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� CH4 conversion rates are strongly

influenced by the choice of metal

or alloy.

� CuNi alloys show high catalytic

activities in the pyrolysis of

methane.

� The low surface tensions of, e.g.,

CuBi alloys are beneficial for the

reaction yield of methane

pyrolysis.

� The morphology and purity of

produced carbons can be modified

by varying process parameters.
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a b s t r a c t

The utilization of hydrogen as an energy carrier and reduction agent in important industrial

sectors is considered a key parameter on the way to a sustainable future. Steam reforming of

methane is currently the most industrially used process to produce hydrogen. One major

drawback of this method is the simultaneous generation of carbon dioxide. Methane py-

rolysis represents a viable alternative as the basic reaction produces no CO2 but solid carbon

besides hydrogen. The aim of this study is the investigation of different molten copper alloys

regarding their efficiency as catalytic media for the pyrolysis of methane in an inductively

heated bubble column reactor. The conducted experiments demonstrate a strong influence

of the catalyst in use on the one hand on the conversion rate of methane and on the other

hand on the properties of the produced carbon. Optimization of these parameters is of

crucial importance to achieve the economic competitiveness of the process.
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Introduction

At present approximately 80% of the total world energy supply

depends on the use of fossil hydrocarbons such as coal or oil.

Global CO2 emissionsmainly occurring in industrial processes

and due to the combustion of fossil fuels or non-renewable

wastes amounted to 34,156 Mt in 2020. A transition of the

energy supply system based on these traditional resources to

achieve the goal of CO2-neutrality including the primary

purpose of mitigating the anthropogenic greenhouse effect is

e despite all ideological and political controversies e one of

the most urgent challenges of the 21st century [1e3].

The fields of research and development of processes

applied for the production and utilization of hydrogen to

facilitate substitution of conventional energy carriers and

reducing agents, especially in important industrial sectors

such as transport, metallurgy, or energy technology, as well as

the investigation and improvement of methods that ensure

short and long term reliability and affordability of H2 storage

and infrastructure are considered critical key variables on the

way towards a sustainable future [2,4e8].

One-fifth of the hydrogen produced globally is occurring as

a by-product, mainly in refineries during the reformation of

naphtha into gasoline. The remaining part is generated almost

entirely from fossil fuels, whereas natural gas is followed by

coal as the most important feedstocks. The percentage of

hydrogen which comes from the electrolysis of water

currently occupies a negligible proportion. The dominant po-

sition of fossil fuels as raw materials for hydrogen production

is reflected in the balance of CO2 emissions caused by energy

and industrial sectors globally. In 2020, approximately 900 Mt

of direct CO2 emissions originating from H2 production were

recorded. This value is equivalent to the cumulative emissions

of Indonesia and the United Kingdom and shows that the

development of CO2-neutral processes in these areas must

occupy an essential position in the future. Fig. 1 compares the

sources of the 2020 global hydrogen production [8].

The most commonly used technology for the industrial

production of hydrogen is steam reforming of hydrocarbons,

methane in particular. The endothermic process is operated
Fig. 1 e Feedstock for the production of hydrogen (2020) [8].
at an elevated pressure at 970e1100 K in the presence of a

catalyst (mostly nickel). The overall reaction can be

described as a combination of the actual reforming reaction

(see Equation (1)) and the water-gas-shift reaction (see

Equation (2)) [9e11].

CH4 þ H2O/ CO þ 3 H2;DH
0
R ¼ 206

kJ
mol

(1)

COþ H2O/ CO2 þ H2;DH
0
R ¼ �41

kJ
mol

(2)

The overall reaction is given in Equation (3): [9,10].

CH4 þ 2 H2O/ CO2 þ 4 H2;DH
0
R ¼ 165

kJ

mol
(3)

To produce onemol of hydrogen in this reaction the energy

of 41 kJ must be provided. The generation of high-purity

hydrogen (99.99 vol%) requires its separation from the

remaining gas stream. This process step is usually realized by

pressure swing adsorption. Steam reforming of methane is

considered a sophisticated technology with high production

rates and good economic efficiency. The product costs are

primarily determined by the price of natural gas. One main

disadvantage is the production of CO2 that is associated with

this technology [9,10,12,13].

Especially concerning carbon sequestration, the electrol-

ysis of water represents a promising alternative to traditional

methods for the production of hydrogen. The utilization of

electrical energy allows a decomposition of the source mate-

rial water into high-purity hydrogen and oxygen according to

Equation (4) [9,13].

H2O 4 H2 þ 0:5 O2;DH
0
R ¼ 286

kJ
mol

(4)

The economics and ecology of this technology directly

depend on the price and carbon footprint of the electrical

energy source. In this respect, electrolysis is particularly

suitable for decentralized applications. Currently, most of the

required energy originates from fossil fuels, which is

adversely impacting the carbon footprint and the compara-

tively high energy requirement is one of the biggest disad-

vantages of the process. However, if 100% of the used

electricity can be provided by regenerative energy sources,

water electrolysis offers the sole completely CO2-neutral op-

tion for hydrogen production to date [9,13,14].

Methane pyrolysis describes the one-step process of ther-

mal cracking of methane in presence of a catalyst to form

hydrogen and carbon according to Equation 5 [9,13].

CH4 4 C þ 2 H2;DH
0
R ¼ 76

kJ
mol

(5)

The required heat of 38 kJ/mol H2 can be provided elec-

trically or by combustion of fossil fuels. Transition metals

such as iron, nickel, or cobalt, activated carbon, or metal ox-

ides in solid form are frequently used as catalysts. The rapid

deactivation of these catalysts due to the produced carbon

has a highly detrimental effect on the overall efficiency.

Several innovations including the utilization of molten cata-

lytic alloys on which the hardly soluble pyrolysis carbon

floats bear the potential to remedy this disadvantage. The
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economics of the process primarily depends on the cost of

natural gas, but the marketability and price of the pyrolysis

carbon produced could represent further significant factors in

the future. Considering the potential of variable CO2 charges

as well as technological advancements that may improve the

process efficiency methane pyrolysis is regarded as an

ecologically promising, cost-effective bridging technology

[9,12,13,15e17].

Investigations of the effectiveness of different metals and

alloys as well as reactor or gas injection concepts for methane

pyrolysis have been the subject of research for several years.

Serban, Lewis et al. [18] performed experiments in a reactor

filledwith low-meltingmetals (lead or tin), solidmaterials (SiC

or Al2O3), or a mixture thereof. They demonstrated that the

use of porous gas introduction systems entails a significant

increase in efficiency compared to single pipes. In experi-

ments with liquid tin Plevan, Geißler et al. [19] measured a

strong influence of the flow rate of methane. An increase in

this parameter is associated with a significant decrease in CH4

conversion, whereas an increase in temperature has a positive

effect on the hydrogen yield. Geibler, Ab�anades et al. [20]

performed experiments in a 1 m liquid metal bubble column

reactor fitted with a liquid tin packed bed inventory. The

highest CH4 conversion rate measured was 78% at 1175 �C and

50 mln/min, with gas injection via a single nozzle in the bot-

tom (⌀¼ 0.5mm). Upham, Agarwal et al. [21] workedwith a 1.1

m bubble column reactor in combinationwith amolten 27 at%

Ni/73 at% Bi alloy. At a temperature of 1065 �C, a CH4 con-

version of 95% was achieved. With the same alloy previously

used by Upham, Agarwal et al. [21] and an additional layer of

sodium bromide, Rahimi, Kang et al. [22] were able to achieve

amethane conversion of 37.5% in a 1m bubble column reactor

at 1000 �C. In this research, pure methane was introduced

through a quartz tube (di ¼ 2 mm; do ¼ 3 mm) at a flow rate of

10 mln/min. An additional salt layer had a positive effect on

the purity of the produced carbon and itsmetal contamination

decreasedwith increasing layer height. Palmer, Tarazkar et al.

[23] conducted experiments with CueBi melts. They demon-

strated a correlation between the effectiveness of the alloys

used and their surface tension. At temperatures up to

976.85 �C and a residence time of about 12 s, it was possible to

measure a methane conversion of more than 30% in a bubble

column reactor with liquid tellurium in experiments by Zeng,

Tarazkar et al. [24]. They showed that the catalytic effect of

gaseous tellurium is lower than that of liquid tellurium.

However, an industrial application is not likely in the fore-

seeable future due to the rarity, high price, and volatility of the

metal used. Leal P�erez, Jim�enez et al. [25] were able to increase

CH4 conversion rates up to 91% at 1119 �C by using a gallium

melt in a bubble column reactor where the introduction of a

50 vol% Ar/50 vol% CH4 mixture was realized utilizing porous

plate distributorsmade of quartz at a flow rate of 450mln/min.

Zaghloul, Kodama et al. [26] demonstrated the effect of adding

different, catalytically active metals (copper or nickel) to the

base metal tin in a bubble column reactor. The presence of Cu

or Ni led to an increased hydrogen yield. With an alloy con-

sisting of 95 wt% Sn and 5 wt% Cu, a CH4 conversion of 19% at

1050 �C was achieved when a gas mixture of methane diluted

by nitrogen to 65 vol% was fed through a quartz tube from

above at a flow rate of 70 mln/min [18e26].
The dominant aggregate in research on the topic of

methane pyrolysis with molten metal catalysts is the bubble

column reactor which essentially consists of a cylindrical

vessel with a length to diameter ratio of more than five, that is

at least partially filled with a liquid phase or a suspension and

mostly heated electrically. Gases can be introduced in the

lower part of the reactor by various systems. Advantages of

this type of multiphase reactor include excellent heat and

mass transfer coefficients and low maintenance and oper-

ating costs [27,28].

Classification according to the prevailing flow regime that

develops depending, inter alia, on superficial gas velocity and

column diameter can be made. Three main flow regimes can

be identified: the bubbly flow (homogenous) regime which

occurs at low superficial velocities and is characterized by

gentle mixing and practically no coalescence or breaking-up

of the bubbles thus resulting in a relatively uniform bubble

size distribution, the churn-turbulent (heterogenous) regime

at higher superficial velocities, where turbulent mixing, bub-

ble coalescence and breaking up and therefore a wider range

of bubble size can be found and the slug flow regime which

has only been observed at a laboratory scale in columns with

small diameters at high superficial velocities [28e30].

In general, the formation of small bubbles is desirable to

create a large gas-liquid interfacial area which positively im-

pacts mass transfer rates [31,32]. Using the volume-of-fluid

method to simulate the formation and motion of a single

bubble in liquids with varying properties Zahedi, Saleh et al.

[33] demonstrated that increasing surface tensions result in

longer bubble detachment times from the orifice. If a greater

amount of gas can stream into the bubble, the average bubble

diameter increases. Furthermore, higher liquid densities

shifted the bubble diameters to smaller values, whereas

changes in liquid viscosity have an insignificant effect. These

correlations can also be found in a series of empirical for-

mulas valid for bubble formation at single nozzles in different

melts as developed e.g., by Tate [34], Mori, Sano et al. [35], and

Sano and Mori [36]. [31e36].

The aim of this work is a comparison of different binary

copper alloys according to their effectiveness as catalytic

media in methane pyrolysis, further enabling lower process

temperatures while maintaining constant methane conver-

sion rates, thus optimizing the process in terms of energy

consumption. For this purpose, various experiments were

carried out in an inductively heated bubble column reactor,

while keeping metal volume, process temperature and

methane volume flow constant. These constraints allow an

isolated investigation of the influence of different alloys and

their physical and chemical properties. A comparison of the

results with calculated values for surface tension and liquid

density aims to advance the further improvement of the cat-

alytic melts in use.
Materials and methods

A schematic representation of the experimental reactor is

shown in Fig. 2. The catalytic metals or alloys are melted in a

graphite crucible with an inner diameter of 6.5 cm by induc-

tion heating. The process temperature is determinedwith two

https://doi.org/10.1016/j.ijhydene.2022.08.115
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thermocouples (type K) located outside the bottom of the

crucible and logged continuously during the experiment. A

graphite flange connects the crucible with an airtight stainless

steel piping system.Methane (purity�99.5 vol%) is introduced

into the liquid catalyst through a lance made of Al2O3 (purity

>99.5 wt%). Product gas flows along the welded or bolted tubes

and exits the experimental setup via a hot gas filter (Pall Dia-

Schumalith®DS 03e20 filter element; do¼ 50mm, di¼ 20mm,

l ¼ 135 mm) while the gas composition is measured simulta-

neously in a gas analyzer (ABB EL 3020 with Uras26 infrared

photometer and Caldos27 thermal conductivity analyzer). The

produced carbon either floats on the surface of the bath or is

entrained in the gas flow, separated from the gaseous stream

by the hot gas filter, and collected in a glass bottle. Previous

experiments demonstrated the formation of intermediates,

mainly polyaromatic hydrocarbons, besides hydrogen in the

process. To avoid condensation of these PAHs in the hot gas

filter, the corresponding section of the piping system is heated

to a temperature of 300 �C by heating wires. Additional

flushing with nitrogen (purity�99.8 vol%) which is introduced

into the system employing a stainless-steel lance results in a

higher gas flow rate in the system to avoid an accumulation of

solid particles, especially in the horizontal pipe section.

To prepare the catalytic alloys, copper chips, bismuth

pellets, nickel powder, tin ingots, and gallium shots with

minimum purities of 99.90 wt%, 99.99 wt%, 99.995 wt%,

99.99 wt%, and 99.99 wt%, respectively, were used. A calcu-

lation of the mass which corresponds with a constant level of

the melt of 7 cm for each catalyst was performed. The

temperature-dependent densities of the investigated binary

alloys were therefore computed by linear approximation

between the quantities of the pure metals at process tem-

perature. The required data were obtained from Smithells
Table 1 e Investigatedmetals/alloys (element contents in
at%) as well as their corresponding densities at 1160 �C
(linear approximation for alloys) and liquidus
temperatures computed using FactSage 8.0

Metal/Alloy Density [kg/m3] Liquidus temperature [�C]

Cu 7938.28 1084.62

Bi 9000.80 271.40

Sn 6413.83 231.93

CuBi5 8095.05 1033.62

CuBi20 8417.69 940.81

CuBi40 8667.98 874.73

CuBi60 8821.71 803.42

CuBi80 8925.74 694.10

CuSn20 7452.97 791.36

CuSn40 7092.75 654.20

CuSn60 6814.77 546.51

CuSn80 6593.76 466.33

CuNi2.5 7945.60 1099.85

CuNi5 7952.95 1114.58

CuNi7.5 7960.32 1128.85

CuNi10 7967.73 1142.71

CuNi12.5 7975.16 1156.16

CuGa2.5 7870.66 1073.16

CuGa5 7803.36 1058.8

CuGa7.5 7736.39 1041.77

CuGa10 7669.74 1022.17
metals reference book [37]. As methane should be introduced

into a liquid catalyst the liquidus temperature of each metal

or alloy respectively was computed using FactSage 8.0 and

the process temperature is adjusted accordingly. The inves-

tigated catalytic metals and alloys as well as their mentioned

properties are listed in Table 1. The notation of the alloys

gives the amount of the alloying element in at% that is added

to the base metal copper. As CuNi12.5 has the highest liq-

uidus temperature of 1156.16 �C for each experiment 1160 �C
and 1 atm ab were selected as process temperature and

pressure, respectively.

The required mass of each metal is weighed in andmolten

in the graphite crucible before the piping system is closed

and the experimental setup is flushed with nitrogen.

Ensuring the system's airtightness is performed through a

manometer at the gas outlet. At this stage, the Al2O3 lance is
Fig. 2 e Schematic representation of the research reactor.

(1) Molten metal catalyst, (2) graphite crucible, (3) piping

system, (4) graphite flange, (5) Al2O3 lance (CH4-supply), (6)

hot gas filter, (7) gas analyzer, (8) glass bottle, (9) stainless

steel lance (N2-supply).

https://doi.org/10.1016/j.ijhydene.2022.08.115
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Fig. 3 e Methane conversion rates for different investigated binary copper alloys over experimental time at a process

temperature of 1160 �C and a CH4 flow rate of 500 mln/min.

Table 2 e CH4-conversion determined at time steps of
10 min.

Metal/Alloy CH4-conversion [%] after t [min]

t ¼ 10 t ¼ 20 t ¼ 30 t ¼ 40 t ¼ 50 t ¼ 60
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positioned above the metal. Once airtightness is guaranteed

and process temperature is reached methane is introduced

into the system at a flow rate of 500 mln/min (controlled with

Bronkhorst digital flow meters), and the alumina lance is

lowered into the melt until the distance to the inner bottom

of the crucible has decreased to 0.5 cm and the analysis of the

produced gas stream is started. Concerning bubble diameter,

bubble distribution in the melt, and the resulting reactive

surface, the utilization of a lance has disadvantages

compared to other systems for the introduction of gas for

example impeller or flushing stones. However, gas injection

via lances was chosen for these experiments, as the con-

struction is simple, and the system is insensitive to changes

in process parameters and catalysts.

Cu 33.84 30.86 30.58 32.33 32.19 33.46

Bi 50.78 54.22 59.93 64.06 66.52 67.42

Sn 32.58 35.02 39.68 43.28 45.29 45.39

CuBi5 31.03 29.69 33.56 35.97 38.73 39.29

CuBi20 40.99 43.31 44.87 47.20 48.51 50.41

CuBi40 46.98 47.83 48.78 49.94 50.73 51.31

CuBi60 52.86 55.89 60.60 63.02 64.45 65.16

CuBi80 49.18 56.57 61.60 64.48 66.37 68.44

CuSn20 30.55 32.75 36.56 39.41 39.45 40.70

CuSn40 27.55 30.44 31.81 32.78 33.29 37.07

CuSn60 34,03 34,68 35,36 41,46 38,72 41,02

CuSn80 31.45 32.40 34.96 37.01 39.12 41.18

CuNi2.5 34.99 37.26 36.71 35.46 36.64 37.49

CuNi5 44.10 46.80 46.16 45.98 44.95 55.75

CuNi7.5 42.27 42.47 43.49 41.84 41.26 42.43

CuNi10 35.81 34.65 33.72 34.52 35.95 37.70

CuNi12.5 40.08 38.87 42.78 40.73 41.34 42.74

CuGa2.5 34.83 31.74 31.87 33.62 33.37 37.22

CuGa5 22.73 26.34 25.44 26.08 26.19 26.50

CuGa7.5 31.59 27.44 26.73 30.06 30.59 35.95

CuGa10 26.90 27.38 26.99 25.86 25.93 28.86
Results

During the experiments, the hydrogen content in the product

gas is measured continuously in the gas analyzer. The recor-

ded content of CH4 in the produced gas stream, XCH4, aswell as

the adjusted volumetric input flow rates of CH4 and N2, V_CH4,

and V_N2, are used to calculate the corresponding amount of

dissociated CH4 according to the stoichiometry of Equation (5)

and further the consequential methane conversion rates (cf.

Equation (6)). Fig. 3 depicts the results of these calculations as

functions of the experimental time for the investigatedmetals

and alloys (cf. Table 1). Table 2 lists the determined values at

specific time increments.

CH4 conversion rate ¼
_VCH4

, ð100 � XCH4
Þ � VN2

_,XCH4

_VCH4
,
�
1 þ XCH4

100

� (6)
In most experiments, improved results can be recorded as

the experiments are running longer. For CuBi and CuSn alloys

tendencies to higher conversion rates can be found as the

content of the alloying element is increased. Overall CuBi al-

loys show the best efficiency followed by CuNi, CuSn, and

CuGa alloys. The highest methane conversion rate of

https://doi.org/10.1016/j.ijhydene.2022.08.115
https://doi.org/10.1016/j.ijhydene.2022.08.115


i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 8 ( 2 0 2 3 ) 6 2 3 3e6 2 4 36238
approximately 68% could be calculated for experiments with

CuBi80 and pure Bi at 60 min.

Additionally, the produced carbon is analyzed in a JEOL

JSMIT300 scanning electron microscope with energy-

dispersive X-ray spectroscopy. Fig. 4 depicts SEM/BSE images

of carbon deposited in the hot gas filter at different experi-

ments. In experiments with CuBi and CuGa alloys, the pro-

duced solid fraction consists of very fine granular

agglomerates. The use of CuSn and CuNi alloys results in a

loose and fibrous structure. As the Sn amount increases, the

individual particles gain in size.

The results of the SEM/EDS analysis are listed in Table 3.

The lowest carbon content of 94.29 and 96.71 at% respectively

can be found in the samples originating from experiments

with CuBi40 and CuBi80 whereas the purest carbon originates

from experiments with CuSn80 and CuGa5 with a carbon

content of 99.87 and 99.90 at% respectively.
Fig. 4 e SEM/BSE images of the carbon fractions of experiments

CuGa5.
Calculations

The superficial gas velocity, us, is calculated as a relation of

volumetric flow rate, V_, to the cross-sectional area of the

column, Ac, (cf. Equation (7)) which results in 2.511 E�03 m/s

for the experiments of this work.

us ¼
_V

Ac
(7)

A fundamental correlation between bulk phase and surface

phase composition and surface tension of the investigated

alloys is given by Butler [38] (cf. Equation (8)).

s ¼ si þ RT
Ai

ln
NS

i

NB
i

þ 1
Ai

�
GE; S

i

�
T; NS

i

� � GE; B
i

�
T; NB

i

��
(8)
with the alloys CuBi40, CuBi80, CuSn40, CuSn80, CuNi5 and

https://doi.org/10.1016/j.ijhydene.2022.08.115
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Table 3 e SEM/EDS analysis of carbon from experiments
carried out using different alloys.

Alloy Element content [at%]

C Cu Bi Sn Ni Ga

CuBi40 94.29 0.39 5.32 0 0 0

CuBi80 96.71 0.19 3.10 0 0 0

CuSn40 99.38 0.38 0 0.24 0 0

CuSn80 99.87 0.11 0 0.02 0 0

CuNi5 99.67 0.33 0 0 0 0

CuGa5 99.90 0.05 0 0 0 0.05

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 8 ( 2 0 2 3 ) 6 2 3 3e6 2 4 3 6239
In Equation (8), superscripts S and B identify surface phase

and bulk phase, respectively, si describes the surface tension

of the pure metal i, R the molar gas constant, T the tempera-

ture, Ai the molar surface area of component i, Ni
sup the mole

fraction of metal i in surface phase (sup ¼ S) or bulk phase

(sup ¼ B) and Gi
E, sup the partial excess Gibbs energy of

component i in surface phase (sup¼ S) or bulk phase (sup¼ B).

Ai is calculated according to Equation (9), with N0, the Avo-

gadro's number, L, a geometric factor (L ¼ 1.091 for liquid

metals), and Vi, themolar volume of puremetal i. In Equations

(8) and (9) the required values of surface tension, density, and

molar mass of pure metals are given by Smithells metals

reference book [37].

Ai ¼ L,N1=3
0 , V2=3

i (9)

Thermodynamic data used to calculate Redlich-Kister

polynomials to approximate the partial excess Gibbs en-

ergies were obtained from Mey [39], Niemel€a, Effenberg et al.

[40], Li, Franke et al. [41] and Li, Ji et al. [42]. The partial excess

Gibbs energy of component i in the surface phase can be

estimated using an approximation given by Speiser, Poirier

et al. [43] (cf. Equation (10)).

GE; S
i ¼ b,GE; B

i (10)
Fig. 5 e Surface tensions of the investigated liquid alloys as

calculated using Butler Equation as functions of the

alloying element contents (cf. Equation (8)).
In Equation (10) the parameter b gives the ratio of the co-

ordination number Z in the surface phase to that in the bulk

phase. In this work, a value of 0.83 is chosen for b as given by

Tanaka, Hack et al. [44] for liquid metals.

After inserting all known values for surface tension and

molar surface areas of the pure metals, as well as partial

excess Gibbs energies in Equation (8), surface tension and

composition of the surface phase of the investigated alloy are

determined numerically by implementing an evolutionary al-

gorithm. Fig. 5 depicts the resulting values for the surface

tension of the investigated binary Cu-alloys at 1160 �C as a

function of the alloying elements' content. The surface tension

of pure copper at 1160 �C is 1.285 N/m. The addition of Ni, Ga,

Sn, or Bi leads to a more or less strong decrease in surface

tension. Overall, CuNi alloys have the highest surface tension,

followed by CuGa and CuSn alloys. The surface tension of CuBi

alloys is the lowest of the investigated systems. CuNi alloys

were investigated in the range of 0.0e15 at% Ni as liquidus

temperature exceeds process temperature of 1160 �C at higher

Ni contents. In this range, the addition of nickel to pure copper

showsno significant effect. An addition of Ga shifts the surface

tension to lower values. The gradient of this curve decreases

until the value of 33 at% of Ga is reached and rises again at a

further increase of the gallium content. At 100% Ga, the sur-

face tension of 0.605 N/m can be calculated at 1160 �C. Grad-
ually adding tin to a melt of 100 at% Cu leads to decreasing

surface tension. The gradient of the corresponding diagram

shows only slight variations. For pure tin, the surface tension

of 0.476 N/m is determined. Even small additions of bismuth

lead to a sharp decline in the curve. Amelt of pure bismuth has

the lowest surface tension in this work with 0.316 N/m at the

given temperature. The calculated surface tensions of the

investigated alloys at 1160 �C are listed in Table 4.

Mori, Sano et al. [35] proposed a correlation between sur-

face tension, liquid density, gas flow rate, and the size of
Table 4 e Calculated surface tensions and bubble
diameters of the investigated alloys at 1160 �C.

Metal/Alloy s [N/m] db [mm]

Cu 1.285 10.596

Bi 0.316 9.670

Sn 0.476 9.862

CuBi5 0.632 9.887

CuBi20 0.450 9.745

CuBi40 0.381 9.702

CuBi60 0.349 9.685

CuBi80 0.329 9.676

CuSn20 0,970 10.299

CuSn40 0.749 10.089

CuSn60 0.627 9.984

CuSn80 0.552 9.925

CuNi2.5 1.284 10.594

CuNi5 1.283 10.591

CuNi7.5 1.283 10.589

CuNi10 1.282 10.587

CuNi12.5 1.282 10.585

CuGa2.5 1.214 10.522

CuGa5 1.193 10.509

CuGa7.5 1.180 10.506

CuGa10 1.170 10.507
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Fig. 6 e Calculated bubble diameters for the investigated

melts as functions of the alloying element contents (cf.

Equation (11)).
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bubbles formed at single nozzles in variousmelts (cf. Equation

(11)). The Equation is applicable at gas flow rates between 6

and 2160 mln/min.

db ¼ 0:01,

"�
106 6s,dno

rl,g

	2

þ 0:0242,
�
107,Qg,d

0:5
no

�1:734
#1=6

(11)

In this Equation db indicates the bubble diameter, s and rl

the surface tension and the density, respectively, of the melt,

dno the orifice outer diameter, g the gravitational acceleration,

and Qg the gas flow rate. The results of calculations performed

for the investigated melts at a process temperature of 1160 �C

and a gas flow rate of 500 mln/min are depicted in Fig. 6. The

calculated bubble diameter for pure copper is 10.596 mm. An

addition of bismuth leads to a sharp decrease in bubble sizes.

At 100 at% Bi, a bubble diameter of 9.670mm can be calculated

which corresponds to the smallest bubbles in this work. The

gradual addition of Sn leads to a steady decline in the

computed diameter. For a melt of pure tin, a bubble diameter

of 9.862 mm is calculated. The addition of gallium to pure

liquid copper leads to a slight decrease in bubble sizes fol-

lowed by an increase until a maximum bubble diameter of

10.568 mm at 33 at% Ga is reached. Further increasing the

gallium content leads to a decreasing diameter to a value of

10.131 mm at 100 at% Ga. The addition of Ni to 100 at% Cu

shows no significant effect in the investigated range. The

calculated diameters for bubbles formed at single nozzles in

the investigated alloys at 1160 �C are listed in Table 4.
Discussion

The diagrams in Fig. 3 show that for most of the investigated

alloys methane conversion rates increase over experimental

time. An explanation for this tendency can be found in the

possible catalytic effect of solid carbon on the thermal

decomposition of methane as demonstrated by Muradov,

Vezirolu [45,46], and Serrano, Botas et al. [40]. With
progressing experimental duration, more and more solid

carbon is produced inside the melt. As this carbon is only

partially carried to the hot gas filter in the gas stream and is

eventually collected in the glass bottle (cf. Fig. 2), a C layer

builds up that floats on the surface of the molten metal. With

an increasing height of this layer, the contact time between

undecomposed methane, potentially produced intermediates

and solid carbon grows which enables higher reaction yields.

Equation (7) gives a superficial gas velocity of 2.5 mm/s for

this work's experiments. With a column diameter of 6.5 cm,

this results in a homogenous bubbly flow regime according to

Shah, Kelkar et al. [30]. In this regime, the bubble sizes are

mostly governed by sparger design and physical system

properties as practically no coalescence or breakup occurs [28].

A comparison of calculated surface tension and bubble

diameter (cf. Figures Figs. 5 and 6) with the CH4 conversions

determined in the experiments (cf. Fig. 3) gives interesting

results for the investigated metals and alloys. The highest

reaction yields can be reached with CuBi alloys as a medium

for the pyrolysis of methane in the conducted experiments.

The calculations show that these alloys have the lowest sur-

face tension. According to Equation (11), the bubbles formed in

these alloys are the smallest in comparison with the other

alloys. An increase in the Bi content leads to a decrease in

surface tension and bubble size. Simultaneously the reaction

yield tends to improve as Bi is added to copper. This leads to

the conclusion that at the process temperature of 1160 �C the

improvement of the methane conversion rate primarily re-

sults from smaller bubbles, thus greater gas-liquid interfacial

areas. CuSn alloys similarly follow this tendency. The addition

of tin to pure copper lowers the surface tension and bubble

diameter whilst also resulting in higher CH4 conversions. The

density of liquid Ga at 1160 �C is 5467.00 kg/m3 which is

significantly lower than the density of liquid copper (cf. Table

1). Therefore, an increase in the content of Ga leads to a

declining surface tension but the simultaneous decrease in

density of the alloy keeps the size of the formed bubbles at

high values. Consequently, the utilization of CuGa alloys leads

to a relatively low yield in this work. CuNi alloys are an

exception to the trend stated in this section. Although the

addition of Ni only insignificantly changes the relatively high

values of surface tension and bubble diameter in the investi-

gated ranges the reaction yields measured with these alloys

are higher than those recordedwith pure copper melts. In this

case, the enhanced conversion rates can be seen as a result of

the improved catalytical effect of the Ni in the alloy on the

pyrolysis reaction.

As the economic feasibility of the overall process strongly

depends on possible applications and marketability of the

solid fraction the morphology and purity of the produced

carbon are considered key parameters. Keipi, Tolvanen et al.

[47] demonstrated that the properties of the pyrolysis carbon

are affected by reaction temperature and catalyst. Accord-

ingly, this work shows that the morphology of the produced

carbon is highly influenced by the alloy used as a catalyst. It

must be noted that for the SEM/EDS analyses the carbon is

positioned on a carbon foil. Therefore, the actual metal con-

tents may deviate from the measured values. However, the

results showed that the highest number of impurities in the

carbon section can be found in experiments carried out with
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CuBi alloys, a consequence of the high vapor pressure of bis-

muth. According to Equation (5), the production of 1 kg of

hydrogen results in the generation of approximately 3 kg of

solid C. Therefore, possible fields of application for vast

amounts of pyrolysis carbon must be determined assuming a

potential transition of the global hydrogen production to

methane pyrolysis. These may include a substitution of

cement for the manufacture of concrete or an introduction

into the soil to improve its quality. Especially pursuing the

latter makes considerations of statutory thresholds of the

respectivemetalsmandatorywith a view to process adaptions

if necessary.
Conclusions

A transition of the energy system from fossil to renewable

sources is mandatory to sustain human prosperity in the 21st

century. Research and development of processes for the pro-

duction and utilization of hydrogen to substitute conventional

energy carriers and reducing agents, especially in important

industrial sectors will play key roles on the way to a clean and

secure future.

In this work, hydrogen and solid carbon were produced by

the thermo-catalytical decomposition of methane in a molten

metal reactor with a height of the melt of 7 cm using different

molten copper alloys and metals, respectively. Methane was

introduced into themelt utilizing an alumina lance at 500mln/

min. The effects of adding bismuth, nickel, tin, or gallium to

pure copper were investigated by measuring the amount of

produced hydrogen and subsequently calculating the ac-

cording methane conversion rates. CuBi showed the best

effectivity as a medium in methane pyrolysis at 1160 �C, fol-
lowed by CuNi, CuSn, and CuGa. The highest methane con-

version rate of 68.44% could be recorded with CuBi80.

Calculations showed that the addition of Bi, Sn, or Ga impacts

the surface tension of the melt and the size of the bubbles

which are formed at the lance. A comparison of the calculated

results with the experimental CH4 conversion rates demon-

strated a strong influence of surface tension and bubble size,

thus a bigger gas-liquid interfacial area on the reaction yields.

The addition of Ni to Cu results in negligible changes in sur-

face tension and bubble diameter. This observation leads to

the conclusion that the effect of a relatively small interfacial

area is in this case counterbalanced by the high catalytic

effectiveness of CuNi alloys. Furthermore, the effect of a

growing layer of carbon that floats on themelt was measured.

With progressing experimental duration most of the experi-

ments resulted in higher conversion rates. The described

phenomena require further investigation.

The produced carbonwas investigated by SEM/EDS and BSE

analyses. The results demonstrate that properties of the py-

rolysis carbon, especiallymorphology, can be influenced using

different alloys. The purity of the carbon section must be

taken into consideration given possible areas of application.

The results of the conducted experiments show that the

products of methane pyrolysis can be strongly influenced by

a change in the used catalyst. For the achievement of eco-

nomic competitivity in comparison with other hydrogen

production processes, especially steam reforming of
methane, further investigation of the process parameters and

their influence on the reaction kinetics and product purity is

of crucial importance [48].
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