pyrolysis reactions on solid 

based catalyst systems [32-35], which necessitates periodic decoking of the catalyst 

by burning the carbon [36, 37]. This, in turn, not only increases the cost of the process, 

but also produces CO2 as a by-product. Catalyst deactivation through sintering of the 

unwanted solid-state reactions between the metallic catalyst and the oxide occurs at 

elevated temperatures [38]. Therefore, significant effort has been allocated to 

developing those catalysts, e.g., those employing nickel (Ni) and iron (Fe) [19], which 

enable reasonable methane conversion at temperatures less than 1273 K [34, 39]. 

Nonetheless, practical application of these solid-state catalysts is limited due to their 

fast deactivation through the coke formation on their active sites [20, 38, 40].  

A developing technique for methane pyrolysis is to perform the reaction in low-

melting temperature metals, e.g., tin (melting temperature = 500 K) [41] and gallium 

(melting point = 300K) [42, 43] or alloys, e.g., GaInSn (melting point = 278 K) [42]. 
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This technique results in thermal decomposition of CH4 within a bubbling column of 

molten metal [30, 44, 45]. Due to the lower density of the insoluble carbon, it floats to 

the surface of the molten bath to be separated physically [30, 37], in parallel with the 

collection of hydrogen gases. Furthermore, a bubbling gas flow regime enables high 

heat and mass transfer rates [46, 47]. This process is illustrated schematically in Figure 

3.1a and b. Despite these potential advantages, the pyrolysis of methane in a molten 

bath has received far less attention than its solid catalyst counterparts, so the full extent 

of the potential benefits and limitations of this technology are yet to be identified. 

 

 

Figure 3.1. Schematic presentation of (a) a single rising bubble within a molten bath 

bubble column reactor for the pyrolysis of methane, (b) a cross section through the 

bubble, showing the relative positions of major components within it. 

 

It has been deduced that the CH4 from the gas within a rising and pyrolysing bubble 

in a molten metal bath (Figure 1b) diffuses toward the bubble-liquid interface, where 

it cracks into H2 and solid carbon through multi-step reactions. The extent of the 

(a) (b) 
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catalytic effect within the molten media has been controversial because some previous 

studies have reported that the use of a catalytic material in the molten bath can decrease 

the methane decomposition temperature to less than 1273 K [44, 48-50], whilst no 

catalytic effect was seen by others [28, 51]. Moreover, the catalytic influence of the 

carbon layer has also been investigated during the pyrolysis reactions [28, 51, 52]. 

Hence, the proper design and optimization of the molten metal pyrolysis reactors 

requires a deep understanding of both the hydrodynamics of the bubbles [28, 33, 36, 

53-56] and of the heat/mass transfer and reaction kinetics [37, 44, 57-60]. For example, 

an increase in column height leads to a longer residence time of bubbles within the 

bath, which increases both the conversion efficiency [36] and the parasitic pressure 

drop, which has an energy penalty. However, the design and construction of such 

systems is expensive due to the specific materials requirements because of the 

corrosivity of molten baths at high temperatures. Moreover, the opacity of the molten 

metals inhibits detailed and in situ measurements within the columns. In this context, 

modelling is an effective way to advance the understanding of methane pyrolysis 

within a molten bath. Therefore, the current study aims to advance understanding of 

methane pyrolysis through development of a mathematical model of a single rising 

and pyrolysing bubble within a molten bath. 

Few previous numerical simulations are available for methane cracking reactions 

within a single bubble in a molten bath column. Plevan et al. [28] developed a 1-D 

thermochemical simulation for a single rising and pyrolysing methane bubble in a 

molten tin bath. They subdivided the column into four zones consisting of a preheater, 

an orifice, the liquid phase, and the gas phase. Each zone was modelled separately to 

account for their different temperatures and estimate the methane conversion through 

the column. They assumed that the gas flowrate does not change the bubble rise 
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velocity, but influences the frequency of bubble formation, based on the assumption 

that the bubble rise velocity has a constant value of 0.2 m/s. They found that the 

conversion increases with the temperature and with a reduction in the gas flowrate. 

Furthermore, a column height of 1150 mm was found to be insufficient to achieve a 

high conversion within the column for temperatures up to 1173 K. However, the 

impact on these results of the assumption that velocity is constant remains to be 

evaluated.  

In another study, Geibler et al.[51] developed a 1-D model of methane conversion in 

a molten tin bath. Their model considered the whole column and did not subdivide it 

into zones, in contrast with that of Plevan et al. [28]. However, they also assumed a 

constant bubble size and residence time (i.e., a constant bubble rise velocity), together 

with a spherical shape and neglected the convection within the bubble gas phase. This 

model, despite showing a good agreement for temperatures in the range 1093 –– 1208 

K, departs from the experimental data for higher temperatures of 1208 K to 1273 K. 

However, the extent to which these differences are influenced by the key simplifying 

assumptions of constant values for the bubble rise velocity and bubble size are also 

yet to be evaluated.  

In the light of the above discussions, the aim of the present work is to evaluate the 

influence of any variations in bubble size and rising velocity on the calculated rate of 

methane pyrolysis within a molten bath. In particular, we aim to assess the influence 

of changes to bubble diameter and rise velocity on the transport phenomena, the heat 

transfer between the gas and the molten bath and the chemical reactions both inside 

the methane gas bubble and at the interface of the bubble and the molten bath. We also 

aim to assess the sensitivity to operational parameters, consisting of the bubble size, 
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the molten bath height, the gas and bath temperatures, and the methane mole fraction 

within the injected gas in terms of the methane conversion.  

 

3.2 Method 

3.2.1 Model description  

The following assumptions were employed to develop the current model: 

a) the temperature of the molten bath is both uniform and constant. 

b) the bubble size is less than 7.5 mm, ensuring that the bubble is close to spherical 

[42]. 

c) the initial velocity of the bubble is equal to its local terminal velocity. This is 

because bubbles have been measured as accelerating rapidly to their terminal 

velocity within a molten bath, due to the significant buoyancy force on the bubble, 

originating from the substantial difference between the densities of the bubble 

itself and the molten metal bath [61-63].  

d) any interactions between the bubbles and walls are ignored by considering a single 

bubble, under a bubbly flow regime [64, 65]. 

e) the liquid metal is saturated with hydrogen and other chemically active 

components, such that the effects of solubility at the gas-molten bath interface can 

be ignored. Therefore, the mass fluxes within the bubble are due to chemical 

reactions alone, either within the gas phase or at the interface between the gas and 

the molten bath. 

f) heat is convected from the molten bath to the bubble through their interface. 
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g) conduction is assumed to be the dominant heat transfer mechanism within the 

bubble and convection within the bubble is ignored, following earlier works [28, 

51]. 

h) the methane conversion reaction was considered to be of the first order; however, 

in reality there will be some chain reactions. Moreover, all of the methane at the 

interface converts to carbon and hydrogen due to the ultrafast reactions at the 

interfaces [66, 67].  

i) the impact of the carbon layer on the conversion at the bubble surface was ignored. 

That is, based on the current calculations, for a bubble with a radius of 0.6 mm 

(the smallest size of the bubble in this study) and 2.6 mm (the maximum size of 

the bubble in this study), if all the methane content of the bubble converts to 

carbon and hydrogen (𝑋𝐶𝐻4
 = 100%) and product carbon remains uniformly at the 

gas and bath interface, the percentage of the ratio of the carbon layer thickness at 

the gas-molten bath interface to the bubble radius will be less than 5 × 10−6 and 

2 × 10−6, respectively. Moreover, due to the occurrence of the methane 

conversion in the gas phase as well as the gas-liquid interface, it is likely that 

carbon distributes within the gas phase of the bubble instead of forming a layer at 

the bubble interface. 

j) As an estimation, the surface tension of the Ni0.27Bi0.73 was assumed to be the 

same as the bismuth (345 × 10−3 
𝑘𝑔

𝑠2 ). 

k) In calculations, the heat transfer via radiation was ignored. 
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3.2.2 Bubble rise velocity 

Two semi-empirical equations (Eqs. 3.1 and 3.2) [68, 69] were used to estimate the 

bubble rise velocity of a spherical bubble for which the set of coefficients varies, 

depending on the Reynolds number (Eq. 3.3) of the bubble (𝑅𝑒𝐵), as follows: 

𝑈𝐵 =  
4𝑟𝐵

2𝜌𝑀𝐵𝑔

18𝜇𝑀𝐵
 (1 +

𝐴𝑟

96

(1+0.079𝐴𝑟0.794)0.755 )

−1

,   at  𝑅𝑒𝐵 ≤ 130   (3.1). 

𝑈𝐵 = √
𝑔𝜇𝑀𝐵

𝜌𝑀𝐵

3
(

4𝑎2𝑀𝑜0.46𝑏

3𝐶𝑑
)

1

(2−2𝑏)
𝐴𝑟

(2𝑏+1)

(6−6𝑏) , at  𝑅𝑒𝐵 > 130  and 𝐶𝑑 = 0.95  (3.2). 

𝑅𝑒𝐵  =
2𝜌𝑀𝐵𝑈𝐵𝑟𝐵

𝜇𝑀𝐵
          (3.3). 

In these equations, the symbols 𝐶𝑑, 𝑟𝐵, 𝜇𝑀𝐵, 𝜌𝑀𝐵 and 𝑈𝐵 are the drag coefficient, 

bubble radius, dynamic viscosity of the molten bath, density of the molten bath, and 

the bubble rise velocity, respectively. Also, 𝑎 and 𝑏 are the numerical parameters 

(Table 3.1), that are selected based on the Archimedes (𝐴𝑟) and Morton (𝑀𝑜) 

numbers, given by Eqs. 3.4 and 3.5, respectively [70]: 

𝐴𝑟 =  
8𝑔𝑟𝐵

3𝜌𝑀𝐵(𝜌𝑀𝐵−𝜌𝐵)

𝜇𝑀𝐵
2         (3.4), 

𝑀𝑜 =
𝑔𝜇𝑀𝐵

4(𝜌𝑀𝐵−𝜌𝐵)

𝜌𝑀𝐵
2𝜎𝑀𝐵

3          (3.5). 
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Table 3.1: Parameters a and b in Eq. 3.2 as a function of the bubble’s Archimedes 

and Morton numbers [68]. 

 Condition Parameter 

 12.332 ≤  𝐴𝑟 < 3.158 × 𝑀𝑜−0.46 𝑎 =  1  
𝑏 =  0 

 3.158 × 𝑀𝑜−0.46 ≤ 𝐴𝑟 < 29.654 × 𝑀𝑜−0.46 𝑎 =  1.14  

𝑏 =  −0.176 

 29.654 × 𝑀𝑜−0.46 ≤ 𝐴𝑟 < 506.719 × 𝑀𝑜−0.46 𝑎 =  1.36  

𝑏 =  −0.28 

 506.719 × 𝑀𝑜−0.46 ≤ 𝐴𝑟 𝑎 =  0.62  

𝑏 =  0 

 

 

3.2.3 Energy and mass conservation equations 

The unsteady-state energy conservation equation for a single bubble based on the 

bubble surface is given as follows: 

−
1

𝑟2

𝜕

𝜕𝑟
 (𝑟2𝑘𝑔

𝜕𝑇𝐵

𝜕𝑟
) +  𝑅𝑟𝑥𝑛 ∆𝐻𝑟𝑥𝑛 =  𝜌𝑐𝑝

𝜕𝑇𝐵

𝜕𝑡
      (3.6). 

In this equation,  𝑇𝐵 and 𝑘𝑔 are the bubble temperature and the thermal conductivity 

of the gas within the bubble, respectively. Moreover, 𝑐𝑝 is the heat capacity, r is the 

radial direction and 𝑡 is the time. Also, 𝑅𝑟𝑥𝑛 is the rate of methane conversion in the 

gas phase (Eq. 3.7) and ∆𝐻𝑟𝑥𝑛 is the enthalpy of the endothermic cracking reaction of 

CH4 to C and H2, as follows: 

𝑅𝑟𝑥𝑛 = 𝐴0𝐶𝑖   𝑒𝑥𝑝 (−
𝐸𝑎

𝑅𝑔𝑇𝐵
)        (3.7). 

In addition, 𝐶𝑖 is the concentration of component ′𝑖′, 𝐴0 is the pre-exponential factor, 

𝐸𝑎 is the activation energy, and 𝑅𝑔 is the universal gas constant (8.314 J/mol. K). The 
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values of the pre-exponential factor (𝐴0) and the activation energy (𝐸𝑎) are given in 

Table 3.2. 

 

Table 3.2. Kinetic constants for methane cracking reaction, for both the internal 

volume away from the surface layer (non-catalytic) and at the gas-molten bath 

interface (catalytic) in an Ni0.27Bi0.73 column. 

 
Activation 

energy [kJ/

mol] 

Pre-

exponential 

factor [1 𝑠⁄ ] 

Reference 

Gas-molten bath interface 

(catalytic) 
208 7.88×104 [44] 

Inside bubble (non-catalytic) 422.9 1.26×10+14 [71] 

 

The initial condition and boundary conditions for Eq. 3.6 are given as follows: 

𝑇(𝑟, 𝑡)  =  𝑇𝑔 ,  at 𝑡 =  0       (3.8). 

𝜕𝑇

𝜕𝑟
|𝑟=0 = 0 ,   at 𝑡 ≥  0       (3.9). 

𝑘𝑔
𝜕𝑇

𝜕𝑟
=  ℎ𝑀𝐵(𝑇𝑀𝐵 − 𝑇𝐵)|𝑟=𝑟𝐵

 .  at  𝑡 ≥  0    (3.10). 

In these equations, 𝑟𝐵 is the bubble radius and ℎ𝑀𝐵 is the heat transfer coefficient at 

the interface of the gas and the molten bath, estimated according to the following 

equation [28]: 

ℎ𝑀𝐵  =
𝑘𝑀𝐵 

2𝑟𝐵
(2 + 0.6 𝑅𝑒𝑀𝐵

0.5𝑃𝑟𝑀𝐵
1 3⁄ )      (3.11). 

In this equation, 𝑘𝑀𝐵  and 𝑃𝑟𝑀𝐵 are the conduction and Prandtl number of the molten 

bath, respectively. 
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Eq. 3.12 shows the rate of mass conservation of species within the bubble. That is, any 

mass fluxes within the bubble are due to chemical reactions alone, either within the 

gas phase or at the interface between the gas and the molten bath. 

1

𝑟2

𝜕

𝜕𝑟
(𝐷𝑖,𝑚𝑖𝑥 𝑟2 𝜕𝐶𝑖

𝜕𝑟
) +  𝑅𝑟𝑥𝑛 =

𝜕𝐶𝑖

𝜕𝑡
      (3.12). 

Here too, 𝐷𝑖,𝑚𝑖𝑥 is the diffusion coefficient of component 𝑖 in the mixture. The initial 

and boundary conditions for Eq. 3.12 are as follows: 

𝐶𝑖 = 𝐶𝑖,0 ,  at 𝑡 =  0      (3.13), 

𝜕𝐶𝑖

𝜕𝑟
|𝑟=0 = 0 ,  at 𝑡 ≥  0      (3.14), 

𝐷𝑖,𝑚𝑖𝑥
𝜕𝐶𝑖

𝜕𝑟
|𝑟=𝑟𝐵

= 𝑠𝑅𝑟𝑥𝑛, 𝐶𝐻4
, at 𝑡 ≥  0 [ 

    𝑠 = 0,     𝑖𝑓  𝑖 = 𝑖𝑛𝑒𝑟𝑡 𝑔𝑎𝑠      
𝑠 = 1,   𝑖𝑓  𝑖 = 𝐶𝐻4  

𝑠 = 2,     𝑖𝑓  𝑖 = 𝐻2

] (3.15). 

The symbol, 𝐶𝑖,0 is the initial composition of component ′𝑖′ within the bubble. 

The diffusion coefficient for component ′𝑖′ in the gas mixture, Di,mix, within the bubble 

is a function of a two-component diffusion coefficient in the gas mixture and was 

calculated following an earlier work [72]: 

𝐷𝑖,𝑚𝑖𝑥 =  
1− 𝑦𝑖

𝑦𝑗

𝐷𝑖,𝑗
+

𝑦𝑘
𝐷𝑖,𝑘

         (3.16). 

Here too, 𝑦𝑖, 𝑦𝑗, and 𝑦𝑘 are the mole fractions of components ′𝑖′, ′𝑗′, and ′𝑘′ in the gas 

mixture, respectively. 𝐷𝑖,𝑗 and 𝐷𝑖,𝑘 are the diffusion coefficients in a two-component 

gas mixture. The diffusion coefficient of the two-component gas mixture was 

estimated based on Eq. 3.17 [73, 74]: 

𝐷𝑖,𝑗  =  
(1.8583×10−7) 𝑇𝑔

3 2⁄

𝑃𝐵 Ω𝑖,𝑗
𝐷  (𝑇)

 √
1

𝑀𝑤,𝑖
+

1

𝑀𝑤,𝑗
        (3.17). 
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In this equation, 𝑃𝐵 is the pressure within the bubble, the function Ω𝑖,𝑗
𝐷  (𝑇) is the 

collision integral, which imitates the collision between components ′𝑖′and ′𝑗′ [72], and 

𝑀𝑤 is the molecular weight of each component. 

Eq. 3.18 was utilised to calculate the overall methane conversion: 

𝑋𝐶𝐻4
=  

𝑛𝐶𝐻4,0− 𝑛𝐶𝐻4,𝑡

𝑛𝐶𝐻4,0
          (3.18). 

In this equation, 𝑛𝐶𝐻4 ,0 and 𝑛𝐶𝐻4,𝑡 are the number of moles of CH4 at the start and at 

time, ′𝑡′, respectively. Since there is a radial distribution of CH4 within the bubble, 

𝑛𝐶𝐻4,𝑡 was calculated by Eq. 3.19: 

𝑛𝐶𝐻4,𝑡 = ∫ 4𝜋
𝑟=𝑟𝐵

𝑟=0
𝐶𝐶𝐻4,𝑡 𝑟2𝑑𝑟        (3.19). 

The fractions of the methane conversion inside the bubble, 𝑋𝐶𝐻4,𝑔
, and at the interface 

of the bubble and molten bath at time 𝑡, 𝑋𝐶𝐻4,𝑖𝑛𝑡𝑓
, are given by: 

𝑋𝐶𝐻4,𝑖𝑛𝑡𝑓
=  

− ∫ 4𝜋  𝑟𝐵
2 𝐷𝐶𝐻4,𝑚𝑖𝑥 

𝜕𝐶𝐶𝐻4
𝜕𝑟

|𝑟=𝑟𝐵
 𝑑𝑡

𝑡
𝑡−1

𝑛𝐶𝐻4,𝑐𝑜𝑛𝑠 (𝑡) 
       (3.20), 

𝑋𝐶𝐻4,𝑔
=  1– 𝑋𝐶𝐻4,𝑖𝑛𝑡𝑓

        (3.21). 

Here, 𝑛𝐶𝐻4,𝑐𝑜𝑛𝑠 (𝑡)   is the total number of moles of CH4 consumed at time 𝑡: at the 

nozzle and at 𝑡 =  0, 𝑛𝐶𝐻4,𝑐𝑜𝑛𝑠 = 0. Hence, the calculated 𝑋𝐶𝐻4,𝑖𝑛𝑡𝑓
 and 𝑋𝐶𝐻4,𝑔

 are 

plotted for 𝑡 ≥  0. 

At each height within the bath, the pressure within the bubble, 𝑃𝐵 , was correlated with 

the static pressure and the surface tension, 𝜎, of the bath over the bubble using Eq. 

3.22: 

𝑃𝐵 =
2𝜎

𝑟𝐵
+ 𝜌𝑀𝐵𝑔𝐻𝑀𝐵 + 𝑃0        (3.22). 
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In this equation, 𝑃0 is the pressure on top of the molten bath surface, and 𝐻𝑀𝐵 is the 

height of the molten bath at the top of the bubble. 

The bubble volume (𝑉𝐵) was estimated as follows: 

𝑉𝐵 =
𝑛𝑍𝑅𝑔𝑇𝐵

𝑃𝐵
          (3.23). 

In this equation, 𝑛 and 𝑍 are the number of moles and the compressibility factor, which 

is calculated as follows [75]: 

𝑍 = 1 + 0.257 (
𝑃𝐵

𝑃𝑐
) − 0.533 (

𝑃𝐵

𝑃𝑐
) (

𝑇𝑐

𝑇𝐵
)       (3.24). 

Here, the subscripts ′𝐵′and ′𝑐′ stand for the bubble and the critical value, respectively. 

The initial bubble radius was calculated from Tate’s law equation (Eq. 3.25) [51], and 

then the radius at the other locations within the column was estimated based on Eq. 

3.26: 

𝑟𝐵,𝑖𝑛 =  √
3𝑟𝑛𝑜𝑧𝜎

2(𝜌𝑀𝐵−𝜌𝑔)𝑔

3
   at  𝑡 =  0     (3.25), 

𝑟𝐵 =  √
3𝑉𝐵

4𝜋

3
.   at  𝑡 >  0     (3.26). 

In these equations, 𝑟𝑛𝑜𝑧 is the nozzle diameter. 

 

3.2.4 Computational methodology 

The above-mentioned sets of partial differential equations were discretized and solved 

simultaneously using the finite element method with the implicit Gauss-Seidel 

iteration. Figure 3.2 shows the algorithm employed for the simultaneous solution of 

the sets of equations using an in-house developed MATLAB code. The model was 
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initiated by providing the gas composition and temperature, together with the height 

and temperature of the molten bath. Each subsequent time step then uses the 

temperature and gas composition distribution from the previous time step. The 

conservation equations of energy and mass were solved simultaneously to calculate 

the new distributions, and then compared with the previous iteration. This process was 

repeated until the condition of convergence is satisfied. Afterwards, the bubble mole 

fraction, species concentrations, number of moles, the size, and the bubble’s physical 

properties and rise velocity were calculated. Next, the concentration of each 

component was calculated based on the new size and location of the bubble within the 

molten bath. Finally, the bubble location was updated, and the calculations repeated 

until the bubble reaches the surface of the bath. 
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Figure 3.2. Flow chart of the process by which the set of equations was solved 

numerically at each time step. 
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3.3 Results and discussion 

3.3.1 Model validation 

Direct validation of the pyrolysis of a single rising and pyrolysing bubble in a molten 

bath is not possible due to the limited availability of experimental data under relevant 

conditions. Therefore, a process of indirect verification was performed by comparing 

the bubble rise velocity and total calculated conversion using the most relevant 

available experimental data. Figure 3.3 presents a comparison of the calculated bubble 

rise velocity as a function of the bubble radius with the experimental measurements 

reported by Anderini et al. [76] for a single argon bubble in a column of molten tin  

at a temperature of 535 K, under atmospheric pressure. As shown, the calculated 

results provide a good agreement with the experimental data (with an error of ±3%).  

 

 

Figure 3.3. The values of the bubble rise velocity as a function of the bubble radius 

for a system of argon and tin at a temperature of 535 𝐾, as calculated from the 

present model together with the experimental data reported Anderini et al. [76]. 
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Figure 3.4 presents the calculated mean values of the methane conversion, 𝑋𝐶𝐻4,𝑚, 

into C and H2 as a function of the molten bath height in comparison with the available 

experimental data reported by Upham et al. [44] for a molten Ni0.27Bi0.73 bath and the 

conditions summarized in Table 3.3. Since no measurements of the bubble size were 

reported in this work, we used Tate’s law (Eq. 3.25) to estimate the initial bubble 

radius to be 2.1 mm. In this case (𝑟𝐵  =  2.1 mm): methane conversion exponentially 

varies with molten bath height. 

As depicted in Figure 3.4, with this initial size of the bubble, the experimental data 

and model predictions agree within less than 10% error, where the molten bath height 

is more than 100 mm.  

It is noteworthy that the selected experiments [37, 44] introduced the methane into 

the column through pipes that were inserted vertically downwards within the molten 

bath, which results in pre-heating of the inlet gas. According to this approach and 

based on the calculations, the injected gas temperature at the nozzle tip is much higher 

than at room temperature. For this reason, the initial gas temperature of the bubble 

leaving the nozzle was calculated as shown in Table 3.3. The employed heat transfer 

equations for the estimation of the temperature of the bubble, leaving the submerged 

nozzle, are given in Supplementary Information-A. However, the conversion within 

the submerged pipe is neglected because of the short residence time of the gas within 

it. 



74 

 

 

Figure 3.4. Comparison of the calculated mean methane conversion for three initial 

bubble radii (1.6, 2.1, and 2.25 mm) (dash lines) with experimental data (diamonds) 

as a function of the molten bath of Ni0.27Bi0.73 height, based on the experimental 

conditions presented in Table 3.3 [44]. 

 

Table 3.3. Experimental conditions reported by Upham et al. [44] and Rahimi et al. 

[37] for pyrolysis in a molten metal bubble column. 

 Parameters Upham [44] Rahimi [37] 

 Molten bath type Ni0.27Bi0.73 Ni0.27Bi0.73 

 

Molten bath height 

[mm] 

1100 110, 240, 350, 660  

 

Molten bath  

temperature [K] 

1313 1273 

 

Calculated bubble 

 radius [mm] 

2.1 2.8 
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 Column height [mm] 1150 300, 430, 1000 

 Column radius [mm] 6 11 

 Nozzle position Vertically downward Vertically downward 

 Nozzle radius [mm] 1.5 1 

 

Headspace 

temperature [K] 

1213 1273 

 Headspace length [mm] 50 80 

 

Conversion in 

headspace section 

- 

2.7 ± 0.5 %  

@ 1273K 

 

Conversion for case 

with additional 110 mm 

layer of molten salt 

- 2% 

 Gas mixture 80% CH4, 20% Ar 70% CH4, 30% Ar 

 

Calculated   

Temperature of the 

bubble introduced into 

the bath from nozzle [K] 

1313 995 

 

Feed gas flowrate 

[sccm] 

10 10 

 

The model predictions were also compared with the experimental data reported by 

Rahimi et al. [37] in Figure 3.5 for the conditions listed in Table 3.3. This experiment 

employed a layer of molten salt on top of the molten metal to separate any drops of 

metal from the bubbles. The initial radius of the bubble was estimated to be 1.8 mm 

using Tate’s law, following the approach described above, this also being due to the 
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absence of an experimental measurement of this parameter. However, better 

agreement is found for an assumed initial radius of 2.8 mm. One possible explanation 

for this difference is the impact of the molten salt layer on top of the molten Ni0.27Bi0.73, 

which affects the size and rise velocity of the bubble through the column, as well as 

the residence time. It can be seen that there is a good agreement for case ′𝑖𝑖𝑖′, which 

does not consider the molten salt layer above the molten catalyst bath. However, by 

decreasing the height of the molten Ni0.27Bi0.73 and increasing the length of the molten 

salt on top of that, the departure of the calculated methane conversion from the 

experimental results increases. 

 

 

Figure 3.5. A comparison of the calculated and measured methane conversion as a 

function of the height of the bubbling column containing Ni0.27Bi0.73 with a layer of 

molten salt (KBr) on top of the molten metal. The input parameters were based on 

the conditions presented in Table 3.3 [37]. 

 

(i) 110 mm Ni0.27Bi0.73 + 240 mm KBr 

(ii) 240 mm Ni0.27Bi0.73 + 110 mm KBr 

(iii) 350 mm Ni0.27Bi0.73 

(𝑖) 

(𝑖𝑖) 
(𝑖𝑖𝑖) 
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Further confidence in the numerical method has been obtained by comparing the 

predicted temperature distribution within a non-reacting bubble of radius 0.1 and 6 

mm in a molten tin column at 1073 K with the data obtained from the analytical 

solution of the heat transfer equation. Both the analytical and numerical calculated 

temperatures match within less than ±1% error. This gives additional verification 

that the equations have been implemented correctly in the model (see Supplementary 

Information-B). 

 

3.3.2 Impact of bubble size and rise velocity  

Figure 3.6 presents the calculated variations in bubble radius, 𝑟𝐵, and rise velocity, 𝑈𝐵, 

as a function of the bubble distance from the bottom of the bath of molten Ni0.27Bi0.73, 

𝑧𝐵, for the conditions of Upham’s experiments (Table 3.3). As expected, the calculated 

bubble radius, while it is rising from the bottom towards the bath surface, increases 

with height from ~2.1 mm at 𝑧𝐵= 0 mm to approximately 3 mm at 𝑧𝐵= 1100 mm. 

This is consistent with the change in the static pressure above the bubble (𝜌𝑀𝐵𝑔𝐻𝑀𝐵 +

𝑃0), decreasing from 195 kPa at 𝑧𝐵=0 mm to 102 kPa at 𝑧𝐵=1100 mm. In addition, 

the process of methane decomposition into carbon and hydrogen increases the bubble 

radius by increasing the number of gas moles within the bubble. That is, one mole of 

CH4 decomposes into two moles of H2 gas (CH4  →  2H2  +  C) [45]. Furthermore, 

the buoyancy force increases with an increase in bubble radius and changes the bubble 

rise velocity by approximately 44% from 0.21 m/s at 𝑧𝐵= 0 mm to 0.30 m/s at 𝑧𝐵= 

1100 mm. The residence time scales inversely with the rise velocity. Hence, an 

increase in rise velocity will decrease the time for both surface interaction with the 

molten bath and for heat transfer between the gas within the bubble and the molten 
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bath. In other words, decreasing the bubble radius provides more time for the heat 

transfer to achieve the required temperature for methane pyrolysis. Meanwhile, the 

characteristic length of conduction heat transfer within the bubble decreases with the 

bubble radius, leading to a more uniform temperature distribution within the bubble. 

This highlights the importance of accounting for changes to the bubble size and rise 

velocity within a molten bath column, despite both being assumed to be constant in 

previous models [28, 41, 51].. 

 

 

Figure 3.6. Calculated variations in bubble radius (left vertical axis) and rise 

velocity (right vertical axis) as a function of the distance of the bubble from the 

bottom of the molten bath under conditions reported in Table 3.3 [44] 

 

3.3.3  Sensitivity analysis 

A sensitivity analysis was undertaken to assess the impact on methane conversion of 

the temperature of the bath and inert gas, bubble radius, molten bath height, and mole 
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fraction of the injected gas, using Upham’s experiments as the reference conditions. 

Table 3.4 presents the range over which each parameter was varied. 

Table 3.4. The range of conditions over which parameters were varied for the 

sensitivity analysis of the rising and pyrolysing bubble within a molten Ni0.27Bi0.73 

bath. 

 Variables 

Reference 

conditions 

Variation range 

Bubble 

Input temperature [K] 1313 313-1313 

radius [mm] 2.1 0.6-2.6 

Gas composition 

80% CH4-20% 

Ar 

10-100% CH4 

Molten 

bath 

Temperature [K] 1313 1013-1413 

Height [mm] 1100 50-4000 

 

3.4.3.1 Effect of the bath temperature 

The axial variation of the calculated mean methane conversion, 𝑋𝐶𝐻4,𝑚, as a function 

of the bubble distance from the bottom of the column (𝑧𝐵) within the molten bath is 

shown in Figure 3.7a for a series of molten bath temperatures, 𝑇𝑀𝐵. Figure 3.7b 

presents the dependence on temperature of the final mean conversion of methane, 

𝑋𝐶𝐻4,𝑚,𝑓, when the bubble reaches the surface of the molten bath. As expected, the 

conversion is highly sensitive to the bath temperature owing to the exponential 

dependence of reaction rates on temperature (Eq. 3.7), both within the bubble (in the 
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gas phase) and over the bubble and molten bath interface. This behavior has also been 

observed previously [28, 37, 51]. For example, the maximum overall conversion 

increases from 0.6% at T=1013 K, to approximately 82% and 94% for temperatures 

of 1313 K and 1413 K, respectively. Moreover, 𝑋𝐶𝐻4,𝑚,𝑓 varies non-linearly with the 

molten bath temperature, such that the dependence becomes less sensitive at high bath 

temperatures than at low ones. For example, an increase in TMB from 1113 K to 1213 

K leads to a 79.2% increase in 𝑋𝐶𝐻4,𝑚,𝑓, while 𝑋𝐶𝐻4,𝑚,𝑓 only increases by 

approximately 13.2% points as TMB is increased from 1313 K to 1413 K. That is 

because, by increasing the temperature to more than 1400 K, methane conversion 

approaches the equilibrium value, which is ~98%. 

(a) (b) 

 

 
 

Figure 3.7. Calculated mean values of methane conversion a) in a bubble as a 

function of the axial position in a 1100 mm height column of Ni0.27Bi0.73 for a series 

of molten bath temperatures; b) at the top of the column as a function of the molten 

bath temperature. Other conditions are shown in Table 3.3 [44]. 
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Figure 3.8a-c presents the calculated methane mole fraction distribution as a function 

of time and bubble radius while it rises and pyrolyses through a column of 1100 mm 

molten Ni0.27Bi0.73 for three molten bath temperatures of 1013, 1213, and 1413 K. This 

shows that the calculated concentration of methane is approximately uniform through 

the bubble at any given condition. In addition, there is little difference in both the 

bubble residence time and radius for the three temperatures. As abovementioned, 

increasing the temperature from 1013 K to 1413 K has a large effect on methane 

consumption and, consequently, on the hydrogen production. For a bath temperature 

of 1013 K, as Figure 3.8a shows, the mole fraction of methane, for the reference 

conditions, decreases by only 0.7% from 0.8 to 0.793. and by increasing the bath 

temperature to 1413 K, Figure 3.8c, y𝐶𝐻4
 decreases by 96.4% to a final value of ~0.03 

from 0.8, which is consistent with higher methane conversion. 
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(a) 

  

(b) 

 

(c)  

 

Figure 3.8. Methane mole fraction distribution as a function of time and radial 

distance within a bubble while it rises and pyrolyses within a column of 1100 mm of 

molten Ni0.27Bi0.73 for columns at temperatures of a) 1013 K, b)1213 K, and c) 1413 

K. Other conditions are shown in Table 3.3 [44]. (Note the difference in scale for 

each Figure.) 

 

Figure 3.9 presents the calculated portion of the total mole consumption that occurs at 

the bubble’s interface with the molten bath, 𝑋𝐶𝐻4,𝑖𝑛𝑡𝑓
, as a function of the time (while 

it rises within the column) for the conditions of Upham’s experiment (Table 3.3) and 

for a series of molten bath temperatures. It can be seen that, more than 97.5% of the 

overall mole consumptions, at each time step, occurs at the bubble’s surface, and less 

than 2.5% takes place within the bubble. Also, decreasing the molten bath temperature 
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from 1313 K to 1113 K results in an increase in the portion that occurs at the gas-

molten bath interface. This implies that bubble’s surface has a significant catalytic 

impact on the overall conversion for the studied conditions, and that the reaction is 

kinetically controlled. This is consistent with previous studies that show using a 

catalytic molten bath increases the hydrogen production via methane pyrolysis within 

a bubble column [37, 44]. Moreover, as the bubble approaches the surface of the 

molten bath, 𝑋𝐶𝐻4,𝑖𝑛𝑡𝑓
 increases. That is attributed to the decreasing of the methane 

concentration within the bubble, as it rises within the bath, and the faster conversion 

rate of methane at the gas-molten bath interface, which leads to the diffusion of 

methane towards the surface of the bubble and less conversion within the gas phase. 

 

 

Figure 3.9. Calculated fraction of methane consumption (in percentages) at the 

bubble’s interface with the molten Ni0.27 Bi0.73 bath for a series of molten bath 

temperatures, as a function of the time that the bubble rises within the column. Other 

conditions are presented in Table 3.3 [44]. 
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3.4.3.2 Effect of the temperature of the injected gas  

Figure 3.10a and b show the estimated methane conversion as a function of the gas 

bubble’s distance from the bottom of the molten Ni0.27Bi0.73 column, and the 

significance of the initial temperature of the injected gas mixture of CH4 and Ar over 

the range 313 –– 1313 K. Figure 3.10b illustrates the final conversion of methane, 

𝑋𝐶𝐻4,𝑚,𝑓
, as a function of the inlet gas temperature, Tg,0. It can be seen that 𝑋𝐶𝐻4,𝑚,𝑓

 

increases almost logarithmically with an increase in Tg,0. For instance, at Tg,0  = 313 K, 

conversion is about 0.71 and it increases to ~0.82 at Tg,0 = 1313 K. That is, at higher 

values of Tg,0, methane decomposes faster than at low ones. 

(a)

 

(b) 

 

Figure 3.10. Calculated mean methane conversion a) within a rising and pyrolysing 

bubble as a function of its distance from the bottom of the column for various initial 

temperatures of the gas mixture for the reference case (80% of methane and 20% of 

argon), and b) at the top of the molten bath as a function of the initial temperature of 

the gas mixture. The other parameters were selected based on the conditions in Table 

3.3 [44]. 
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Figure 3.11 shows the distribution of temperature within the bubble in the radial 

direction as a function of time for the case where the initial temperature of the injected 

gas is 1113 K. The calculations show that the gas temperature under the studied 

conditions (Tg,0=1113 K) of initial radius of 2.1 mm in a column of 1100 mm molten 

Ni0.27Bi0.73 reaches the molten bath temperature (1313 K) in about 0.06 s. However, it 

causes an approximately 2% decrease in the overall methane conversion compared 

with the case where the injected gas is at the molten bath temperature, 1313 K. 

 

 Figure 3.11. Temperature distribution of the gas mixture of methane and argon 

(reference case) as a function of time over the radius of a bubble (𝑟𝐵,0 = 2.1 mm) 

when the initial temperature of the gas is 1113 K. The other operational parameters 

were based on the conditions reported in Table 3.3 [44]. 

 

Figure 3.12 shows the ratio of time that it takes the gas content of the bubble to reach 

the molten bath temperature, and the bubble residence time in the column, τ, as a 

percentage shown as a function of the initial temperature of the injected gas. It can be 

seen that the percentage of the ratio of the heating time to the bubble residence time 

within the molten bath decreases logarithmically from ~2.8% to ~1.8% by increasing 

the initial temperature of the gas from 313 K to 1113 K, respectively. Despite the quick 
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increase in the temperature of the bubble’s gas content over the radius to 1313 K, the 

initial gas temperature has an impact on the overall methane conversion. 

 

 

Figure 3.12. Ratio of the heating time of the bubble’s gas content to its residence 

time within the molten bath as a percentage of the function of the initial temperature 

of the injected gas. The other operational parameters were based on the conditions 

reported in Table 3.3 [44]. 

 

Figure 3.13 shows the calculated portion of the total methane consumption occurring 

at the bubble’s interface with the molten bath, 𝑋𝐶𝐻4,𝑖𝑛𝑡𝑓
, as a function of the time for a 

series of initial gas temperatures. Graphs show that by increasing the initial 

temperature of the injected gas to the molten bath from 313 K to 1313 K, 𝑋𝐶𝐻4,𝑖𝑛𝑡𝑓
 

increases slightly from less than 98.5% to more than 99% at the top of the column. 

Consequently, the consumption percentage within the gas phase of the bubble 

decreases from ~1.5% to ~0.7%. This could be due to both the temperature and the 

methane distributions within the bubble. 
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Figure 3.13. Calculated fraction of methane consumptions (in percentages) at the 

bubble’s interface with the molten Ni0.27 Bi0.73 bath for a series of initial gas 

temperatures, as a function of the time that the bubble rises within the column. Other 

conditions are presented in Table 3.3 [44]. 

 

3.4.3.3 Effect of the bubble size  

Figure 3.14a presents the sensitivity of the estimated mean methane conversion, 

𝑋𝐶𝐻4,𝑚
, within a rising and pyrolysing bubble as a function of the bubble’s distance 

from the bottom of the column (𝑧𝐵) for a series of initial bubble radius values (rB,0 = 

0.6 - 2.6 mm) and for the conditions reported in Table 3.3. It shows that as the 

bubble’s radius decreases, hydrogen production increases. Figure 3.14b also shows 

the final methane conversion, 𝑋𝐶𝐻4,𝑚,𝑓
, as a function of the initial radius of the bubble. 

For the studied range of the bubble’s radius, conversion decreases about 15% when 

the bubble size increases ~2.5X. This is consistent with the trend of increase in the 

bubble’s rise velocity, and hence decrease in its residence time. Also, with the 
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increased ratio of the surface area to the volume of the bubble by reducing 𝑟𝐵, the heat 

transfer from the molten bath both to the surface and within the bubble increases. That 

is consistent with previous studies that show that by using a Mott sparger instead of 

a single orifice, despite using a lower temperature (1023 K instead of 1273 K), 

conversion increases to 51% from 32%, respectively [77]. That is because, when 

using a Mott sparger instead of a single orifice, the bubble size decreases, which, in 

turn, leads to a greater surface area of the bubble being in contact with the molten 

bath and hence increasing the conversion rate at the bubble-molten bath’s interface. 

(a) 

 

(b) 

 

Figure 3.14. Calculated conversion of methane a) within a rising and pyrolysing 

bubble as a function of the axial distance of the bubble from the bottom of a 1100 

mm height molten bath column of Ni0.27Bi0.73 for a series of initial bubble radii, and 

b) at the top of the molten bath as a function of the initial bubble’s radius. The other 

parameters were selected based on the conditions reported in Table 3.3 [44]. 

 

Figure 3.15 presents the calculated fractions of methane consumption that occurs at 

the interface of the bubble with the molten bath, 𝑋𝐶𝐻4,𝑖𝑛𝑡𝑓, as a function of the time 

that the bubble rises within the column for a series of the initial bubbles’ radii. As 
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shown, the portion of methane mole consumption either within the gas or at the gas-

molten bath interface is sensitive to the bubble’s radius mainly at the beginning and 

the end of the bubble rise within the column. However, this sensitivity diminishes in 

the middle of the column and the estimated 𝑋𝐶𝐻4,𝑖𝑛𝑡𝑓
 becomes independent of each 

individual bubble’s radius. By decreasing the initial size of the bubble from ~2.6 to 

1.6 mm, at the start of the rise, conversion occurring at the interface increases from 

approximately 97.2% to more than 98%. Commensurate with this, methane mole 

consumption within the gas phase of the bubble, 𝑋𝐶𝐻4,𝑔
, decreases from > ~2.7% to > 

~1.7%. That is because the gas-molten bath interface increases when the bubble radius 

is decreased.  

 

Figure 3.15. The calculated fraction of the total methane consumption that occurs at 

interface of the bubble with the catalyst as a function of the time that the bubble rises 

within the column for a series of the initial bubble’s radii. Other factors are listed in 

Table 3.3 [44]. 
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The axial variations of the mean methane mole fraction, 𝑦𝐶𝐻4,𝑚, within a bubble as a 

function of the time that a bubble with various initial radii rises within a 1100 mm 

height of a molten bath column at 1313 K is shown in Figure 3.16a. As seen, for a 

bubble with an initial radius of 1.2 mm, it takes about 17.5 s to reach to the top of the 

molten bath and the methane content decreases from 0.8 to ~0.05 (~88.5% conversion 

of methane to hydrogen and carbon). However, if the initial radius of the bubble 

increases to 1.6 mm, the bubble spends less time in the column, approximately 5.5 s, 

and methane conversion decreases to ~86.5%. The residence time and conversion of 

methane decrease to 4.3 s to ~77%, respectively, by increasing the initial bubble radius 

to 2.6 mm. As the size of the bubble decreases, the interface of the bubble and the bath 

increases. That is, the methane conversion or hydrogen production increases as the 

bubble size is decreased. Moreover, the radial distribution of the methane mole 

fraction for a case where the initial bubble radius is equal to 1.6 mm is presented in 

Figure 3.16b. It can be seen that the methane distribution remains almost uniform 

within the bubble as it rises from the nozzle to the bath surface. 
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(a) (b) 

 

 

Figure 3.16. Distribution of the mean methane mole fraction within the bubble a) as 

a function of the time that the bubble spends within the molten bath with various 

initial radii, and b) as a function of the rise time over the radius of a bubble with 𝑟𝐵,0 

= 1.6 mm. The rest of the parameters were selected based on the conditions in Table 

3.3 [44]. 

 

3.4.3.4 Sensitivity to the height of the molten bath 

Figure 3.17a presents the sensitivity of the calculated mean value of methane 

conversion to the height of the molten bath, 𝐻𝑀𝐵, as a function of the distance of the 

rising and pyrolysing bubble within the column. As seen in Figure 3.17b, the final 

estimated mean value of methane conversion, 𝑋𝐶𝐻4,𝑚,𝑓 increases asymptotically with 

an increase in the molten bath height. It is highly sensitive to the height of the molten 

bath column for heights less than about 1000 mm, but only weakly sensitive for 

heights greater than this. In the range of  50 ≤  𝐻𝑀𝐵  ≤  2000 mm, the higher the 

molten bath height, the greater the time spent by the bubble in contact with the bath, 

and this results in an increase in methane conversion. However, for the studied 
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conditions and ranges, as Figure 3.17b shows, methane conversion is no further 

sensitive to the molten bath height when it is greater than 2000 mm.  

(a)

 

(b)

 

Figure 3.17. Calculated mean value of methane conversion a) within the bubble as a 

function of the distance of the bubble from the bottom of the column for a series of 

column heights, and b) at the top of the bath as a function of the height of the 

molten bath. Other conditions are as summarised in Table 3.3 [44]. 

 

The estimated distributions of the methane mole fraction within the bubble as a 

function of time, over the radius of the bubble while it rises and expands through the 

molten bath for three heights of column, 50, 1100, and 2000 mm, are shown in Figure 

3.18a-c, respectively. As Figure 3.18a illustrates, in a column with 50 mm height of 

molten Ni0.27Bi0.73, the mole fraction of methane within the bubble decreases by only 

~ 19% from 0.8 to ~0.65. Moreover, as shown, the bubble radius growth is small in 

this column, varying from 2.1 mm at the bottom of the column, zMB = 0 mm, to 2.7 

mm at the top of the molten bath at zMB ≅ 50 mm. However, by increasing the molten 

bath height to 1100 and 2000 mm, Figure 3.18b and c, the methane mole fraction 

decreases to less than 0.2, whilst the bubble radius increases from an initial value of 
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2.1 mm to approximately 3 and 4 mm, respectively. Furthermore, by increasing the 

molten bath height from 50 mm to 1100, and 2000 mm, the time that the bubble 

spends in contact with the bath increases from 0.2 s to 4.4 s, and 7.9 s, respectively, 

as shown in Figure 3.19. Therefore, the height of the molten bath is a factor that 

impacts methane conversion significantly, as previous studies have shown [37, 44] 

and it must be considered in any prediction of methane conversion or hydrogen 

production estimation. 

(a) 

 

(b) 

 

(c)  

 

Figure 3.18. The calculated distribution of the mole fraction of methane within a 

bubble as a function of the time and over the bubble radius, where the molten bath 

height is equal to a) 50 𝑚𝑚, b) 1100 𝑚𝑚, and c) 2000 𝑚𝑚 . The other factors are 

based on Table 3.3 [44]. 
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Figure 3.19. Bubble residence time within column as a function of the molten bath 

height for the range 50 – 2000 𝑚𝑚. 

 

Figure 3.20 presents the percentage of the methane consumption that occurs at the 

surface of the bubble, 𝑋𝐶𝐻4,𝑖𝑛𝑡𝑓, as a function of the time, whilst it rises within the 

column for a series of the height of the molten bath, HMB. As can be seen, by 

increasing the column height from 50 to 2000 mm, the percentage of the methane 

consumption at the bubble’s surface decreases from >98% to <97.5% at the start of 

the rise and then it increases at the top of the column. That is, the pressure within a 

bubble with the same size rises with any increase in the height of the column and that 

results in a less forward reaction of methane decomposition, impacting the conversion 

within and at the bubble’s surface. However, by increasing the height of the column, 

the contact time between the bubble and the molten bath elevates and, consequently, 

the overall conversion increases, but the percentage within and at the interface of the 

bubble at the bottom of the column varies. 



95 

 

 

Figure 3.20. Calculated percentage of the portion of the total methane mole 

consumption that occurs at the interface of the bubble with the molten bath as a 

function of the time whilst it rises within the column for various heights of the 

molten bath. Other conditions are presented in Table 3.3 [44]. 

 

3.4.3.5 Sensitivity to the initial mole fraction of 

methane 

The sensitivity of the calculated mean value of methane conversion, 𝑋𝐶𝐻4,𝑚, to the 

initial mole fraction of methane within the bubble is presented in Figure 3.21a for the 

various blends of CH4 and Ar. Figure 3.21b shows the calculated final mean value of 

methane conversion, 𝑋𝐶𝐻4,𝑚,𝑓, as a function of the ratio of methane in the gas mixture. 

As seen, with a decrease in the methane mole fraction from 100% to 10%, methane 

conversion increases approximately 12% from 0.80 to 0.91. That is because, by 

decreasing the initial mole fraction of methane, the partial pressure of methane within 

the gas bubble decreases and, based on Le Chatelier’s principle, it favors the forward 
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reaction for further H2 production. Consequently, more methane will be converted 

and hydrogen production increases [32, 77]. 

(a) 

 

(b) 

 

 

Figure 3.21. Calculated mean methane conversion a) within a bubble as a function 

of the distance of the bubble from the bottom of the column ( 𝑧𝐵) for a series of 

initial mole fractions of CH4 within the injected gas mixture of methane and argon, 

and b) at the top of the molten bath as a function of the initial mole fraction of 

methane in the injected gas. Other conditions are shown in Table 3.3 [44]. 

 

Figure 3.22 presents the estimated history of the fractions of the overall methane 

consumption at the interface of the bubble and the molten bath, 𝑋𝐶𝐻4,𝑖𝑛𝑡𝑓, as the 

bubble rises from the bottom to the surface of the molten bath for a series of initial 

compositions of the bubble. It can be seen that, in all assessed cases, the sensitivity is 

marginal, such that more than 97.5% of the conversion has occurred at the bubble-

molten bath interface. Also, as the initial mole fraction of methane increases from 0.2 

to 1.0, no variation is predicted in the initial values of 𝑋𝐶𝐻4,𝑖𝑛𝑡𝑓 at the bottom of the 

column. Nonetheless, the effect becomes more significant near the surface of the 
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column. Such that, 𝑋𝐶𝐻4,𝑖𝑛𝑡𝑓 decreases from 99.8% to ~99% as the initial mole 

fraction of methane is decreased from 1.0 to 0.2.  

 

Figure 3.22. Calculated fraction of the methane consumption portion at the interface 

of the bubble with molten bath as a function of time, as it rises from the bottom to 

the surface of the molten bath for a series of initial mole fractions of CH4 in the 

mixture of injected gas (argon as inert gas). Other parameters are summarized in 

Table 3.3 [44]. 

 

3.4.3.6 Sensitivity to the pressure 

Figure 3.23a shows the calculated mean value of methane conversion as a function of 

the distance of the bubble from bottom of the column for a series of the pressures. As 

can be seen, by increasing the pressure of the column from 0.1 MPa to 8 MPa, 

conversion of methane within the column decreases. Figure 3.23b shows the 

calculated mean final value of conversion as a function of the column’s pressure. As 

seen, the overall methane conversion decreases from >80% where the pressure is ~0.1 
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MPa to approximately 20% for a column with a pressure of 8 MPa. That could be as 

a result of the pressure on the diffusion of the methane to the surface of the bubble. 

By increasing the pressure, the bubble size less expands across the column. Moreover, 

as more forward reaction of methane decomposition occurs, concentration within the 

bubble increases and due to the smaller size of the bubble in a column with a high 

pressure, less methane diffuses to the gas-molten bath interface, hence, the overall 

methane conversion decreases. In assurance to the impact of the pressure on the 

bubble size variation, Figure 3.24 depicts the variation of the radius of the bubble 

through the column for a series of the pressure. For a column with a pressure of 0.1 

MPa the bubble’s final radius approaches to ~3 mm; however, by increasing the 

pressure to 8 MPa the bubble size enhancement reduces to a radius of <2.2 mm. 

(a) 

 

(b) 

 

Figure 3.23. Calculated mean methane conversion a) within a bubble as a function 

of the distance of the bubble from the bottom of the column ( 𝑧𝐵) for a series of 

the pressure, and b) at the top of the molten bath as a function of the pressure. 

Other factors are based on Table 3.3 [44]. 
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Figure 3.24. Calculated bubble radius as a function of the bubble’s distance from 

bottom of the column for a series of the pressure. Other factors are based on 

Table 3.3 [44]. 

 

3.4 Conclusions 

In conclusion, the reliable prediction of methane conversion within a rising and 

pyrolysing bubble in a column for hydrogen production requires that the variations of 

bubble size and rise velocity be considered. That is because they have a significant 

impact on the bubble residence time in the molten bath and, consequently, the amount 

of overall methane conversion. In the current study, for the reference case, the bubble 

radius increases from approximately 2.2 mm at the bottom of the column to 3 mm at 

the top of a 1100 mm molten Ni0.27Bi0.73 bath, while the bubble’s rise velocity 

increases asymptotically, from 0.21 m/s to 0.30 m/s. Moreover, the current 

calculations showed that more than 97% of the total methane consumption occurs at 

the bubble’s surface and less than 3% takes place within the gas phase of the bubble 
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for the selected conditions. This means that the presence of a catalyst in the molten 

bath has a substantial effect on the methane conversion. Furthermore, a sensitivity 

analysis to the parameters, including the molten bath temperature, initial gas 

temperature, the molten bath height, bubble size, and the gas composition revealed 

that: 

1. By increasing the temperature of the bath from 1013 K to 1413 K, conversion 

increases by approximately 85%. 

2. The initial temperature of the gas mixture influences the methane conversion 

logarithmically. The gas mixture within the bubble reaches the molten bath 

temperature soon after release from the nozzle, in less than 0.1 s for the studied 

range. Hence, an increase in the initial gas temperature from 313 K to 1313 K, 

increases the methane conversion from approximately 0.72 to 0.82. 

3. The bubble size has an inverse influence on the methane conversion. In the 

studied range, by decreasing the radius of the bubble from 2.6 to 0.6 mm, 

methane conversion increases from approximately 0.77 to 0.89, respectively.  

4. Methane conversion increases asymptotically by increasing the molten bath 

height. By increasing the molten bath height from 50 mm to 2000 mm, 

methane conversion increases by approximately 85.5%. It could be as a result 

of an increase in the bubble residence time within the bath from increasing the 

height of the molten bath. However, for the conditions assessed here, 

increasing the height of the column to values of more than 2000 mm up to 

4000 mm, almost no variation in the conversion was seen. 

5. Methane conversion decreases with an increase in the initial methane mole 

fraction in the injected gas mixture. That is because reduction of the methane 
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mole fraction within the gas mixture decreases its partial pressure, and it favors 

greater methane conversion based on Le Chatelier’s principle. 

6. Increasing of the bubble column’s pressure from 0.1 MPa to 8 MPa, results in 

a decrease in methane conversion from >80% to approximately 20%. That 

could be due to the impact of the pressure on the bubble’s size and reduction 

of the methane diffusion to the surface of the bubble. 
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3.6 Supplementary information 

A- (Calculation of the gas temperature passing through a submerged 

nozzle) 

The temperature of the gas passing through a submerged nozzle in the molten bath 

was calculated via Eq. A-1, as follows: 

−𝜌𝑐𝑝𝑈𝑔
𝜕𝑇

𝜕𝑧𝑃
+  

ℎ 𝑝𝑠

𝐴𝑐
(𝑇𝑔 − 𝑇𝑤𝑎𝑙𝑙) = 0 .     (A-1) 

In this equation, 𝜌, 𝑐𝑝, 𝑈𝑔, 𝑝𝑠 and 𝐴𝑐 are the density, heat capacity, gas velocity, nozzle 

perimeter and the cross-sectional area of the nozzle. 𝑇𝑔 and 𝑇𝑤𝑎𝑙𝑙 are the gas and the 

nozzle wall temperatures, respectively. 𝑧𝑃 stands for the axial distance along the 

nozzle pipe. A temperature equal to the molten bath was employed as the nozzle wall 

temperature, 𝑇𝑤𝑎𝑙𝑙. Also, the initial temperature of the gas in the nozzle was assumed 

to be 298 K. Based on the calculations via Eq. A-1, as Figure A-1a and b show, the 

gas achieves the molten bath temperature by passing about 900 mm inside the nozzle 

for the conditions of Upham et al’s [44] experiment and it reaches 1000 K at the nozzle 

tip for Rahimi et al’s [37] experimental conditions. 
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(a) 

 

(b) 

 

Figure A-1. Calculated temperature of the gas passing through the nozzle as a 

function of the length of time the submerged nozzle is in the molten bath for both 

selected experimental setups based on a) Upham et al’s, and b) Rahimi’s 

experimental conditions [44]. 
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B- (Analytical solution of the energy balance equation)  

The heat transfer equation in a non-reacting bubble is given by Eq. B-1, as follows: 

−
1

𝑟2

𝜕

𝜕𝑟
 (𝑟2𝑘

𝜕𝑇

𝜕𝑟
) =  𝜌𝑐𝑝

𝜕𝑇

𝜕𝑡
  .         (B-1) 

The abovementioned equation in a non-reacting bubble was solved analytically 

through the following calculation steps: 

𝑇 =   𝑅(𝑟)𝑄(𝑡) .         (B-2) 

𝜕𝑇

𝜕𝑡
=  𝑅(𝑟)𝑄′(𝑡) .         (B-3) 

𝜕𝑇

𝜕𝑟
=  𝑅′(𝑟)𝑄(𝑡) .         (B-4) 

𝜕2𝑇

𝜕𝑟2 =  𝑅"(𝑟)𝑄(𝑡) .         (B-5) 

where 𝑇 is the temperature and it is a function of 𝑟 and 𝑡. Then, the equation transforms 

to the following format: 

𝑄′(𝑡)

𝑄(𝑡)
=  

𝑅"(𝑟)

𝑅(𝑟)
+  

2

𝑟
  

𝑅′(𝑟)

𝑅(𝑟)
 .        (B-6) 

𝑅"(𝑟)

𝑅(𝑟)
+  

2

𝑟
  

𝑅′(𝑟)

𝑅(𝑟)
= 𝑀 .          (B-7) 

𝑄′(𝑡) − 𝑀𝑄(𝑡) = 0 .          (B-8) 

𝑟𝑅”(𝑟) +  2𝑅’(𝑟) − 𝑀𝑟𝑅(𝑟) = 0 .       (B-9) 

(𝑟𝑅(𝑟))" −  𝑀(𝑟𝑅(𝑟)) = 0 .        (B-10) 

 

If we consider that: 

𝑆(𝑟)  =  𝑟𝑅(𝑟) .         (B-11) 

then Eq. B-10 will be as follows: 

𝑆” –  𝑀𝑆 =  0 .          (B-12) 
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𝑆(𝑟) =
sin √−𝑀𝑟

√−𝑀
  .         (B-13) 

To solve Eq. B-1 numerically, a meshing on the bubble was considered and based on 

the northern and southern meshes of each one, the solution is as follows: 

4𝑘𝜋𝑟𝑠
2  

𝑇𝑆− 𝑇𝑝

∆𝑟
+ 4𝑘𝜋𝑟𝑠

2  
𝑇𝑁− 𝑇𝑝

∆𝑟
= 4𝜋𝜌𝐶𝑝𝑟2∆𝑟

𝜕𝑇

𝜕𝑡
 .      (B-14) 

in which subscripts ′𝑆′, and ′𝑁′ show the southern and northern meshes of each mesh 

′𝑃′. To simplify the equation, multipliers are given as follows: 

𝑎𝑠 =  
𝑘𝑟𝑠

2

∆𝑟
  .          (B-15) 

𝑎𝑛 =  
𝑘𝑟𝑛

2

∆𝑟
  .          (B-16) 

𝑎0 =  
𝜌𝐶𝑝𝑟2∆𝑟

∆𝑡
  .         (B-17) 

𝑇𝑃
𝑡+∆𝑡 =  

𝑎𝑠𝑇𝑆
𝑡+∆𝑡+ 𝑎𝑠𝑇𝑁

𝑡+∆𝑡+ 𝑎0𝑇𝑃
𝑡

𝑎𝑠+ 𝑎𝑛+ 𝑎0
   .       (B-18) 

The analytical solution results were compared with the numerical results, as shown in 

Figure B-1 a and b. It can be seen that there is a very good agreement between the 

analytical and numerical solution results for cases where the inial radius of the bubble 

is 0.1 mm: within less than 1% error. In the case that the bubble initial radius, 𝑟𝐵,0, is 

6 mm, there is a deviation between the analytical and numerical calculation results 

where , 𝑟 < 1.5 mm; however, this deviation is less than 20% and it decreases when 

the radial distance is increased. 
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(a)

 

(b)

 

Figure B-1. Temperature distribution in the radial direction for a bubble with an 

initial radius of a) 0.1 mm and b) 6 mm, for comparison of the numerical and 

analytical solution techniques for the energy balance equation in a rising and non-

reacting bubble within a molten tin column. 
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4. CHAPTER 4  

 

CONCLUSIONS AND FUTURE WORK 

The threat of global warming has inclined the world either to capture and sequestrate 

emitted CO2 resulting from burning fossil fuels or to use low emission/clean energy 

sources (e.g., hydrogen, renewable energies) as an alternative to conventional fuels 

(e.g., hydrocarbons and fossil fuels) to reduce and mitigate the CO2 emissions. 

Hydrogen (H2), as a clean fuel, burns without emissions of gaseous carbon products 

(e.g., COx) and hence seems to be a promising substitute for the current fossil fuels to 

address a huge portion of the world’s air pollution challenge. Currently, the majority 

of H2 is produced via steam methane reforming (SMR), as the most cost-effective 

method for industrial scale H2 production. The main drawback of SMR is the level of 

CO2 emissions. In this field, methane pyrolysis has manifested itself as a promising 

technique for hydrogen production without CO2 emissions. To save time and resources 

for the scale-up of the methane pyrolysis within a molten catalyst bath as a competitor 

for industrial-scale SMR, the underlying phenomena of the process should be well 

understood, and the relative importance of fundamental factors should be 

mathematically explained. In the following subsections, the significance of the current 

study and some suggestions for future work are presented. 
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4.1 Significance of the present work   

A 1-D numerical model of a rising and pyrolysing bubble was developed through 

simultaneous solution of the principal governing equations of mass, momentum, and 

energy. The model was validated against some of the experimental results available in 

the literature. The impact of the operating parameters, namely the molten bath 

temperature, initial gas composition, gas temperature, bubble column height, bubble 

size, and pressure were studied. The results showed that the bubble size and rise 

velocity inversely influence the residence time of the bubble within the column and 

consequently the final conversion of methane and hydrogen production. For the 

studied conditions, the bubble’s radius increased from 2.2 mm to approximately 3 mm 

in a molten Ni0.27Bi0.73 bath with a height of 1100 mm. Meanwhile, the bubble rise 

velocity increased from 0.21 to 0.30 m/s. 

In accordance with the catalytic effect of the molten bath on the decomposition 

reaction, calculations were undertaken to find out the fraction of the hydrogen 

conversion occurring on the internal surface of the bubble compared with the space 

inside it. The results revealed that for the studied conditions, methane consumption at 

the gas-molten bath interface (i.e., internal surface of the bubble) is more than 97%, 

which it is consistent with methane consumption within a bubble being less than ~3%. 

Moreover, a sensitivity analysis to the independent parameters showed that: 

1. By changing the molten bath temperature from ~1000 K to ~1400 K about 85% 

enhancement was achieved for the overall methane conversion. 

2. The injected gas rapidly reached the molten bath temperature, in less than 0.1s. 

Despite that, the overall methane conversion decreased approximately 10%, 
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from 0.82 to 0.72, where the initial temperature of the injected gas was 

decreased from 1313 K to 313 K, respectively. 

3. By increasing the bubble size from 0.6 to 2.6 mm, methane conversion 

decreased from ~0.89 to ~0.77 (12%). It could be because of the bubble 

radius’s impact on its rising velocity. A smaller bubble spends more time in 

contact with the molten bath due to its lower rising velocity compared with a 

larger one.  By increasing the bubble residence time, the gas content will have 

more time for heat and mass transfer, and consequently more methane will be 

converted to H2 and C. 

4. The molten bath height influenced the overall methane conversion. By 

increasing the height, the methane content of the bubble spends more time in 

contact with the molten media, which resulted in an increase in the conversion. 

An increase of the molten bath height from 50 to 2000 mm caused a rise of 

about 85.5% in the total conversion of methane. However, an increase in the 

height of the molten bath from 2000 mm to 4000 mm had almost no impact 

on the overall conversion. 

5. A decrease in the initial methane mol fraction within the injected gas from 1.0 

to 0.1, showed an increase in the methane conversion from ~0.8 to more than 

0.9. That could be due to a decrease in the partial pressure of methane within 

the bubble according to Le Chatelier’s principle. 

6. By decreasing the column pressure from 8 MPa to 0.1 MPa, methane 

conversion increased from 0.2 to more than 0.8: that could be attributed to the 

impact of the pressure on the bubble’s size and the reduction in the methane 

diffusion to the surface of the bubble. 
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4.2 Recommendations for future work 

The work presented in this thesis was focused on the impact of some main affecting 

parameters on methane conversion within a single rising and pyrolysing bubble in a 

molten catalyst bath. Further studies are required to develop greater understanding 

about the phenomena and concepts in order to commercialise this technique. Some 

gaps to be addressed in future work are as follows: 

1. The behavior of the product carbon within the bubble. It is still unknown 

whether or not it forms a layer at the bubble’s surface or disperses within the 

bubble. It is of importance to know its performance because it may have an 

impact on the methane diffusion to the gas-molten bath interface, where most 

of the conversion occurs.   

2. The interactions of multiple bubbles within a column. It is necessary to 

investigate how these interactions affect the bubble size, the rise velocity and 

consequently the overall methane conversion. 

3. The impacts of some other inert gases (e.g., N2, He). Each inert gas may have 

a different effect on the methane diffusion to the gas-molten bath interface and 

methane conversion. 

4. The effect of the non-hydrogen-saturated molten metal bath on methane 

conversion, overall bubble size, and the contribution of the surface reactions. 

The unsaturated molten bath could affect the methane diffusion within the 

bubble to the gas-molten metal interface, where most of the conversion occurs. 

5. The effect of applied pressure on methane conversion and the temperature 

profile under a constant bubble size. 




