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ABSTRACT: The evolution of hydrogen from methane decomposition in a liquid metal bubble reactor (LMBR) has become a
recent subject of interest; this study examines a novel approach to hydrogen production from pyrolysis of complex hydrocarbon
fuels. Modeling hydrocarbon fuel decomposition in an LMBR is executed in two stages of pyrolysis: First, primary pyrolysis
intermediates are simulated using a functional-group-based kinetic model (FGMech). Then, a detailed high temperature mechanism
(AramcoMech 1.3 + KAUST PAH + 5 solid carbon chemistry) is applied to simulate secondary pyrolysis of intermediates. The
quantities of major products of the secondary pyrolysis simulation (CH4, H2, Cs, C6H6) are approximated by simplified regression
equations. Further decomposition of smaller hydrocarbons (until exiting the reactor) is simulated using a coupled kinetic and
hydrodynamics model that has been reported in the literature. The mixing effects of bubble coalescence and breakup are investigated
in a comparative study on homogeneous and non-homogeneous reactors. Finally, a qualitative relationship between H2 yield per
mass of fuel, functional group, and other factors such as temperature, pressure, and residence time is analyzed. In general, the H/C
ratio and cyclic/aromatic content are the main features influencing total conversion to H2.

1. INTRODUCTION

Dependence on petroleum fuels is gradually decreasing, and
hydrogen as an alternate fuel is gaining prominence.
Historically, hydrogen has mainly been used as a chemical
feedstock in industry, but recently, its use has advanced to
energy carrier in applications like H2 combustion engines, fuel
cells, and electricity generation.1−3 More than 90% of the
world hydrogen production is fossil-fuel-based, primarily via
steam methane reforming (SMR). In the SMR process,
methane is treated with steam to produce a 4:1 ratio of H2
to CO2.

4,5 CO2 emissions are increased further when SMR
plants use natural gas combustion as the heat source to cover
the endothermic heat required for the reaction (ΔH0 ∼ 206
kJ/mol), and also to produce the required steam. Hydrogen
produced from the SMR process is referred to as gray hydrogen;
hydrogen produced when SMR is coupled with CO2 capture
and storage is blue hydrogen.5

Direct methane pyrolysis poses an alternative to SMR, with
the advantage of no/reduced CO2 emissions (CH4 ⇌ 2H2 +
Cs).

6−8 The amount of H2 produced is half that of the SMR
process, but carbon deposits are significant and may require
large storage capacity. Fortunately, solid carbon (Cs) is easier
to sequester than CO2 produced in the SMR process.6 Finding
relevant markets for solid carbon would be necessary to
accommodate the supply. Because of their high yield strength,
carbon fibers have recently become a substitute for steel and
concrete in construction applications,9−12 and the high
conductivity of heat and electricity makes it valuable in
electronic products such as batteries and electrodes.13,14

Carbon deposits pose significant challenges in the pyrolysis
of methane in batch, flow, and packed/fluidized bed reactors,

restricting the flow of methane gas in tubes and causing
catalyst deactivation.15,16 Recent studies on molten metal
bubble column pyrolysis of methane have shown potential
advantages over the solid carbon treatment.15,17−25 Here, the
methane diluted with inert is sent to the bottom of the vertical
molten metal column, creating bubbles inside the reactor, and
undergoing pyrolysis to H2 and Cs. The buoyancy effects move
the solid carbon up (it is less dense than molten metal), where
it remains afloat at the top and is mechanically separated with
relative ease; this allows a continuous gas flow into and solid
and gas flow out of the reactor. In addition, the molten metal
also provides effective heat transfer to the reagent for the
endothermic reaction. The bubble formation of methane
enables effective heat transfer with the molten reagent due to
increased surface area per unit volume. Sufficient residence
time for the decomposition of methane is also provided by the
viscous drag force exerted by molten metal inside the vertical
column. If the energy requirement for melting the metal comes
from a renewable source (solar, wind, geothermal), provided
with efficient solid carbon sequestration and reusability, the
hydrogen produced will be free from emissions and essentially
qualifies as low carbon hydrogen.26

More recently, investigators have begun to utilize molten
metal alloys as catalysts to elevate the decomposition of
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methane.17,18 Here, in addition to the gas phase chemistry, the
catalytic activity of the molten metal imparts strong reactivity
in the gas melt interface. Upham et al.17 demonstrated 95%
methane conversion to hydrogen at 1065 °C in a 1.1 m column
filled with molten Ni0.27Bi0.73 alloy. Very recently, a molten
Cu0.45Bi0.55 alloy has shown higher catalytic activity for the
pyrolysis reaction.27 Despite many experimental studies, little
attention has been given to relevant modeling work. Upham et
al.17 estimated the volume required for a 200 kta−1 hydrogen
plant with the assumption of averaged gas hold up of 25% (the
volume occupied by gas relative to the total reactor volume),
and averaged bubble radius of 0.5 cm. Farmer et al.28

elaborated on their layout17 by incorporating improved
hydrodynamic aspects in the design, accounting for both the
gas phase chemistry of methane and the catalytic activity at the
gas melt interface.28 However, there were approximations on
fixing the number of bubbles per unit volume of reactor and
gas hold up of 25% throughout the reactor. In a comparison,
Catalan et al.29 used empirical relations to demonstrate an
improved design by carefully quantifying the relationship
between gas hold up and superficial gas velocity; their model
applied to those reactors with no catalytic activity, driven only
by gas phase chemical interactions. According to Upham et
al.,17 the assumption is valid when low active metals such as tin
(Sn), bismuth (Bi), lead (Pb), etc., are used as solvents. The
model clearly established the coupling effect of kinetics and
hydrodynamic aspects in the reactor.
As mentioned above, there are many investigations that have

studied the methane decomposition in molten bubble column
reactors (LMBR). Although there are studies that deal with the
pyrolysis of hydrocarbons, which includes gaseous higher
hydrocarbons such as ethane, propane, and butane30−34 and
liquid fuels, crude oils, and various petroleum fractions,35−37

the molten metal pyrolysis investigations are scarce. Very
recently, an experimental study on catalytic pyrolysis of
hydrocarbon feedstocks such as propane, benzene, crude oil,
and coal was explored by Palmer et al.38 The same molten
alloy combination of Upham et al.17 (Ni0.27Bi0.73) is
investigated. The paper establishes the concern of the
practicality of using feedstocks other than methane arising
from high raw material cost and the limitation in the amount of
hydrogen extraction per mole of feedstock due to low H/C
ratio input. Also, the operating cost in dealing with liquid
hydrocarbon feedstocks may pose additional challenges. The
work reports 100% decomposition of hydrocarbons other than
methane (including crude oil) at temperatures below 1000 °C,
and good selectivity to H2 is observed. Given the crude oil and
coal composition, it is important to model the amount of H2
that can be extracted on mass basis (or mole basis) prior to
experimental investigation in an LMBR. The functional group
composition of the input feedstock will be a key parameter
here.
A detailed kinetic modeling perspective for hydrocarbon

pyrolysis in an LMBR is absent in the literature. The present
work deals with noncatalytic kinetic modeling of hydrocarbon
pyrolysis in an LMBR and evaluates the functional group
dependence on hydrogen production. This includes hydro-
carbons in the gas phase (ethane, propane, butane, etc.), and
liquid fuels consisting of pure fuels, mixtures, or surrogates,
and real complex fuels. The present study develops a novel
modeling effort to explore all ranges of hydrocarbon fuels in an
LMBR. More insights into the experimental findings and

relevance of the recent work of Palmer et al.38 will be discussed
in section 2.3.

1.1. Modeling Background. Because real fuel includes
complex mixtures of hundreds of compounds, and each fuel
undergoes unique decomposition chemistry, modeling real fuel
pyrolysis is more challenging than modeling methane. Some
approaches in the literature have helped solve the problem
through combined techniques of multicomponent surrogate
formulation, functional-group-based methods, and lumped fuel
chemistry modeling. The HyChem model39−41 proposed the
breakdown of the combustion fuel chemistry of a real fuel into
two stages: fuel pyrolysis producing critical intermediates, and
oxidation of intermediates. In the absence of oxygen, the
model offered a way of dealing with primary hydrocarbon
pyrolysis. In the HyChem approach, the quantification of key
pyrolysis intermediates of first stage pyrolysis is described using
stoichiometric parameters in three lumped fuel chemistry
reactions, as shown in eqs 1, 2, and 3 and Table 1.

λ λ

χ χ α α

→ + +

+ [ + − ] + + −

e

b

C H (C H C H C H )

C H (1 )C H H (2 )CH
m n d

d

2 4 3 3 6 4 4 8

6 6 7 8 3
(1)

+ → + ΣC H H Hm n p2 (2)

+ → + ΣC H CH CHm n p3 4 (3)

λ λ

χ χ β β

Σ = + + +

+ [ + − ] + + −

e

b

YCH (C H C H C H )

C H (1 )C H H (1 )CH

p a

a

4 2 4 3 3 6 4 4 8

6 6 7 8 3

These stoichiometric parameters were obtained experimen-
tally with the help of real fuel pyrolysis speciation data of CH4
and C2H4 in shock tube experiments42,43 and C3H6, C4H8,
C6H6, and C7H8 (toluene) in flow reactor experiments.39−41

Here, ed, bd, ea, and ba are dependent upon the rest of the
stoichiometric parameters by carbon and hydrogen mass
balance. Very recently, Zhang et al.44−46 developed a
functional-group-based approach (FGMech) to determine
the stoichiometric parameters for surrogate and real fuel
mixtures. In this method, the relationship between the
stoichiometric parameters and the functional groups present
in a fuel mixture was developed by performing multiple linear
regression (MLR). The MLR is trained based on functional
group descriptors of neat fuels against their stoichiometric
parameters/speciation data of pyrolysis products available in
the literature. The neat fuels selected represent the chemical
classes of n-alkanes, iso-alkanes, cycloalkanes, and aromatics.
The functional group descriptors that correlate to pyrolysis
intermediates (INT) are explained in eq 4.

Table 1. Stoichiometric Parameters in Lumped Reactions

parameter description

ed, bd, coefficients in fuel decomposition reaction (eq 1)
ea, ba coefficients in H-abstraction reactions (eqs 2, 3)
α number of H atoms produced in unimolecular decomposition

reaction per fuel
β number of H atoms produced in H-abstraction reactions per fuel
γ CH4 yield per fuel in addition to H abstraction by CH3

λ3 [C3H6]/[C2H4]
λ4 [C4H8-1]/[C2H4] or [IC4H8]/[C2H4]
χ [C6H6]/([C6H6] + [C7H8])
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= + × + ×

+ ×

+ ×

+ × + ×

+ ×

+ × + ×

+ ×

b b b

b

b

b b

b

b b

b

INT paraffinic CH (wt %) paraffinic

CH (wt %) paraffinic CH (wt %)

naphthenic CH (wt %)

naphthenic CH (wt %) aromatic

CH (wt %) aromatic C (wt %)

paraffinic C (wt %) molecular

weight BI

1 2 3 3

2 4

5 2

6 7

8

9 10

11 (4)

The branching index (BI) is a parameter that quantifies the
effect of branching in iso-paraffinic and aromatic/naphthenic
ringed structures.47 The MLR model based on the neat fuels
was then validated against primary pyrolysis speciation data of
multicomponent surrogate mixtures and real fuels. Finally, the
derived stoichiometric parameters were compared against the
HyChem model. Overall, the functional group approach
exhibited a good agreement with the HyChem model. This
study helped expand the foundation of primary pyrolysis data
on real fuels where experimental data are unavailable.
Consequently, the lumped fuel chemistry of any hydrocarbon
fuel can be correlated efficiently with prior knowledge of the
corresponding functional group descriptors.
The present work adopts the kinetics and hydrodynamic

model of methane decomposition developed by Catalan et al.29

and the lumped fuel chemistry, FGMech, of Zhang et al.44−46

to model pyrolysis of any hydrocarbon fuel in an LMBR. The
real fuels, with unique functional group descriptors, exhibited
distinctive pyrolysis chemistry. The goal of this study is to
establish a qualitative relationship between the quantity of
hydrogen evolved and the functional group features of the
input fuel. The remainder of the article is organized as follows:
The first section briefly addresses the primary pyrolysis in an
LMBR for the selected fuels. The next section covers the
secondary pyrolysis of primary intermediates, followed by the
section on two mixing models: homogeneous and non-
homogenous. The last section covers results and discussions.

2. METHODOLOGY

2.1. Primary Pyrolysis in LMBR. The present work
utilizes the lumped fuel chemistry FGMech developed by
Zhang et al.44−46 to determine the stoichiometric parameters

of primary pyrolysis intermediates. This is considered to be the
first step toward modeling real fuels in an LMBR. The
stoichiometric parameters of the FGMech were obtained
through a quantitative structure yield relationship MLR model,
based on 10 input features (8 functional groups, branching
index (BI), and molecular weight (MW)). The FGMech and
THERM files for 76 fuels consisted of 50 neat fuels, 14
surrogates, and 12 real fuels, included in the Supporting
Information. More details on the calculation of stoichiometric
parameters, the MLR regression model, and lumped fuel
chemistry FGMech can be found in refs 44−46.
In an LMBR, the hydrocarbon fuel pumped into the bottom

of the reactor was expected to undergo rapid first stage
pyrolysis, where key intermediate products are generated. The
temperature range in the column for the modeling study was
considered 1000 °C ≤ T ≤ 1200 °C. Constant temperature
and pressure simulations were conducted on a Chemkin Pro
software package48 with the input FGMech. Simulations
indicate that, under the hot temperature environment in the
LMBR, the time required for first stage pyrolysis was on the
order of microseconds (10−6 s). During this short span of time,
it was reasonable to assume that the hydrodynamic influence of
molten metal would be negligible, so it can be hypothesized
that the boiling (in liquid HC fuels), fuel decomposition, and
the bubble formation of pyrolysis products occurred
immediately when the fuel enters the bottom of the reactor.

2.2. Fuel Selection. The study selected the fuels with
distinct functional descriptors (input features). First: neat fuels
or single component fuels, such as n-decane, iso-cetane,
cyclohexane, and benzene were considered, to represent the
chemical classes of n-alkanes, iso-alkanes, cyclo-alkanes, and
aromatics. On the basis of the curated data sets of individual
classes, relationships were identified between the yields of
primary and final pyrolysis products and functional descriptors
of the respective neat fuel. Using FGMech, constant temper-
ature and pressure simulations were conducted on Chemkin
Pro for two different temperatures (1000 and 1200 °C) and
multiple pressures (10, 20, and 50 bar). Table 2 describes the
simulated key pyrolysis data of the selected neat fuels at a
constant pressure of 50 bar. More simulation data at 10 and 20
bar are included in the Supporting Information (see Table S1).
A high propensity for the formation of IC4H8 (iso-butylene)

can be observed in iso-cetane primary pyrolysis, strongly linked
to branching in iso-cetane. For n-decane, the presence of C4H8-

Table 2. Primary Pyrolysis Speciation Data from FGMech Simulations

primary pyrolysis key intermediates per mole fuel

fuel T (°C) H2 CH4 C2H4 C3H6 C4H8 IC4H8 C6H6 C7H8

iso-cetane 1000 0.0360 0.1771 0.0027 0.1706 0.0002 0.6134 0 0
1200 0.0623 0.1858 0.0041 0.1767 0.0001 0.5706 0 0

n-decane 1000 0.0545 0.1575 0.4732 0.2241 0.0883 0 0 0
1200 0.0576 0.1486 0.4738 0.2209 0.0874 0 0 0

cyclohexane 1000 0.1317 0.6099 0.0075 0 0 0 0.2082 0.0341
1200 0.2801 0.4551 0.0150 0 0 0 0.2120 0.0232

FACEA 1000 0.1471 0.3739 0.0908 0.1563 0.0136 0.1370 0.0754 0
1200 0.1560 0.3358 0.0921 0.1585 0.0138 0.1389 0.0711 0

FACEJ 1000 0.1445 0.4022 0.1399 0.0034 0.0245 0.0405 0.0516 0.1933
1200 0.1481 0.3845 0.1413 0.0182 0.0248 0.0409 0.0511 0.1912

C10H20D 1000 0.0676 0.2949 0.3275 0.1324 0.0577 0 0.0749 0.0451
1200 0.0735 0.2906 0.3283 0.1327 0.0578 0 0.0732 0.0440

C10H18C 1000 0.0858 0.3004 0.0918 0.2680 0.0382 0 0.1336 0.0821
1200 0.0922 0.2967 0.0921 0.2689 0.0383 0 0.1312 0.0806
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1 (1-butene), instead of IC4H8, can be linked to the linear
structure. Also, comparatively larger quantities of C2H4
(ethylene) and C3H6 (1-propene) are produced from n-decane
primary pyrolysis. For cyclohexane, primary pyrolysis leads to
aromatic intermediates such as C6H6 and C7H8 (toluene).
Primary pyrolysis simulation was absent for benzene as a neat
fuel, as it is regarded as one of the key intermediates. In
general, a clear distinction between the amount of key pyrolysis
intermediates was observed in the four neat fuels, strengthen-
ing the relationship between pyrolysis intermediates and
functional group descriptors present in the neat fuels.
This study also evaluated the pyrolysis trend in two jet fuel

multicomponent surrogates and two real gasoline fuels. The
Dagaut surrogate (C10H20D: 74% n-decane/11% n-propyl
cyclohexane/15% n-propyl benzene in moles49) and the
Comandini surrogate (C10H18C: 40% n-decane/30% n-
propyl cyclohexane/30% n-butyl benzene in moles50) were
the jet fuel surrogates selected. The two research grade fuels,
FACE A and FACE J (fuels for advanced combustion engines)
were the gasoline fuels considered.51−53 Table 2 describes the
primary pyrolysis speciation data for these fuels at 50 bar
pressure. More simulation data can be found in Table S1 (see
Supporting Information).
2.3. Secondary Pyrolysis. The previous section explained

the primary pyrolysis of hydrocarbon fuel when subjected to
the hot metal environment at the bottom of the reactor. The
key pyrolysis intermediates were treated with further secondary
pyrolysis, generating new products while traversing through
the reactor. The distinct secondary pyrolysis chemistry of
primary intermediates is explained in this section, and the

thermochemical relative stability of the primary products must
be discussed prior to modeling. The Gibbs energy formation
(ΔGo

f) of each hydrocarbon against temperature reflects the
relative stability with respect to their elements and other
hydrocarbons. Gueret et al.54 described the ΔGo

f of hydro-
carbons against C and H2 (see Figure 2;54 included in
Supporting Information (Figure S1)). The hydrocarbons are
relatively less stable with respect to their elements (C, H2) in
almost all temperature ranges, except for methane and ethane
in temperatures ranging below 800 K (527 °C) and 400 K
(127 °C), respectively. Between 527 °C < T < 1027 °C,
methane remained the most stable of the hydrocarbons. The
lines ΔGo

f = f(T), corresponding to C2H4 and C6H6, have
slopes lower than CH4. At 1027 °C, benzene (C6H6) took over
as the stable HC, and above 1307 °C, ethylene (C2H4)
becomes more stable than methane. The study of the
thermochemical relative stability of the primary pyrolysis
intermediates based on Gibbs energy formation (ΔGo

f)
clarifies a prediction of product formation during the
secondary pyrolysis. Figure 1 explains that for methane, solid
carbon (Cs), and H2 are the major products. For C2H4, C3H6,
and butane isomers, the probable path of decomposition favors
the production of CH4, Cs, and H2 in temperatures ranging
between 1000 °C < T < 1200 °C. However, for benzene
(C6H6), the thermodynamic stability indicates that CH4 is
favored between 1000 and 1027 °C, while above 1027 °C, Cs
and H2 are the dominant products. The study, based on Gibbs
energy formation (ΔGo

f), delivers simplified assumptions on
probable product formation; in reality, however, the pathway is
a complex free radical mechanism.

Figure 1. Favored reaction flow analysis (mol/cm3 s) of solid carbon (Cs) formation and sensitivity analysis of H2 (top: green), and Cs (bottom:
dark gray) with the proposed combined mechanism for pure CH4 at 1100 °C, 1 bar, and time 0.8 s. The wide green arrow is the main reaction
pathway; the black arrow is side chain reaction flows. Sensitivity analysis of H2 and Cs production presents the five most sensitive reactions in the
proposed mechanism.
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Although the thermodynamic stability study delivers a
fundamental understanding of probable pyrolysis products,
the kinetic aspects of pyrolysis cannot be explained. For this,
the detailed high temperature mechanism AramcoMech 1.3,55

combined with the detailed KAUST PAH mechanism version
2,56 was adopted in this study. AramcoMech 1.3 consists of
detailed C0−C4 combustion chemistry, extensively validated
against high temperature 0D ignition delay times, 1D flame
speeds, and speciation data profiles in the literature. Pyrolysis,

or fuel breakdown into smaller components, is considered to
be the first step toward combustion modeling. The mechanism
covers all possible directions of fuel decomposition, H-
abstraction, and isomerization reactions inherent to pyrolysis
modeling. The KAUST PAH mechanism was merged with
AramcoMech 1.3 to cover detailed aromatic (C6, C7) pyrolysis
chemistry. In addition, five reactions pertaining to solid C
formation (adopted from Ozalp et al.57), were merged with the
combined mechanism. The reactions, which included a single

Figure 2. (a) Methane decomposition and product evolution in a constant volume reactor at 1823 K, 1:9 mol ratio of CH4 to Ar. (b) Methane
conversion in a plug flow reactor at T: 850, 900 °C. Current model results are shown in solid lines. Comparison with 37 species mechanism by
Ozalp et al.57 (dashed lines). All experiment data were taken from Rodat et al.58,59

Figure 3. Simulated C2H4 decomposition and product evolution (a) constant P: 10 bar, solid lines T: 1000 °C, and dashed lines T: 1200 °C
respectively, (b) constant T: 1000 °C; solid lines P: 10 bar, and dashed lines P: 50 bar respectively, (c) C3H6 decomposition and product evolution
at P: 10 bar, T: 1000 °C, (d) C6H6 decomposition and product evolution at P: 10 bar, T: 1000 °C.
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step solid C formation (C2H → 2Cs + H), were modified to
match against methane experimental decomposition data by
Rodat et al.58,59 The H-abstraction reaction (CH4 + H ⇌ CH3
+ H2) accounted for the maximum instantaneous H2
production rate (1.06 × 10−6 mol/cm3 s). Figure 1 describes
the favored reaction pathway analysis of solid carbon (Cs)
formation and sensitivity analysis for H2 and Cs formation from
pure methane pyrolysis. The sensitivity analysis indicates the
same reactions affecting the formation of H2 and Cs, with the
exception of the rxn: C2H4 + CH3 ⇌ C2H3 + CH4 in the case
of H2 formation. Figure 2a describes methane, H2, and C
concentrations as a function of time in a constant volume
reactor. Figure 2b shows the performance of the proposed
combined mechanism in methane conversion at different plug
flow conditions. Both simulations were performed on Chemkin
Pro software, where the experimental data were taken from
Rodat et al.58,59

As shown in Figure 2a,b, the proposed combined
mechanism delivers a reasonably good fit against experimental
data of methane decomposition. Some amounts of C2H4 and
C2H2 generated from methane pyrolysis described in the
studies of Rhodat et al.58,59 are quickly consumed in the
reaction and are considered insignificant as time progresses.
The combined mechanism model delivers better prediction
capabilities for CH4 decomposition and H2 generation on
comparing with the Ozalp model.57 The latter exhibited a
faster decomposition of CH4 and H2 evolution as shown in
Figure 2a. Both the models failed to capture the initial trend in
Cs production and later agree well with equilibrium values.
Failure to capture the trend for Cs is mainly because only 5
reactions pertaining to Cs generation are added to the detailed
mechanism. The current work gives primary focus on
quantifying the H2 output rather than Cs. Also, the Cs
concentration would not affect the CH4-H2 gas equilibrium
and does not impact the H2 output.
The relevant high temperature experimental data for higher

carbon hydrocarbon fuel pyrolysis chemistry (e.g., C2H4, C3H6,
C4H8, C6H6) to Cs and H2 are not found in the literature.
However, the literature study suggests the mechanism has
proven excellent in predictions against decomposition
reactions (initiation), combustion ignition delays, flame
speeds, and speciation data for the above compounds.55

With that confidence, the present work utilizes the proposed
combined mechanism for the complete pyrolysis of the rest of
primary intermediates. The combined mechanism is included
in the Supporting Information. Figure 3 describes constant
pressure and temperature simulated results of C2H4, C3H6, and
C6H6 using the proposed mechanism. For C2H4, an increase in
the dissociation is observed when the temperature and
pressure are increased. Benzene decomposition is quite slow
due to its thermal stability. A more detailed discussion follows
in the upcoming sections.
2.3.1. Methane (CH4). Methane decomposition can be

described using the global reaction CH4 ⇌ 2H2 + C. Catalan
et al.29 developed a coupled kinetics and hydrodynamics model
in the design of n LMBR. According to Upham et al.,17 low
active molten metals such as tin (Sn) and bismuth (Bi) were
considered for the molten reactor modeling. The methane
decomposition was driven by gas phase kinetics, whereas the
gas interface melt kinetics was neglected. In the temperature
range from 900 °C < T < 1200 °C, the log of equilibrium
constant K of the global reaction was approximated accurately
by a linear function of the inverse of absolute T, as shown in eq

5. A modified kinetic equation for methane decomposition (eq
6) was regressed against the experimental data of Keipi et al.60

to accurately determine coefficients k0, Ea, and n.
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Gas hold up in the differential gas volume mass balance
calculations (eqs 24−39 in Catalan et al.29) increased with
CH4 decomposition along the length in the LMBR. This is
attributed to the increase in the number of moles due to H2
formation. Also, from bottom to top, the hydrostatic pressure
dropped, resulting in an additional increase in the volume of
gas bubbles. In general, the gas hold up is strongly correlated
with superficial gas velocity, kinetics of methane decom-
position, and also with the pressure gradient along the length
of the reactor. Correlations of gas hold up were corroborated
against the experimental data of Kataoka and Ishii,61 as shown
in eqs 1−12 of ref 29. From those, eqs 1−10a29 were adopted
for the present work, based on the recommendations in
Catalan et al.29 Overall, Catalan et al.29 were able to justify the
methane model equations based on the relevant kinetics and
hydrodynamics. The systems of equations related to methane
modeling were numerically solved in the MATLAB R2019a
software package, using the function ode23s.

2.3.2. Ethylene (C2H4). The thermodynamic stability study
of ethylene indicated a probable path of decomposition to
CH4, H2, and Cs. So, unlike CH4, ethylene pyrolysis cannot be
modeled using a single overall reaction step. Also, in the
absence of essential experimental data at high temperatures, it
is a challenge to employ the coupling study of kinetics and
hydrodynamics via gas hold up correlations observed in
Catalan et al.29 The current study offers an alternate way to
solve the problem via the following steps: (1) Using the
detailed proposed mechanism, ethylene decomposition was
simulated at different temperatures and pressures. Here, the
simulations were performed at T = 1000, 1100, and 1200 °C
for P = 1, 10, 30, and 50 bar. A total of 3*4 constant T, P
simulations were performed in Chemkin Pro; results were
noted accordingly. (2) Considering these results, regression
correlations were developed to quantify the product formation.
First, the quantities of CH4, H2, and C generated at 99% of
decomposition of ethylene were analyzed. The pressure
dependence and temperature dependence of ethylene decom-
position were established according to the correlation (eq 7).

=
N

N
A T Pi n m

C H
0 0

2 4 (7)

where Ni corresponded to the number of moles of the products
CH4, H2, and C. N0

C2H4
is the number of moles of initial C2H4

generated during the primary pyrolysis; n and m are the
coefficients of dependency on temperature and pressure.
Applying log on both sides of eq 7,
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Multiple linear regression (MLR) was employed in eq 8 to
generate constants A0, n, and m, based on 12 simulation data
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points. The regression fit data for ethylene are shown in Table
3. R2 denotes the coefficient of determination or accuracy of fit.

The MLR provided a good fit against the simulation data. With
the help of regression, the product quantities of CH4, H2, and
Cs were well approximated (R2 > 0.9) across temperature and
pressure ranges that would otherwise have been obtained from
simulations using the combined detailed mechanism at fixed T,
P. The simplicity of the equations reduced the complexity of

modeling the secondary pyrolysis of intermediates in the
LMBR. The time required for 95% ethylene decomposition
ranged in the order of 10−2 to 10−1 s (approximately 1% of
total residence time, considering the selected dimension and
bottom pressures of the LMBR), reported in simulations using
the proposed combined mechanism. The C2H4 bubble
movement in the LMBR can be described as shown in Figure
4.
LC2H4

denotes the length or height of the reactor in which the

C2H4 bubble has covered for 95% decomposition. LC2H4
is a

function of the time required for decomposition (τ ∼ 0.1 s),
bottom hydrostatic pressure (Pb) of the LMBR, and superficial
gas velocity (JC2H4

), which in turn depends on the feed rate of

the fuel (LC2H4
∼ f (τ, Pb, JC2H4

)). As shown by Catalan et al.,29

the vertical column is generally operated at high hydrostatic
pressure at the bottom (due to the filling of high density
molten metals over a considerable period of time). In such
scenarios, the total residence time of the bubbles ranges from
seconds to minutes. When breaking down the total residence
time linearly along the length of the reactor, the bubbles spent
the majority of their time in the bottom, and the least time at
the top. The hydrostatic pressure gradient and product
formation drove the bubbles to accelerate from bottom to
top, so during the rapid decomposition of C2H4, LC2H4

was
expected to be relatively small, compared to the total height of
the reactor, and considering the rapid decomposition of C2H4.

Table 3. MLR Coefficients of Product Generation during
Pyrolysis of Intermediates (Ni = A0T

nPm/100)

A0T
nPm (T: K, P: bar)

fuel Ni*100 ln(A0) n m R2

C2H4 CH4 30.630 −3.768 0.209 99
H2 −53.578 8.130 −0.306 89.8
C −6.312 1.590 −0.078 96.5

C3H6 CH4 20.297 −2.147 0.062 98.1
H2 −35.713 5.618 −0.242 95.6
C −16.543 3.007 −0.092 97.2

C4H8 CH4 18.307 −1.888 0.110 99.6
H2 −29.510 4.801 −0.252 92.6
C −2.281 1.100 −0.055 95.8

C7H8 CH4 4.220 −0.035 0.030 89.8
H2 −19.320 3.266 0.060 98.6
C −8.405 1.848 0.037 93.8
C6H6 9.137 −0.655 −0.011 92.3

Figure 4. Proposed description of pyrolysis of primary intermediates in LMBR. C2, C3, C4, C6, and C7 correspond to C2H4, C3H6, C4H8, C6H6, and
C7H8.
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Therefore, it was reasonable to approximate that C2H4

decomposed at the bottom of reactor, and only CH4, H2,
and Cs traveled across the total height of the reactor. This
simple approximation allowed the utilization of the coupled
kinetic and hydrodynamic model of CH4 decomposition in the
LMBR developed by Catalan et al.;29 for that, the number of
moles (Ni) of CH4 and H2 derived from regression (Table 3)
was substituted as the initial feed rate in the MATLAB
simulation.
2.3.3. 1-Propene (C3H6). C3H6 bubble movement in the

LMBR can be described as shown in Figure 4. From the
simulation using the combined mechanism, the kinetics and
product formation were evaluated for 12 different cases. C3H6

underwent a more complex decomposition path than ethylene.
H2, CH4, and Cs were the major products. LC3H6

and LC2H4

corresponded to the length that the reactor C3H6 bubble
traveled, until its 95% decomposition, and length, associated
with C2H4, respectively. It was observed that the time scale of
C3H6 decomposition at high T, P was on the order of 10−2 s,
smaller than that of C2H4. On combining both time scales, the
time required for CH4 + H2 bubble formation still fell within
10−1 s, so, essentially, the same approximation that was
performed for ethylene can also be applied here. The quantity
of H2, CH4, and C generated from propylene pyrolysis was
approximated via MLR, based on simulations using the
detailed combined mechanism (see Table 3).
2.3.4. C4H8-1 (1-Butene), IC4H8 (iso-Butylene). It can be

seen in Figure 4 that C3H6 and C2H4 were the important
intermediates of C4H8 decomposition. Both isomers of C4H8
underwent the same kind of pyrolysis that was confirmed from
the simulations. C4H8 experienced a faster decomposition than
C2H4 and C3H6 (on the order of ms). This characteristic was
consistent with the relative thermodynamic stability of C4H8

over C2H4 and C3H6, as shown in Gueret et al.54 The same
analogy of low residence time occupied by C3H6 and C2H4 was
also applied to C4H8. The quantity of H2, CH4, and Cs
produced from pyrolysis of C4H8 was correlated via the
MLR (see Table 3).
2.3.5. C6H6 (Benzene). As explained in Gueret et al.,54

benzene is thermodynamically stable compared to other
hydrocarbons in the temperature ranges over 1027 °C. It is
less stable than the methane below the mentioned temper-
ature. Nevertheless, the pyrolysis of benzene is slow, confirmed
by kinetic simulations. This is because, the pyrolysis of
benzene to H2 and C has to be initiated by breakage of the
strong sp2 hybridized C−H bond. But thermodynamically,
benzene decomposition favors good selectivity to H2. The
kinetics needs to be improved by selection of suitable catalysts.
In light of this, Palmer et al.,38 in their very recent work on
catalytic pyrolysis of hydrocarbon feedstocks including
benzene, have stated that Ni0.27Bi0.73 molten alloy delivers
fast kinetics, achieving 100% benzene decomposition (T: 950
°C), while methane decomposition was limited to 8%. While it
is interesting to explore the catalytic benefits, the present
modeling is limited to only noncatalytic scenarios. The
approach to modeling pyrolysis of benzene is performed
differently due to its slow decomposition path. H2 and Cs are
the major end products. CH4 acts as an intermediate. Some
amounts of C6H6 remain undecomposed at the final output of
the reactor. Here, a time parameter is imposed in MLR
correlations at constant temperatures according to eq 9

=
N t

N t
A t P

( )
( )

i l m

C H
0

6 6 (9)

where l and m correspond to time and pressure coefficients.
Ni(t) represents the number of moles of H2, CH4, and Cs at
time t (s), and NC6H6

(t) corresponds to remaining benzene
moles at time t. Regression coefficients for two different
temperatures (1000 and 1200 °C) are included in Table 4.

NC6H6
(t) was calculated by applying atomic C balance on

substituting the initial number of moles of C6H6 from the
primary pyrolysis ((N0

C6H6
− NCH4

(t) − 6NC(t))/6). Unlike
methane, and because of complex kinetics, the accurate
depiction of residence time in the LMBR was challenging. In
this work, the residence time (τ) was assumed to be the same
as that of pure methane in the Catalan model.29 Also, the
pressure was assumed to be the average hydrostatic pressure of
molten metal in the reactor. Inevitably, the two approximations
compromised the accuracy of the benzene pyrolysis calculation
in the LMBR. Nevertheless, the model gave a reasonable
judgment on benzene decomposition and its product
formation.

2.3.6. C7H8 (Toluene). As depicted in Figure 4, C6H6 is an
essential intermediate in toluene pyrolysis. The CH3−C bond
attached to the aromatic ring was weak and readily
decomposed to give CH4, H2, Cs, and C6H6. LC7H8

was
relatively small because the time required for 95% decom-
position of C7H8 is on the order of ms. The regression
coefficients of product formation are described in Table 3. The
same analogy of benzene intermediate decomposition,
explained in the previous section, was applied here. With the
simplified description of pyrolysis of intermediates, Figure 5
summarizes the pyrolysis of fuel in the LMBR.

2.4. Major Factors in LMBR Pyrolysis of Hydro-
carbons. This section discusses the major factors determining
the extent of pyrolysis conversions in the LMBR of a fixed
reactor dimension. Among the products, the focus has been
assigned to the maximization of H2 generation. (1) Type of
molten metal: Catalytically active metal significantly improves
methane conversion to H2, based on the work of Upham et
al.17 The present work does not consider gas-melt interface
chemistry. Molten metal with higher density (e.g., Bi > Sn)
increases total residence time and gas hold up in conversions.
(2) Operating temperature (T): Hydrogen production
increases with temperature. However, increasing temperature
indefinitely compromises the operating costs. (3) Operating
pressure: According to Le Chatlier’s principle, increasing the
pressure decreases the methane conversion to H2. However,
high hydrostatic pressure increases the total residence time,

Table 4. MLR Coefficients of Product Generation during
Pyrolysis of C6H6 (Ni = A0t

lPm/100)

A0t
lPm (t: s, P: bar)

T (°C) Ni*100 ln(A0) l m R2

1000 CH4 −17.983 2.542 1.068 99.1
H2 −2.977 1.044 0.203 99.3
C −9.626 2.013 0.544 97.9

1200 CH4 0.842 2.933 1.058 97.8
H2 4.547 1.175 0.197 98.2
C 4.232 2.413 0.827 98.9
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and gas hold up in the reactor. (4) Functional group
composition: This study primarily emphasizes the functional
group dependencies on fuel conversion to H2. Distribution of
the intermediates in the primary pyrolysis has a significant
effect on the amount of H2 production in the LMBR. A more
detailed analysis of functional group dependencies will be
discussed in the following.
2.5. Homogenous and Non-homogeneous Model.

The previous section gave an overview of the pyrolysis of
primary intermediates in LMBR by treating them individually.
In an actual molten metal environment, the gas bubbles
undergo continuous coalescence and breakup. Consequently,
the product species are mixed and separated continuously.
Such an event leads to sharing of species, in other words,
homogenization. This study evaluates two specific scenarios.
(1) Non-homogenization: the intermediates are treated
individually, and the final products CH4, H2, Cs, and C6H6
are added up at the end of the reactor. (2) Homogenization:
CH4, H2, and Cs generated from the primary pyrolysis and also
from 99% decomposition of C2, C3, C4 isomers and C7H8 are
homogenized at the bottom of the reactor. Each bubble carries
the same concentration of CH4 and H2, respectively. The total
number of moles of CH4, H2, and Cs is substituted in the
Catalan model to simulate the final product outputs. However,

the C6H6 amounts that are derived from the primary pyrolysis
and pyrolysis of C7H8 are added up and treated separately.
CH4, H2, Cs, and remaining C6H6 from benzene pyrolysis are
added to the former to determine the final amount of products
at the reactor exit. In reality, similar to other species, the
probability of benzene bubble coalescence and breakup cannot
be ignored in the LMBR. But, there are limitations in the
current benzene model that arise from its time dependence on
decomposition. Integrating the benzene model with the
Catalan model29 requires more effort in the modeling. Ideally,
in a homogeneous scenario, there should be a complete sharing
of species among different bubbles. However, due to
complexity of the time factor in benzene pyrolysis, it is treated
separately for the homogeneous cases. Analyzing the results of
the homogeneous and non-homogeneous models gives the
relevance of the mixing effect in the production of H2 in
LMBR.

3. RESULTS AND DISCUSSION

This section examines the total H2 production from the LMBR
pyrolysis of selected hydrocarbon fuels. The relevant model
(homogeneous or non-homogeneous) applied to the secon-
dary pyrolysis of intermediates, is stated accordingly.

Figure 5. Simplified description of fuel pyrolysis in LMBR.

Figure 6. (a) H2 per fuel mass ratio % of neat fuels at Pb: 50 bar and T: 1000, 1200 °C. (b) Comparison of H2 generation for iso-cetane and n-
decane at Pb: 10, 20, 50 bar and T: 1000, 1200 °C.
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3.1. Neat Fuels. A homogeneous model was applied to the
neat fuels considered in this study. Tin (Sn) was chosen as the
molten metal for all the LMBR simulations in MATLAB. Also,
the reactor dimensions were fixed: height, h = 10 m, cross-
sectional diameter, OD = 2.5 m. Figure 6a describes H2
production per fuel mass percentage for the neat fuels at
1000 and 1200 °C, Pb = 50 bar. Comparisons have been made
against pure methane decomposition. Figure 6b shows the
comparative performance of iso-cetane and n-decane pyrolysis
at multiple Pb = 10, 20, and 50 bar. It was not surprising that,
as a fuel, pure methane generated the largest amount of H2 per
unit mass, because it has the highest H/C ratio (of 4:1) among
the hydrocarbons. The corresponding methane conversions
calculated were 24.21% and 80.91%, respectively. Upham et
al.17 described methane conversion of 95% at 1065 °C in a 1.1
m column filled with molten metal alloy Ni0.27Bi0.73. This
showed a significant increase in conversion when Sn was
replaced with active molten metal alloys. The increase in
conversion was attributed to strong interactions in the gas-melt
interface. Performing hydrocarbon fuel pyrolysis in an active
molten metal environment would also promote the elevation of
H2 production. As noted in previous sections, even for
hydrocarbon fuels, the production of H2 is governed mainly by
CH4-H2 equilibrium kinetics. The interaction of benzene
bubbles with active metal alloys must also be investigated to
confirm this postulate; this can be included in future modeling
studies. The present study focuses only on gas phase
chemistry; hence, the total conversions are expected to be low.
It is not surprising that, as a pure fuel, benzene achieves the

lowest conversion to H2 due to its slow kinetics. For iso-cetane
and n-decane, conversion to H2 seems highly dependent on T
and P; the conversion trend appears to be contradictory with
respect to Pb. At 1000 °C, H2 generation increases with
pressure, whereas, at 1200 °C, the conversion is lowest at 50
bar. This is because increasing the Pb increases the total
residence time of conversion, but it shifts the CH4-H2
equilibrium more toward the CH4 side, according to Le
Chatlier’s principle. The more conversions reported for n-
decane than iso-cetane can be attributed to a higher H/C ratio
(H/Cn‑decane = 2.2, H/Ciso‑cetane = 2.125). However, the H/C
ratio is not the only factor determining the extent of
conversion. Cyclohexane has the fewest conversions, after
benzene, at 1000 °C, but at 1200 °C, the H2 production is
comparable to that of iso-cetane and n-decane, even though the
H/C ratio (= 2) is lower. This can be attributed to two factors:
Cyclohexane dehydrogenation was elevated at 1200 °C; the
amount of H2 produced nearly doubled during the primary
pyrolysis of cyclohexane from 1000 to 1200 °C, as shown in
Table 2. Also, the propensity for pyrolysis of the benzene
intermediate (from cyclohexane) to H2 increased substantially
at 1200 °C; this was confirmed in the thermodynamic stability
study previously discussed. Unlike methane, the increase in
residence time at high Pb was always positive to benzene
conversion. Therefore, total conversion to H2 had a combined
dependence on functional group distribution of fuels, temper-
ature, pressure, and residence time.
3.2. Surrogates and Real Fuels. First, the comparison

between the homogeneous model and the non-homogeneous
model is carried out for FACE A fuel pyrolysis. In bubble flow
liquid columns, the gas bubble undergoes continuous breakup
and coalescences at various lengths of the column. This results
in a polydispersed flow with different bubble sizes in
accordance with population balance modeling, as shown in

some of the recent works.62,63 Modeling these phenomena is
imperative to determine the catalytic effect of surface reactions
of each intermediate. The present study only evaluates the
volume-based gas-phase kinetics of hydrocarbons, and hence,
the surface area distribution of bubbles becomes irrelevant
here. However, as shown in the Catalan model,29 the
instantaneous volume of gas bubbles largely depends on
reaction kinetics, gas hold up, and pressure gradient in the plug
flow modeling of LMBR. The gas-phase concentration of
bubbles also varies with continuous coalescence and breakup.
The initial concentrations of CH4 and H2 are calculated
separately in homogeneous and non-homogeneous models.
Then the study evaluates the effect of mixing in the final
hydrogen evolution.
Figure 7 describes the methane conversion data of FACE A

for two models. In the non-homogeneous model, the total

methane generated from the primary pyrolysis of fuel and the
secondary pyrolysis of intermediates (such as C2, C3, C4
isomers) and C7H8 experienced a conversion slightly higher
than reported in the homogeneous model. The difference in
conversion was more apparent at 1000 °C. In the non-
homogeneous model, CH4-H2 bubbles formed via fuel
decomposition, and pyrolysis of intermediates carried distinct
concentrations. For example, the CH4 bubble generated from
direct pyrolysis carried no H2 and resulted in more conversions
from shifting the equilibrium toward H2. Nevertheless, the
non-homogeneous model showed only a slight increase in the
total conversion of methane; this may indicate that the mixing
effects, or continuous bubble coalescence and breakup, had
only a minimal effect on total conversion. It is also probable
that bubble mixing in the LMBR occurred between the
homogeneous and non-homogeneous states, which will be
tending more toward the homogeneous model. Benzene
bubble kinetics and hydrodynamics were considered separately
in both models due to their slow decomposition kinetics,
which made it challenging to integrate with the Catalan
model.29 If the mixing effect of bubbles was minimal, treating
benzene separately would induce only small errors in modeling
the LMBR. A detailed comparison of the two models at
multiple T and Pb are included in the Supporting Information.

Figure 7. Total methane conversion in homogeneous and non-
homogeneous model applied for FACE A fuel at Pb: 10, 20, 50 bar
and T: 1000, 1200 °C.
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A comparative study of H2 production was carried out next
for two jet surrogates (Dagaut49 and Comandini50) and two
FACE gasoline fuels (FACE A, J), as shown in Figure 8, which
shows only homogeneous model results; more simulated
results can be found in the Supporting Information. On
comparing the performance, the Dagaut jet surrogate
(C10H20D) and the FACE A underwent more conversion
to H2 than the respective partner fuels. Less aromatic content
than the partner fuels is the primary goal of high conversion.
The functional group dependence on total conversion to H2

was analyzed from the simulation results of neat fuels,
surrogates, and real fuels. Paraffinic and iso-paraffinic
compounds behaved alike, given that the H/C ratio was
identical. The aromatic component in surrogates, or real fuels,
decreased total conversion. The cyclic alkanes displayed an
interesting conversion trend, as shown in Figure 6a. At 1200
°C, H2 production for cyclohexane appeared to be on par with
that of alkanes. To summarize: H/C ratio, aromaticity, and the
presence of cyclic compounds had a strong influence on total
fuel conversion.

4. CONCLUSION

Modeling complex hydrocarbon fuel pyrolysis in a molten
bubble column reactor was successfully performed in two
stages of pyrolysis. Primary pyrolysis intermediates were
quantified using a functional-group-based approach
(FGMech). On the basis of its functional group features,
each hydrocarbon fuel underwent distinct primary pyrolysis.
The kinetics of second stage pyrolysis was evaluated by
simulations using combined and detailed high temperature
mechanisms (AramcoMech 1.3 + KAUST PAH) with
modified five solid C formation reactions. The combined
mechanism was validated against experimental methane
decomposition data. The pyrolysis results of all intermediates
were then approximated via multiple linear regression. The
major products, CH4, H2, and C, were further modeled in an
LMBR by utilizing the coupled kinetics and hydrodynamic
model from Catalan et al.29 The minor influence of the mixing
effect between bubbles was studied by comparing homoge-
neous and non-homogeneous model results. Overall, H2
evolution in the LMBR had combined dependencies on
functional group fuel features, temperature, pressure, and
residence time. Also, a qualitative relationship between H2
produced and functional group features of the input fuel was
established. The H/C ratio, aromaticity, and presence of cyclic

compounds were found to have a strong influence on the total
conversion of fuel to H2.
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■ NOTATIONS
ΔH0=Standard enthalpy of formation (J/mol)
ΔGf

0=Gibbs energy of formation (kJ/C atom)
LMBR=Liquid metal bubble reactor
MLR=Multiple linear regression
R2=Coefficient of determination or accuracy of fit in
regression
BI=Branching index
C=Concentration (mol/m3)
Cs=Solid carbon
rm=Net reaction rate (mol CH4 m

−3 s−1)
K=Unitless equilibrium constant based on fugacity ratios
KC=Concentration equilibrium constant (mol/m3)
k0=Frequency factor
Ea=Activation energy (J/mol)
J=Superficial gas velocity (m/s)
Ni=Number of moles of product
N0=Initial number of moles of reactant
A0=Constant in regression equations
n, m, l=Coefficients of dependency on temperature,
pressure, time
Lx=Length of 99% decomposition of intermediate (m)
H/C=Hydrogen to carbon ratio of fuel
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