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ARTICLE INFO ABSTRACT

Keywords: Solar methane pyrolysis in different molten media and reactor configurations was experimented to improve
Turquoise hydrogen ) hydrogen production. Pure Sn, Nig 18Sng g2, Cug.4s5Big 55, and KCl melts were compared at three different tem-
Solar methane pyrolysis peratures (1030-1130-1230 °C), and no significant difference was observed except for KCI and only at 1230 °C

Molten metallic alloys
Molten salts
Gas sparger
Bubble column reactor

(Xcua = 72 % vs. 57 % for pure Sn). This enhanced performance was attributed to possible carbon dispersion in
the salt, which probably modified the physical properties and enhanced hydrodynamics. A porous quartz sparger
(downward injection) did not significantly enhance the bubbles hydrodynamics, mainly because bubbles were
trapped and coalesced below the sintered disc. A custom-made sparger (lateral bubbling) did not either improve
conversion due to non-uniform pores. A sparger with an upward injection should be preferred to generate small
bubbles with longer residence time. When a solid bed of tungsten carbide particles was placed around the
injector, overlaid by molten tin, the conversion was improved even at a relatively low temperature (Xcuys = 17 %
at 1030 °C). The immersed bed likely behaved as a porous device and increased the gas-solid surface contact.
Combining particle bed and liquid bubbling system is very promising for further optimization of methane py-
rolysis in molten media. The carbon collected above molten metals showed mostly a sheet-like structure with
significant metal contamination. In case of KCl, most carbon was entrained with the gas, while the remaining was
mixed with KClI in the reactor. The density of KCl is close to that of carbon, which prevented a good separation.

1. Introduction from concentrated solar energy (CSE) as the heating source to produce
hydrogen and solid carbon without CO/CO5 emissions from the reaction

Hydrogen production worldwide in 2022 resulted in 12-13.5 kg- [9-12].

COy/kg-Hy because Hy was mainly produced from fossil fuels through

COq-emitting processes such as Steam Methane Reforming (SMR) and CH4(g)—>2H2(g) +Cgs) AH® =74.85kJ / mol of CH, (€Y
Coal Gasification (CG). According to the International Energy Agency
(IEA), more than 78 % of hydrogen demand in 2020 (90 Mt) was pro-
duced through SMR and CG owed to their cheapest production costs
[1-3] (Figure S1). Carbon Capture, Utilization and Storage (CCUS) for
low-carbon Hj increases the cost of Hy production and is still inefficient
enough for long term storage. Green hydrogen produced through water
dissociation (electrolysis) is net zero carbon, yet the production cost is
very high (3.7 €/kg Hy for water electrolysis using wind energy against
1.07-1.87 €/kg Hy and 0.62-1.42 €/kg Hy for SMR with and without
CO4, sequestration, respectively) [4].

Alternatively, Hy can be produced through the endothermic methane
cracking reaction (Eq. 1) [5-7]. Methane pyrolysis refers to turquoise Hy
as it may be a transitional technology between SMR with CCUS (blue Hy)
and water electrolysis (green Hy) [5,8]. Solar methane cracking benefits

Conventionally, methane was dissociated in gas-phase reactors
possibly containing solid catalysts [10,13-16]. Here, common issues
were catalyst coking and reactor clogging under severe operating con-
ditions due to carbon deposition on the hot walls [17]. Pyrolysis in
molten media garnered more attention in the last few years, although
this path dates back to 1931 [18]. In bubble columns, methane is
injected through hot liquid metals or salts and hence, heat and mass
transfer are improved under suitable gas-liquid hydrodynamics [19,20].
The high temperature allows splitting methane into hydrogen gas
leaving with the outlet stream and solid carbon, which floats atop the
liquid driven by density difference [21,22]. In short, methane cracking
for hydrogen production might offer a midterm solution for a sustain-
able Hj production [5].
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The main studies of methane cracking in molten media in literature
focus on two different aspects: the molten medium and the type of the
gas injector. Concerning the type of the melt, Nigo7Big73 [23],
Cug 45Bip 55 [24], Mg [25], and Te [26] were reported as suitable liquid
media for methane cracking. Others investigated Sn [27-31] and Bi
[32], and reported inert or low catalytic performance. Bimetallic NiSn
alloy was also investigated by Sorcar and Rosen [33] who found that it
reduced the activation energy of the pyrolysis reaction. Several salts
were also investigated like KCl, NaCl, KBr, NaBr [34-36], MnCly/KCl
[36,37], MnCly/KBr [38], and metal sulfides (MoS,) suspended in
molten NaBr/KBr salt [39]. MnCl,/KCl was the best salt mixture in terms
of catalytic activity, where the performance was better than either pure
KCl or MnCl,, due to the lower activation energy of the mixture
(161 kJ/mol). Rahimi et al. [40] were the only to conduct methane
cracking in a two-phase bubble column, where Ni-Bi molten metal alloy
was overlaid by KCI or NaBr molten salt. This study chiefly proved the
production of a purer carbon byproduct since metals were condensed in
the salt phase.

Other studies focused on the gas injector to increase methane con-
version in the bubble column by improving hydrodynamics of bubbles.
Leal Pérez et al. [41] used a 0.2 mm gas sparger in molten gallium,
which allowed them to reach 91 % methane conversion at a relatively
low temperature (1119 °C). The effect of the gas injector in molten
Nig 34Snp.66 was also studied by Kim et al. [42] with a homemade
ceramic sparger made of zirconia balls fixed around the outlet of the
injector using zirconia paste. The sparger decreased the bubbles diam-
eter from 3-8 mm (when using a normal open-end injector) to 0.5 mm,
and hence boosted methane conversion from 15 % to 97 %. Even molten
tin was tested with the use of a 0.5 um gas sparger, which led to 51 %
methane conversion at only 750 °C [29]. These results highlighted the
definite effect of the gas injector on the hydrodynamics of bubbles and
consequently on methane conversion.

A challenge of molten-media methane pyrolysis is the continuous
separation of carbon. Von Wald et al. [43] stated that the accumulated
carbon could be removed by entrainment in the effluent gas. Kudinov
et al. [44] proposed to insert a floating structure in the reactor to detect
the level of the surface. When the level rises above a given threshold, the
accumulated carbon has to be removed through vacuum. Other chal-
lenges are related to improving the hydrodynamics of bubbles [45,46],
e.g. via a suitable design of the gas sparger to boost methane conversion
[47,48]. More research is also required to reduce contamination of the
floating solid carbon by entrained metal or salt [40,49]. The carbon
properties are also very important for the process scale-up since a pre-
mium carbon quality will improve the economics of the process and
make it competitive with SMR which is still the cheapest process for Ha
production [50]. Hydrogen production cost via methane cracking is in
the range 2-3.56 €/kg depending on the technology [51,52]. Rodat et al.
[53] showed that the Hy production cost decreases when the added
value of carbon increases. In a molten metal system, selling the carbon
product significantly reduces the Hy cost and makes it competitive with
SMR when a tax of 50 €/t CO5 is imposed [41].

To date, there is no reported experiment on molten-media methane
pyrolysis in solar reactors, while electric furnaces were used instead.
Solar reactors were only implemented for gas-phase methane pyrolysis,
as detailed previously in a review [6]. In another work, uncatalyzed
pyrolysis in gas phase was demonstrated to be more efficient than py-
rolysis in molten tin mostly because of a higher residence time in gas
phase [54]. In this work, solar experiments for optimization of the
methane pyrolysis process were elaborated. These experiments were
meant to improve methane conversion in liquid phase and the consid-
ered strategies could be split into two main categories:

e The first set of experiments focused on screening the effect of the
molten medium on methane conversion, whether through the
intrinsic catalytic activity of the melt or its physical properties that
may affect hydrodynamics of bubbles. Different molten media (metal
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alloys and salt) with the presence of catalytic species (e.g., Ni) were
considered to elucidate whether or not they can exhibit a significant
effect. Several melts such as pure Sn, Nig 18Sng g2 (10:90 wt%), and
Cug 45Bip 55 (20:80 wt%) alloys, as well as KCl salt were compared to
study their influence on methane pyrolysis performance. Such a
direct comparison was never proposed previously.

The second set of experiments was carried out with pure molten Sn,
while using different injectors (quartz sparger, custom-made
sparger) or different configurations (bed of solid particles settled
around the orifice). The type of sparger or gas disperser was studied
as it may influence the size and rising time of bubbles, and thereby
the methane conversion. The aim was to find the best injection
design that efficiently improves hydrodynamics.

The main performance metrics including gas product composition,
methane conversion, hydrogen and carbon yields, and carbon product
characteristics were thoroughly assessed, and the main influencing
factors affecting methane pyrolysis were also discussed. An innovative
configuration including an immersed packed bed of tungsten carbide in
liquid tin was proposed and assessed. This study considers for the first
time various configurations for methane conversion improvement, and
further demonstrates the potential of solar-driven methane pyrolysis in
molten media as a promising route toward clean production of hydrogen
and solid carbon.

2. Experimental set-up and methods
2.1. Solar reactor description

A solar tubular reactor for methane pyrolysis was designed and
installed at PROMES-CNRS laboratory in France (Fig. 1). In the section
of each set of experiments, the relevant configuration variants will be
detailed (Figures S2(a) and S3 in the supporting information). Generally,
the reactor consisted of two coaxial tubes made of alumina (Al;O3)
where the reaction took place. Ceramic reactor materials were used for
the tube and injector to withstand both high temperatures and corro-
siveness of molten media. As alumina is opaque, the concentrated solar
flux was used only to heat the reactor up to the desired operating tem-
perature, so that no photochemistry was involved. These tubes were
centered in a cylindrical insulation layer to reduce heat losses. The
insulation was 70 mm thick, made of alumino-silicate fibers (UltraBoard
1600/400). Inner and outer tubes had lengths of 500 mm and 315 mm,
inner diameters of 3 mm and 23 mm, and outer diameters of 6 mm and
30 mm, respectively. The outlet of the inner tube was held 10 mm above
the bottom of the outer one. The reactor was heated through a 50 mm
high solar cavity receiver with a 15 mm diameter aperture. The cavity
absorbed the concentrated solar flux received from a 1.5 kW (thermal)
heliostat-parabola solar system (2 m diameter parabolic dish with a
peak concentration ratio of about 15000 and focal distance of 0.85 m).
Further description of the solar heating system can be found in previous
studies [6,54]. The molten medium was thus indirectly heated by solar
energy via an intermediate heat transfer tube. Ar and CH,4 were injected
via the central inner tube and then flowed through the molten bath
(flow-rates controlled by two mass-flow controllers). Two pressure
sensors measured the inlet and outlet pressures (P1/P5). At the outlet,
two microfilters in series separated the transported carbon particles and
the gas then flowed through a water bubbler for gas cleaning. Finally,
the gas composition was continuously measured by an online gas
analyzer (Emerson NGA2000) equipped with TCD and NDIR sensors for
Hy and CHy, respectively. In addition, a micro-GC (Varian CP4900)
measured the species mole fractions every 2-3 minutes (Hy, CH4, and
CoHy).

2.2. Materials and methods

Methane (purity > 99.95 %) and argon (purity > 99.999 %) were
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Fig. 1. Solar bubble column reactor for methane pyrolysis in molten media: (a) cross-section scheme, (b) photographs of the reactor at the focus of a 2 m diameter

solar concentrator.

supplied from Air Liquide (France). Metal powders and potassium
chloride were purchased from Fisher Scientific (France) with the
following purities and sizes: Sn (99.5 %, -100 mesh), Ni (99+%, -100
mesh), Cu (99 %, -325 mesh), Bi (99.5 %, -100 mesh), and KCI (99 %).

Methane conversion (Xcp4), hydrogen yield (Yys), and carbon yield
(Y¢) were calculated through Egs. (2), (3), and (4), respectively [54,55]:

.F

Xy, =1— Yen, Tt )

0,CH4
_ Yu, Fy

Vi, = 2Fo cH, &)
X. .F,

Yeo1- = Von R )
Focu,

where y; are species mole fractions in the outlet stream. The following
hydrocarbons were considered: CH4, CoHa, CoHy, and CoHe. Fo cha4 is the
inlet molar flow rate of methane (mol/min). The method for un-
certainties calculation is detailed in Supporting Information.

The total outlet molar flow rate (F;) was calculated as follows:

Far

_ _ %)
1-yy, — ZYCXHY

F

where Fy, is the outlet molar flow rate of argon which is equal to its inlet
flow rate Fg ar (mol/min) because argon is inert.

According to Tate’s law, which is used to estimate bubbles diameter
in a single bubbling regime (no coalescence), the physical properties of
the liquid medium may affect the bubble diameter. Thus, Tate’s law
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shown in Eq. (6) was used to compare the ratio of bubbles diameter in
different melts.

1
3
Dy — 12Ry .0 ©)
(P —pg)-8
where Ry is the feeder inner radius (m), ¢ (N/m) and p; (kg/m3) are the
surface tension and the density of the melt, and pg is the gas density (kg/
m>), which could be neglected compared to p;.
The void fraction € of a solid bed immersed in the liquid bath
(equivalent to the volume of fluid filling the void) is important to adjust

the total melt height, whenever a solid bed is set around the orifice to
enhance hydrodynamics. It can be calculated as follows:

e—1— papparem @)

Pabsolute

Where papparent (kg/m3) is the apparent density of the bed while papsolute
(kg/m?) is the true density of the solid material constituting the bed.

2.3. Medium type

2.3.1. Molten metals vs. molten salts

Several experiments in different liquid media were conducted with
an expected catalytic effect to improve methane conversion (Table 1).
The melt height was fixed to 100 mm, as illustrated in Figure S2. Five
thermocouples were implemented (T1-T2-T3-T4: type S; T5: type K) and
the operating temperature in the melt was controlled based on the
average of T2 and T3, corresponding to the thermocouples that are in
symmetrical positions (top and bottom) in the solar cavity. The config-
uration shown in Figure S2(a) corresponds to the set of experiments with
different liquid media (SII, Nio_lssno_gz (10190 Wt%), Cu0_45Bio.55
(20:80 wt%), and KCl).

The first medium was pure molten tin used as a reference case. 259 g
of Sn were weighed to form a melt height of 100 mm in the tubular
reactor. The gas inlet flow rate Qg was fixed at 0.25 NL/min with an inlet
methane molar fraction ygcus of 0.3. Three consecutive runs were
conducted at three different temperatures (1030-1130-1230°C). These
operating conditions were applied to all the experiments whatever the
melt used (Table 1).

Nickel is one of the best metallic catalysts for methane cracking in
gas phase, resulting in a very low activation energy (65 kJ/mol) [56].
Thus, a molten metallic alloy of nickel and tin was investigated as a
second medium. 26 g of Ni and 238 g of Sn (10:90 wt% or 18:82 mol%)
were weighed and mixed together in their powder state. According to
Ni-Sn phase diagram, this alloy melts at around 750 °C [57]. Adding
more nickel to the mixture would increase the melting temperature
making processing more complex.

In literature, the metallic alloy with the best reported catalytic ac-
tivity was Cug 45Big.55 [24], which outperformed Nig 27Big 73 [24]. Cu
was not reported as a better catalyst than Ni [6], but it is probable that
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the Cu-Bi metal alloy formed a bulk with favorable physical properties
for methane pyrolysis. Thus, a third alloy was investigated by blending
70 g Cu and 283 g Bi (20:80 wt% or 45:55 mol%) to form a melt of
100 mm height at 1000 °C.

There is no experimental study comparing directly methane con-
version in a molten metal and in a molten salt. Therefore, potassium
chloride salt (KCl) was investigated in the same configuration
(Figure S2) and under the same operating conditions for direct com-
parison with molten metals (KCl melting point: 770°C, boiling point:
1420°C). The maximum temperature of 1230°C was used to warrant that
no significant vaporization occurs during the experiments. KCl was used
due to its cheapness and thermal stability, but other salts such as MnCly/
KCl and FeCl3/KCl could be used in future works to compare their cat-
alytic activity.

2.3.2. Bed of solid alumina particles

Instead of molten media, a bed of solid alumina particles was also
investigated in order to assess to which extent an inert solid bed may
improve heat and mass transfer and hence methane conversion in a solar
tubular reactor. These experiments aimed to show the beneficial effect of
the inert particles bed and the catalytic activity of Ni as solid particles
(for a comparison with Ni dissolved in molten bath).

Alumina particles (diameter in the range 0.2-0.4 mm) were used to
create a solid bed of 100 mm height in the reactor. This bed thus
substituted molten media. The required weight of alumina was calcu-
lated. Based on the true density of alumina (3.96 g/cm®) and apparent
density of the alumina bed (0.91 g/cm®), the calculated void fraction
(Eq. 7) was 77 %. Thus, 35.5g of Al,O3 particles were weighed
(equivalent to 100 mm height) and inserted in the reactor (Figure S2).

Two solar pyrolysis experiments in solid-bed were carried out, one
with only alumina particles inside the reactor and the other with the
addition of 26 g of solid Ni powder to assess solid Ni catalytic effect (Ni/
Al03: 56:44 mol% or 42:58 wt%). The use of Ni catalyst was considered
to show the difference between the catalytic activity of Ni in solid state
vs. Ni in molten NiSn alloy. The presence of Ni could occupy 7 mm
theoretically (py; = 8.29 g/cm® at 1000 °C). However, given the dif-
ference in particle size, this amount of Ni filled the void fraction between
alumina particles, which did not affect the total height of the bed
(100 mm). For each experiment, the operating conditions were similar
to those of the experiments with molten media (Qp = 0.25 NL/min with
yo,cH4 = 0.3).

2.4. Gas injection configurations

The previous section introduced the different selected media in the
first set of experiments. This section presents the second set, through
three innovative injection configurations.

2.4.1. Quartz sparger
A quartz sparger was used to investigate its effect on methane
cracking in molten tin (Figure S4). The sparger was made of a long tube

Table 1

Results of methane cracking experiments with different molten media (Qp = 0.25 NL/min and yo cu4 = 0.3).
Medium T(CO YH2 YcHa Ycanz (ppm) Ycaua (ppm) Ycane (PPmM) Xcna (%) Yho (%) Yc (%)
Sn 1030 0.003 0.296 15 509 530 1 1 1
Sn 1130 0.078 0.228 4840 5096 601 22 13 15
Sn 1230 0.256 0.114 7142 2933 125 57 48 49
Nip.18Sn0.82 1030 0.003 0.292 3 864 486 3 1 2
Nio.18Sn0.82 1130 0.030 0.256 1699 3990 849 15 5 11
Nig.155T0.82 1230 0.254 0.124 7057 3685 202 53 48 44
Cug 45Big 55 1030 0.002 0.295 7 2202 1383 2 0 0
Cug.45Big 55 1130 0.061 0.229 3939 6550 780 23 10 16
Clg.45Bio 55 1230 0.252 0.120 10958 5380 208 54 48 42
KCl 1030 0.000 0.300 0 0 0 0 0 0
KCl 1130 0.113 0.223 1222 3054 344 21 20 18
KCl 1230 0.347 0.069 7403 3580 134 72 71 63
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(inner and outer diameters: 3 and 6 mm, length: 690 mm) with a porous
orifice (sintered quartz disc with pores size ranging from 40 to 100 ym).
The sparger was immersed in a 100 mm bath of molten tin (Figure S2).
The only difference of this configuration in Figure S2 was thus the inner
tube that was substituted by the quartz sparger in order to create small
bubbles.

2.4.2. Custom-made sparger

A porous ceramic sparger, made from the same material as the
insulation around the reactor tube (polycrystalline mullite/alumina
wool, PCW), was shaped (20 mm height and 15 mm diameter cylinder).
The porous customized sparger is referenced as PCW sparger and it is
shown in Figure S5. This custom-made sparger provides sideways
bubbling (lateral bubbling), which makes a fundamental difference
compared to the quartz sparger bubbling downwards.

To fabricate it, a porous cylinder was pierced from the top for
insertion of a 1 m mullite tube (until the tube can reach the central
height). The mullite tube was inserted in the hole and the connection
was sealed with cement (Resbond 903HP). The cement was heated with
an electric heater (Kanthal MS31) for almost 4 h at 380 °C to guarantee
its robustness. This sparger was tested in a 150 mm-height bath of
molten tin with the configuration shown in Figure S3(a) (tin melt height
was increased to 150 mm compared to 100 mm in previous experiments
to increase the length below the heated cavity and avoid carbon for-
mation in the sparger). This experiment was part of a set of three
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experiments (Figure S3): (1) with PCW sparger, (2) with an open-end
tube (to compare results of the first with a simple injection design),
and (3) with a bed of tungsten carbide (WC) particles (as detailed in the
next subsection).

2.4.3. Tungsten carbide (WC) bed

The concept of solid particle bed immersed in liquid metal was
finally proposed. Combining the beneficial effects of particle bed
immersed in a molten bath was investigated to promote methane con-
version. Moreover, the combination of both molten metal and particle
bed should improve bubble residence time.

To prepare the WC bed, non-uniform particles of tungsten carbide
(WCQC) (0.2-0.3 mm size) were filled in the reactor to make a solid bed
around the orifice of an open-end tube. More details about the way they
were inserted in the reactor can be found in supporting information.
Tungsten carbide particles have an apparent density of 10 g/cm® and an
absolute (true) density of 15.8 g/cm3 (e =37 % based on Eq. (7)). Such a
density is much higher than that of molten tin (6.5 g/cm®), which should
make WC particles settle down around the orifice of the injector and
ensure their immersion in the liquid. Moreover, WC has a very high
melting point (2870 °C), which prevents the particles to melt and to
form an alloy with liquid tin [58]. WC is also highly resistant to corro-
sion [59].

(a) Sn ENiSn ® CuBi mKd

100
30
80
70

Methane conversion (%)

1030

57

50

40

30 2 23 n

20 L. 15 ' I

10

3
0 T Sl T

1130 1230

(b) Operatingtemperature(°C)

100

50

80

70

50

40

Hydrogenyield (%)

30
20

1030

;

:
1199 Tﬁﬁ

1130 1230

Operatingtemperature(°C)

Fig. 2. Methane pyrolysis performance as a function of temperature in different melts: (a) methane conversion, (b) hydrogen yield.
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3. Results and discussion
3.1. Influence of the medium type

3.1.1. Molten metals vs. molten salts

This section aimed to compare molten bimetallic alloys (CuBi, NiSn)
and molten KCl with pure liquid Sn, in the same reactor configuration
and operating conditions, to show whether a catalytic activity can be
evidenced or not. The results of the experiments in a 100 mm-height
bath of different media are summarized in Table 1.

For a better results visualization, a bar graph of methane conversion
and hydrogen yield is shown in Fig. 2. At 1030 °C, there was almost no
methane decomposition regardless of the melt type in the reactor. This
temperature was too low for significant methane conversion in a bubble
column solar reactor with the current gas flow rate (0.25 NL/min). A
much lower flow rate can significantly enhance methane conversion. A
detailed study about the effect of residence time and other operating
conditions on methane conversion was presented in previous studies
[54,55]. Note that the residence time in the case of bubbling reactor
corresponds to the formation and rising time of bubbles.

When the temperature was increased to 1130 °C, methane conver-
sion in pure Sn reached 22 % with 13 % hydrogen yield. Methane con-
versions with Cug 45Bip55 and KCl were very close (Xcgs = 23 % vs.
21% and Ypz = 10 % vs. 20 %, respectively). The difference in
hydrogen yield was directly related to the hydrogen molar fraction in
the outlet gas, which was significantly higher in KCI (0.113) than in
Cug 45Big 55 (0.061). Surprisingly, the conversion in Nig 1gSng g2 was the
lowest with only Xcus4 = 15 % and Yyo = 5 %. Although this was not a
high difference compared to Sn, Cug 45Big 55 and KCl when considering
the uncertainties (calculation method given in Supporting Information),
a nickel-containing alloy was supposed to improve methane conversion
beyond pure Sn at least. This result contradicts previous studies about
enhanced catalytic effect in Ni-containing alloys [23,27].

At 1230 °C, methane conversion in pure Sn increased to 57 % with
48 % hydrogen yield. Similarly, Xcys4 and Yy in Cug4sBipss and
Nig.18Sng. g2 were very close to pure Sn (Xcpg = 54 % vs. 53 % and Yy =
48 % vs. 48 % for Cug 45Big 55 and Nig 1gSng g2, respectively). In all these
experiments, methane conversion increased with increasing tempera-
ture because the reaction is endothermic. Unlike the first two temper-
atures (1030 °C and 1130 °C), methane conversion in KCl at 1230 °C
significantly surpassed all molten metals with Xcg4 = 72 %. The abso-
lute difference was 15 % with pure molten Sn (Xcg4 = 57 %) and was
completely out of the uncertainty range.

The fact that KCI performance was boosted only at the highest
temperature (1230 °C) did not support the hypothesis of a better cata-
lytic activity of KCl compared to molten Sn, Nig 18Sng g2 and Cug 45Big s5.
Using Eq. (6) to estimate the bubbles diameter formed in molten Sn
(Dyp,_sn) vs. KCl (Dp, ke at 1230 °C, the calculated diameter ratio was then
1.11, based on Eq. (8) (melt properties at 1230 °C were found in refer-
ences [60,61]).

1 1
Dy,  (0sa  pra\®  [0.482 12603
b o) = (G0 *o0e9) ~11 ®

Hence, the difference in the size of bubbles was relatively small,
which could not completely explain the superior performance of KCl at
1230 °C. A more reasonable explanation may be directly related to
carbon byproduct formed during methane decomposition. In fact, car-
bon density generally varies between 0.95 and 3 g/cm® depending on its
crystallinity. Carbon produced in molten media is more likely graphitic
whose density is about 2 g/cm>. KC density is 1.26 g/cm® at 1230 °C, a
significantly smaller difference with carbon density compared to metal
densities usually above 6 g/cm® [6]. This issue could prevent carbon
from floating on the surface of KCl and left it dispersed inside the molten
salt phase. Some carbon was thus accumulated in the melt during the
successive runs from 1030 °C to 1230 °C (this phenomenon has been
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noticed after the experiments and a clear difference in carbon flotation
was evidenced and presented in Figure S6). Carbon dispersion in the salt
made the bulk more viscous while carbon was formed from the pyrolysis
reaction. Changing the physical properties of the bulk can modify hy-
drodynamics toward favorable conditions, especially related to the in-
crease of the residence time of bubbles. For instance, if carbon increased
the viscosity of KCl, the bubbles would have slowed down while rising
due to the increased viscosity. This hypothesis related to the changed
physical properties of KCl at 1230 °C during reaction was supported by
the fact that the better performance of the salt only appeared at this
highest temperature after some carbon had formed and dispersed in
molten KCI.

In summary, bimetallic alloys such as Nig 18Sng g2 and Cug 45Big 55
did not improve methane conversion compared to pure Sn. The activities
of the different liquid media are compared at a given residence time (i.e.,
same gas flow rate and bath height). Thus, it can be clearly observed that
the activity does not change at given operating conditions. This suggests
that liquid-phase catalysts have no significant effect on the methane
pyrolysis performance. These results contradict reported studies in
literature about the catalytic effect of Cug 45Big 55 [24] and Nig 18Sng g2
[27]. A catalytic activity was assigned to these media in literature,
although the better performance may also be attributed to the different
operating conditions. For instance, Zaghloul et al. [27] used a similar
height of molten media (100 mm) but only injected 0.07 NL/min of gas
in the melt (vs. 0.25 NL/min in this study). The flow rate and bubbles
size/residence time have a strong impact and have to be considered
when comparing conversion results from various studies. Regarding KCl,
Kang et al. [36] obtained 30 % methane conversion in molten KCl:MnCl,
at 1050 °C and such a result could also be attributed to the much lower
gas inlet flow rate (0.02 NL/min in [36]), along with a catalytic effect of
KCL:MnCl, mixtures. However, the authors also mentioned the
increasing carbon suspended in the melt, which might increase the
bubble residence time and be ultimately the reason for the enhanced
conversion. KCl did not appear to be a better catalytic medium
compared to pure Sn, especially at 1030 °C and 1130 °C. However, the
higher density of solid carbon as compared to that of KCl probably led to
carbon dispersion in KCl, thereby changing the physical properties of the
molten medium. Such conditions may lead to favorable bubbles hy-
drodynamics (increase of the bubbles residence time) and improved
conversion, but are not suitable for a continuous carbon recovery in the
process. As carbon separation is the main advantage expected from
molten media pyrolysis, the fact that carbon remains mixed with the salt
is a strong limitation (in addition to corrosive and volatile issues), and
therefore molten metals are more suitable than salts.

SEM/EDX and XRD analyses of Nig 18Sng g2, Cug 45Bio.55, and KCl
solidified pellets extracted after the experiments were carried out and
presented in the supporting information (Figs. S7-S15). These analyses
allowed to determine the chemical composition of the solidified metallic
alloys (Nip.18Sng.g2 and Cug 45Big 55) and KCl after reaction. They further
confirmed the absence of metals segregation along the liquid bath height
(along the axial direction). Both metals were thus well distributed in the
whole melt despite density difference. The large amount of carbon (>
16 wt%) dispersed in KCl was also evidenced. The carbon samples
recovered after these experiments were also analyzed separately and
data are reported in the supporting information (Figs. S16-525). Briefly,
in the case of metal alloys (Nig 18Sng g2 and Cug 45Big 55), all the carbon
was collected at the surface of the liquid and showed mainly a sheet-like
graphitic structure, while containing metal particles (especially Sn or Bi)
due to metal entrainment with rising bubbles. In the case of KCl, carbon
remained dispersed in the salt while a significant part was also recovered
in the filter in the form of spherical particles contaminated with KCl due
to the high salt volatility. This suggests that fine condensed salt droplets
can be entrained by the carrier gas along with solid carbon.

3.1.2. Performance with an alumina bed
Runs with alumina bed were carried out for hours to check the



M. Msheik et al.

stability of the process. Outlet mole fractions of Hy and CHy4, as well as
temperature and pressures at the reactor inlet and outlet (P1 and P2) are
represented as a function of the operating time in Fig. 3. For each
experiment (with or without Ni), three different bed temperatures were
studied (1000-1100-1200 °C). Pressures were stable at 900 mbar in
both experiments. Process stability was demonstrated for over 6 hours of
continuous operation. The averaged results of methane cracking with a
bed of solid alumina particles at each temperature are summarized in
Table 2. Methane conversion and hydrogen yield were both represented
in Fig. 4. As a result, the bed had a very important role in increasing
methane conversion, as compared to molten media, in both experiments
even at low temperatures. Xcp4, YHo, and Y¢ were 38 %, 37 %, and 38 %,
respectively at 1000 °C in the experiment with only alumina bed inside.
In molten media, the conversion was negligible at a similar temperature
(1030 °C) and was still lower even at 1130 °C (Xcus = 23 % for
Cug 45Bip.55). This drastic increase in methane conversion was clearly
attributed to the high gas-alumina interface, which boosted heat transfer
as well as methane decomposition at the solid surface.

In the second experiment with Ni contained in the alumina bed, the
performance was far more improved at 1000 °C (Xcy4 = 73 %, Yo =
72 %, and Yc = 72 %). The presence of Ni thus boosted methane
decomposition thanks to its high catalytic activity. Methane conversion
was enhanced as temperature increased until it reached 93 % and 94 %
at 1200 °C for the experiment without and with Ni, respectively. The
catalytic activity of Ni was more pronounced at lower temperatures
(1000 and 1100 °C) where the difference in methane conversion be-
tween experiments with and without Ni was higher. At 1200°C, the re-
action conversion is almost complete due to the absence of kinetic
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limitation and the catalyst effect is thus not observable. As the tem-
perature increased, favorable thermodynamics improved the conversion
whether or not the catalyst was present. The improved conversion at low
temperatures due to the catalytic activity of Ni was thus highlighted.
This also means that the catalytic activity of Ni in solid phase was
effective, whereas no significant effect was noticed with liquid phase
catalysts (case of NiSn or CuBi molten mixtures).

During these two experiments in a solid bed of alumina particles,
negligible molar fractions of secondary hydrocarbons in the outlet gas
were noticed (Table 2) compared to experiments in molten media
(Table 1). For instance, CoHj, CoHy, and CoHg were almost not found in
the outlet gas in the experiment with Ni in the bed. Similarly, molar
fractions of CoHy, CoHy, and CoHg were also negligible in the case of the
pure alumina bed (e.g., 41 ppm, 42 ppm, and 81 ppm for CoHj, CoHa,
and CyHg at 1200 °C, respectively). The low presence of secondary hy-
drocarbons resulted in a hydrogen yield very close to methane conver-
sion in these two experiments (Fig. 4).

The main drawback of such a configuration is the deposition of
carbon on the particle surface and thus the difficult separation, which
makes continuous operation with the same particle bed practically
impossible. It should be noted that immersing alumina particles in
molten metal to favor carbon separation is not possible due to the low
density of alumina. The carbon samples recovered after experiments
(mixed with alumina bed) were analyzed separately (results are reported
in a dedicated section for carbon analysis in SI, Figs. S26-527). Carbon
spread on the surface of alumina particles and was also spherical and
graphitic with more chains of spheres when there was presence of nickel
powder in the bed.
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Fig. 3. Methane and hydrogen outlet mole fractions as well as temperature and pressure variations as a function of time in the long-run experiments with alumina

bed: (a) Al,Os, (b) Ni-AL,Os.
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Table 2
Results of methane cracking in beds of solid alumina particles without and with Ni catalyst (Qo = 0.25 NL/min and yo cns = 0.3).
Medium T (°C) YH2 YcH4 Yconz (ppm) Ycousa (ppm) Ycane (Ppm) Xcna (%) Yu2 (%) Yc (%)
Al,O3 1000 0.201 0.168 7 106 19 38 37 38
Al,03 1100 0.301 0.098 19 200 22 62 58 62
Al,03 1200 0.422 0.017 41 42 81 93 88 93
Ni-Al,03 1000 0.355 0.068 95 0 0 73 72 72
Ni-Al,03 1100 0.412 0.030 0 0 14 87 86 87
Ni-Al,O3 1200 0.431 0.014 0 0 0 94 91 94
% XCH4_AI203 mXCH4_Ni-Al203 = YH2_AI203  mYH2_Ni-A203
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Fig. 4. Results of methane cracking in beds of solid alumina particles without and with Ni catalyst.

This first section investigated the effect of different media on
methane cracking. Molten metals, including alloys, and molten salt
(KCD) did not offer the desired catalytic activity to improve methane
conversion. In contrast, when the melt was substituted by a bed of solid
alumina particles, methane conversion was boosted, especially with the
presence of Ni powder used as a catalyst. Indeed, the experiments with
Ni metal catalyst in solid alumina particle bed were carried out to show
that Ni catalyst in the solid form catalyzes the reaction in gas phase,
whereas Ni particles dissolved in the molten metal bath were not shown
to be active. This suggests that liquid phase catalysts are not efficient
compared to solid phase catalysts. In addition, the solid particle bed was
also studied for a comparison with the particle bed immersed in the
liquid bath. In the next section, trials to optimize the process were
focused on the injector in pure molten tin.

3.2. Effect of gas injectors and configurations

3.2.1. Quartz sparger

The experimental results with the quartz sparger are recapped in
Table 3 along with those of Sn with open-end tube already presented in
Table 1. The inlet flow rate was constant (0.25 NL/min) with methane
inlet molar fraction of 0.3. Methane conversion at 1030 °C using the

quartz sparger was still null (Fig. 5). When T was increased to 1130 °C,
the conversion rose to only 18 % compared to 22 % using an ordinary
injector. This difference was not meaningful given the 2.02 % relative
uncertainty on methane conversion. Even in terms of hydrogen and
carbon yield, results were close (Yy2 =13 % vs. 12 % and Y¢ =15 % vs.
11 %, for the open-end injector and the sparger, respectively). Uncer-
tainty bars shown in Fig. 5 confirm that all these differences were not
high enough to deduce effects of the quartz injector. At 1230 °C,
methane conversion reached 62 % using the sparger vs. 57 % using an
open-end tube. The difference was still not significant whereas spargers
should improve both hydrodynamics and heat and mass transfer.

The quartz sparger did not improve the performance compared to an
ordinary open-end injector. To further understand the results, trials
were performed with argon bubbling in water using the same quartz
sparger (Figure S28). The injection in the first trial was the same as in the
real methane cracking experiments (downward injection), while in the
second the sparger was inserted from the bottom to inject upwards. The
difference was clear in terms of bubbles size and distribution in the
water. A downward injection led to coalescence below the pores of the
sparger because the small bubbles at formation were trapped by the
sparger itself. In upward injection, the bubbles were significantly
smaller, and the flow was very similar to a bubbly regime with negligible

Table 3

Results of methane cracking in 100 mm-height bath of molten Sn (Qo = 0.25 NL/min and yo cus = 0.3): open-end vs quartz sparger configuration.
Injector T(°0) Yu2 YcHa Yeanz (ppm) Yczna (PPm) Ycane (PPmM) Xcna (%) Yi (%) Yc (%)
Open-end 1030 0.003 0.296 15 509 530 1 1 1
Open-end 1130 0.078 0.228 4840 5096 601 22 13 15
Open-end 1230 0.256 0.114 7142 2933 125 57 48 49
Quartz sparger 1030 0.001 0.299 8 953 787 0 0 0
Quartz sparger 1130 0.070 0.238 4051 5365 878 18 12 11
Quartz sparger 1230 0.301 0.097 8589 4256 363 62 60 51
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Fig. 5. Comparison of the results of methane cracking in a 100 mm tin bath (OET: open-end tube; QS: quartz sparger).

coalescence. In contrast, bubbles coalescence in downward injection
made the flow very similar to that of an open-end tube, which decreased
gas-liquid surface contact and limited bubbles residence time. Conse-
quently, a sparger may be useless unless the pores are headed upwards.
It should be noticed that implementation of up-flow spargers may
introduce new issues linked to start up and shut down of the process.
Continuous operation may be challenging as part of the molten metal
may enter the sparger due to gravity and block the system due to metal
solidification.

3.2.2. PCW sparger vs. tungsten carbide (WC) bed

The results of the set of experiments presented in Figure S3 are re-
capped in Table 4. The goal of these experiments was to compare the
performance of the PCW sparger and the WC bed to a basic configuration
with an open-end tube. It is worth to remind that PCW sparger leads to a
sideway bubbling (lateral), unlike the quartz sparger with only down-
ward bubbling.

Unlike previous experiments, pure methane was injected (no argon
dilution) in the reactor while argon was directly fed at the reactor outlet
for outlet gas dilution before gas analysis. The argon flow rate was
chosen based on the inlet methane flow rate (yo cis4 = 0.3). The lowest
flow rate the flowmeter could feed was 0.05 NL/min. Thus, the fact that
there was no argon fed in the reactor entrance allowed us to operate at
low flow rates to avoid high pressures (due to high pressure loss of the

Table 4

spargers) in the injection tube that may lead to break it. For instance, in
the experiment with WC bed, P1 increased to 982 mbar with P2 = 884
mbar even with methane inlet flow rate of 0.05 NL/min (AP = 98 mbar).
Increasing methane inlet flow rate could have increased the pressure
difference. Moreover, a low methane flow rate (0.05 NL/min) reduced
the risk of coalescence and was closer to values reported in literature
[6].

For each experiment, the goal was to achieve three runs at three
different temperatures (1030-1130-1230 °C), for two different methane
flow rates (0.05 and 0.1 NL/min). An intermediate flow rate of 0.075
NL/min was tested with the PCW sparger. As the height of the melt was
higher than usual (150 mm currently), methane underwent partial
decomposition in the inner tube, which was sometimes clogged before
reaching the highest temperature (1230 °C). For instance, this was the
case in the experiments with the open-end tube and the PCW sparger
where the inner tube was clogged before reaching 1230 °C.

To simplify, the results with only 0.05 NL/min methane flow rate are
represented in Fig. 6 for three different temperatures. Considering the
uncertainty for Xcp4, the performance of the PCW sparger was not
different compared to the basic open-end injector, neither at 1030 °C
(Xcaa = 0 % vs. 2 %, respectively) nor at 1130 °C (Xcps = 31 % vs. 33 %,
respectively). The comparison at 1230 °C was not possible due to inner
tube clogging. The low performance of the PCW sparger may be
attributed to the non-uniform pores. The gas may have preferential

Results of the set of experiments relevant to Figure S3 with OET (open-end tube); PCW-S (PCW sparger), and WC bed. Pure methane was injected through the melt in

these experiments (with Ar dilution at the reactor outlet before gas analysis).

Experiment Qo,cr4 (NL/min) Qo,ar (NL/min) T (°C) YH2 YcHa Ycenz (ppm) Ycan4 (ppm) Ycans (ppm) Xcna (%) Y2 (%) Yc (%)
OET 0.05 0.12 1030 0.009 0.286 56 1109 534 2 2 1
OET 0.05 0.12 1130 0.170 0.180 2613 4671 447 33 32 27
OET 0.1 0.23 1130 0.097 0.230 3792 6381 645 20 17 13
PCW-S 0.05 0.12 1030 0.000 0.300 0 0 0 0 0 0
PCW-S 0.05 0.12 1130 0.151 0.188 3161 6207 624 31 28 23
PCW-S 0.075 0.175 1130 0.141 0.201 4106 6520 573 28 25 20
PCW-S 0.1 0.23 1130 0.126 0.213 4285 6690 525 24 22 16
WC bed 0.05 0.12 1030 0.069 0.238 22 2308 571 17 12 15
WC bed 0.05 0.12 1130 0.246 0.117 1759 5853 968 56 47 49
WC bed 0.05 0.12 1230 0.301 0.059 1388 3389 507 78 57 74
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Fig. 6. Results of the experiments with the OET, homemade PCW sparger, and WC bed particles (Qg crs4 = 0.05 NL/min injected in the reactor).

paths through the largest pores, which limited the benefits of the sparger
and resulted in the formation of large bubbles.

In contrast, the experiment with the WC bed significantly influenced
the results with performance improvement due to an increased gas path
length, while enabling efficient carbon separation on top of the melt (no
carbon deposition on particles). Even at the lowest temperature (1030
°C), methane conversion was significant (17 %). This result was never
observed in uncatalyzed gas-phase pyrolysis (negligible conversion at
1000 °C) [54]. The gap with the other two experiments was even larger
at 1130 °C. At this temperature, Xcp4 reached 56 % vs. only 33 % for the
open-end tube and 31 % for the PCW sparger. During this experiment,
the CH4 conversion at 1230 °C was high (78 %). The fact that the WC
bed improved the performance may be strongly related to the enhanced
tortuosity (the gas path between the particles was enhanced). The WC
particles were at least twice denser than molten tin, which helped them
to settle down around the orifice of the inner tube. Thus, methane gas
coming out from the orifice had a large contact surface with the bed.
Additionally, the bed may have behaved as a porous zone leading to the
generation of smaller bubbles with a longer path flow between particles,
thus increasing the residence time of bubbles. Methane conversion was
thus enhanced, while carbon recovery at the melt surface was advan-
tageously possible. Other options to increase efficiently the residence
time may be a gas sparger headed upwards (to decrease the size of
bubbles and their rising velocity) or an increase of the molten bath
height [52].

4. Conclusions

Several strategies including medium type and gas injection config-
uration were proposed and tested to improve solar methane pyrolysis in
a bubble column reactor.

(i) Different molten media (Sn, Nig 18Sng g2, Cug.45Big 55, and KCI)
were tested for the aim of an enhanced methane conversion. The ex-
periments were carried out at a fixed gas flow rate (0.25 NL/min) and
CH4 inlet molar fraction (0.3). At 1030 °C and 1130 °C, none of these
melts increased CH4 conversion compared to a pure Sn melt, which
suggests that catalytic effects in liquid-phase (NiSn, CuBi alloys) were
not effective. Only at 1230 °C, using KCI resulted in Xcps = 72 %
compared to 57 % for pyrolysis in pure Sn. The improved conversion
only at the highest temperature for KCl was attributed to carbon
dispersion in the salt, which may have changed the physical properties
of the bulk, resulting in enhanced bubbles hydrodynamics and residence

10

time.

Carbon formed in metallic alloys was generally graphitic with a
sheet-like structure, especially in NiSn, and was contaminated with
metals. However, some large spheres were easily observed in the carbon
sample from Cug 45Big 55 experiment. These spheres were identified as Bi
contamination. The carbon formed in KCI was still graphitic, however, it
was in the form of dispersed spheres. The absence of sheet-like structure
in carbon from KCl experiment was caused by the dispersion of carbon in
the salt due to an inefficient separation related to relatively close den-
sities of carbon and KCl, compared to carbon and metals.

Substituting the melt by a bed of solid alumina particles resulted in a
drastic increase in methane conversion (Xcus4 = 38 %) at only 1000 °C.
Adding nickel powder catalyst to the bed boosted conversion further to
73 % at the same temperature (1000 °C). These experiments proved that
a solid particle bed boosts heat transfer and reaction active surface, and
hence methane conversion. In addition, molten alloys (NiSn, CuBi) did
not act as effective liquid-phase catalysts for methane pyrolysis unlike
solid state catalyst (Ni/AlyO3).

(ii) Another way of process enhancement was the injection design. A
quartz sparger was used to inject methane in a pure molten tin reactor.
The result was not significantly different from that with a normal open-
end injector (Xcus4 = 62 % vs. 57 % at 1230 °C for the sparger and the
open-end tube, respectively). The low performance of the sparger was
related to the downward direction of injection. It might have resulted in
smaller bubbles generation, however, they were trapped under the pores
and thus coalesced. An upward injection direction should be more
favorable to benefit from the sparger through smaller bubbles genera-
tion and a bubbly flow.

A customized sparger (PCW sparger) made from a tube cemented in a
porous material was also investigated in a 150 mm tin bath. This sparger
did not enhance conversion compared to an open-end tube (Xcys = 31 %
vs. 33 % for the PCW sparger and the open-end tube, respectively). In
contrast, when a solid bed of WC particles (100 mm height) was
immersed in molten tin (total height of tin + particles: 150 mm),
methane conversion was significantly improved (Xcus4 = 17 % vs. 2 % at
1030 °C and 56 % vs. 33 % at 1130 °C, for the experiment with WC bed
around the orifice and that with an open-end injector, respectively). WC
was much denser than Sn, thus the particles settled down around the
orifice and behaved as a porous zone, which increased the residence
time of bubbles.

Future work should focus on detailed characterization of catalysis in
molten media and associated reaction mechanisms. In order to draw fair
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conclusions about the catalytic activity of liquid media, it is also advised
to always provide results compared with molten tin as reference in the
same reactor configuration and operating conditions to avoid biased
interpretation of the methane pyrolysis performance.
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