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Dry reforming of methane (DRM) has attracted great interest for the production of syngas and/or hydrogen in a more
environmentally friendly way. It is especially advantageous in this case to use biogas—as a mixture of methane, CO,, and
traces of further gases—as a feedstock replacement for natural gas. Nevertheless, industrial implementation of DRM is
currently limited because of its inherent process restrictions. The biggest challenge of dry reforming is the deposition of carbon
on the catalyst, known as “coking.” The focus of this theoretical study is to evaluate the feasibility of a biogas dry reforming
process in a liquid metal (Sn) bubble column reactor. This technology has already been proven suitable for methane pyrolysis
to obtain hydrogen, preventing issues related to reactor clogging or catalyst deactivation caused by carbon deposition. Results
show that at high operating temperatures and atmospheric pressure, a product gas primarily composed of H, and CO would
be obtained. CO, and water vapor may also be present in the final product depending on the operating conditions. The molten
tin inside the reactor would, according to the presented theoretical considerations, not be affected by the formation of carbides
and oxides. Additionally, the syngas composition (the H,: CO ratio) could be adjusted by using different CH,: CO, feed ratios.

1. Introduction

In the dry reforming of methane (DRM) process, CH, and
CO, react to form a synthesis gas, a mixture of CO and
H,. This synthesis gas, commonly known as “syngas,” is a
versatile feedstock that can be used to produce a variety of
fuels and chemicals, such as methanol, acetic acid, dimethyl
ether (DME), and liquid hydrocarbons via the Fischer-
Tropsch process.

Currently, syngas is mainly obtained by the steam
reforming of methane (SRM) in which CH, and steam react
under additional heat obtaining a gas product with a H,-to-
CO ratio of 3: 1. Frequently, SRM is carried out in combina-
tion with the so-called water-gas shift reaction: CO will react
further with water to yield CO, and even more H,,.

Instead of producing CO,, DRM utilizes this greenhouse
gas to obtain value-added products. Therefore, it seems like
an attractive and sustainable technology to convert biogas,
a renewable mixture of CH, and CO,, directly to syngas.
Additionally, this would avoid the cost of biogas upgrading
since no CO, separation process is required.

1.1. Biogas. Biogas is a renewable energy source obtained
from the decomposition of organic matter. It is primarily
composed of methane and carbon dioxide along with trace
amounts of other components like nitrogen, water vapor,
oxygen, hydrogen sulfide, ammonia, and siloxanes. This
gas mixture can be transformed to hydrogen and syngas
showing great potential as a green alternative to meet envi-
ronmental goals.
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By the end of 2019, about 19,000 biogas plants and 725
biomethane plants were already operating in Europe, pro-
ducing about 15.8 bcm of biogas and 2.5bcm of biomethane
[1]. According to the estimates of the European Biogas Asso-
ciation (EBA), the growth potential is expected to double by
2030, and combined biogas and biomethane production
could reach 95bcm by 2050.

Biogas composition depends greatly on its source as it
can be obtained in very different environments. For instance,
sewage digesters typically produce a mixture containing a
volumetric fraction of 55-65% methane (CH,), 35-45% car-
bon dioxide (CO,), and 1% nitrogen (N,), whereas organic
waste digesters typically show compositions of 60-70%
CH,, 30-40% CO,, and 1% N,, and gas from landfills is
made up of 45-55% CH,, 30-40% CO,, and 5 to 15% N,
[2]. Therefore, the ratio of CH, to CO, is mainly in the range
of 1.0-2.3 [3]. CH,-to-H,O ratios and CH,-to-O, ratios in
biogas are typically higher than 3 and higher than 20, respec-
tively. Table 1 shows examples of biogas composition
depending on the starting source [3].

As shown in Table 1, the concentration of trace com-
pounds in biogas varies greatly depending on the substrate
and production route. Usually, biogas is purified from impu-
rities, such as siloxanes and sulfur species, to avoid the
frequent replacement of catalysts in a subsequent process
like methanol synthesis or biogas reforming [13]. Some bio-
gas mixtures may contain nitrogen, which is an inert gas in
biogas reforming, but can increase the energy consumption
to reach the desired reaction temperature.

After a cleaning and upgrading process (removal of CO,
and existing impurities), biogas in the form of biomethane
can be used as a renewable substitute for natural gas [14].
Methane is a flammable gas, whose flammability limit in
air is 5% to 15% by volume [15]. In order to safely transport
the biogas through pipelines, it must be ensured that the
oxygen content is less than 2%. Hydrogen sulfide must be
scrubbed from the gas by carbon filters before it enters the
networks and must be <10 ppm. In addition, the CO, con-
tent of the biomethane should be less than 2-5% for pipeline
quality, depending on the regulatory frameworks in each
country [16].

1.2. Dry Reforming of Methane. Biogas can be converted to
syngas, which could then be used to obtain high-value-
added liquid fuels and chemicals [3]. Different methane-
reforming technologies, such as autothermal reforming
(ATR), steam reforming (SRM), dry reforming (DRM), or
a combination of the latter, are available. SRM essentially
employs steam to produce syngas, and ATR uses oxygen
(and carbon dioxide and/or steam), while DRM uses carbon
dioxide. Of all these processes, DRM is the least favorable
from a thermodynamic point of view, although it has the
advantage of using carbon dioxide as an oxidant (while all
the other processes generate CO, at some point of the pro-
cess). Therefore, DRM seems to be a promising sustainable
route for the direct conversion of biogas into syngas.
Depending on the target product and stoichiometry of
the respective reaction, an optimum molar ratio between
hydrogen and carbon monoxide in the synthesis gas is
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required. Syngas for methanol or hydrocarbon production
(via Fischer-Tropsch chemistry) requires a H,/CO feed ratio
of 2:1 [17], whereas syngas with H,/CO <1 is suitable for
the synthesis of dimethyl ether [18]. Currently, syngas is
mainly produced by SRM or ATR, which yield a H,:CO
ratio of about 3. Methane dry reforming usually results in
a ratio close to 1, required for instance for the production
of aldehydes by the oxoprocess (hydroformylation). How-
ever, several studies [17, 19, 20] have reported that the H,:
CO ratio of syngas produced via biogas dry reforming could
be adjust to the desired end-use industrial application by
controlling the CH,/CO, composition of the feed gas.

1.2.1. Thermodynamics of Dry Reforming of Methane. The
reaction of CO, and CH, is strongly endothermic and usu-
ally occurs at temperatures higher than 800°C. This reaction
is also affected by the simultaneous occurrence of several
side reactions, including the reverse water-gas shift reaction,
the CH, pyrolysis, and the Boudouard reaction (reaction
numbers 2, 7, and 8, respectively, in Table 2). The latter
two reactions are responsible for carbon deposition (or cok-
ing), which is usually a problem as it blocks the surface and
causes severe deactivation of the catalyst [21].

He and Liu [18] carried out a thermodynamic analysis of
DRM under the following conditions: temperature =277 —
1227°C, pressure = 0.4 — 12 bar, CO,/CH, molar ratio=1.0
—-10, and O,/CO, molarratio=0-1.0 in the feed. The
main reactions involved in DRM according to [18] are
shown in Table 2.

The combustion and partial oxidation of methane (reac-
tions 5 and 6, respectively, in Table 2) can be neglected in
some cases as they only take place when oxygen is fed to
the reforming process. The oxygen content in biogas is
usually lower than 1%. However, it can be higher (up to
5%) in landfill gas as it is collected through permeable tubes
by providing a slight underpressure [22].

Moreover, oxygen is not produced as a by-product of
other reactions. The direct thermal dissociation of CO,
(CO, = CO+0.50,) to form carbon monoxide and molec-
ular oxygen occurs only at very high temperatures [23, 24] as
shown in Figure 1. Therefore, at 1 bar and less than 1400°C,
the thermal dissociation of CO, is negligible (both due to
equilibrium position and slow kinetics).

Water vapor is also an important component in biogas,
as it usually leaves the digesters saturated with water [25,
26], so the absolute amount of water depends on the temper-
ature. It can be removed before the reforming process or
used as feed gas. If water vapor is also added to the reform-
ing process, a combined CO, and steam reforming of meth-
ane takes place, which is referred to as bireforming or “steam
biogas reforming” [3].

Another more recently proposed variation of the reform-
ing process by simultaneously adding O, is the trireforming
of methane (TRM), which is a combination of three
methane-reforming processes: carbon dioxide reforming,
steam reforming, and partial oxidation reforming [27-29].

Nikoo and Amin [30] reported the main possible CH,
and CO, reactions including those for the intermediate
products such as ethane, ethylene, methanol, and dimethyl
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TaBLE 1: Composition of biogas derived from different feedstocks [3].

CH, CO, N, O, H)S

Ref. Biogas source ©) ) (%) %) (%) Other
. 45-  25-  0- 0.01- .
Chen et al. [4] Agricultural gases, landfill gas (LFG) 75 55 95 Trace Trace composites (e.g., NH;)
H,0: 2-7% at 20-40°C
. . . _ _ . 0
Vita et al. [5] Biogas from a Varle'Fy of organic raw 50 25 > Trace <1 H,: .<1 %
materials 75 45 Trace composites (e.g., NH,,
siloxane, and halides)
. Biogas from digestion or anaerobic 50-  25-
Yentekakis et al. [6] fermentation of most waste materials 70 50 B o
. . 40-  30-
Zhang et al. [7] Biogas from urban organic waste 0 e — 0 — —
. . . 45-  40-
Broun and Sattler [8] Biogas from solid waste in landfill 60 55 — — — —
del Valle-Zermefio Biogas from organic fraction of municipal ~ 55- 30- o Some trace other cases
et al. [9] solid waste 70 45 &
Diez-Ramirez et al. 25- H,0: 3-20%
. LFG 7-60 — 06-3 — 2
[10] Fei et al. [11] 60 Trace amounts of other gases
55 27 H,: <1%
Vita et al. [12] Biogas from biomasses 70_ 4 4_ — — <3 Traces of siloxanes, NH;, and

halogenates

TaBLE 2: The main reaction equations involved in the process of DRM [18].

Reaction equation

Standard reaction enthalpy

Reaction explanation

CH,+CO, = 2CO+2H,
CO,+H, = CO+H,0
CH, +H,0 = CO+3H,
CH, +2H,0 = CO, +4H,
CH, +20, = CO, + 2H,0
CH,+0.50, = CO+2H,
CH, = C+2H,

2CO = CO,+C

CO+H, = H,0+C

AH g, = 260.5 kJ/mol
AH gg = 41.0k]J/mol
AH g, =206.0 kJ/mol
AH ggx = 165 kJ/mol
AH g = —802kJ/mol
AH,ggx = —36k]J/mol
AH, g4 = 75.0kJ/mol
AH o = —172.5k]/mol
AH, g4 = —131.5k]J/mol

CO, reforming of methane (1)
Reverse water-gas shift (RWGS) (2)
Steam reforming of methane (3)
Steam reforming of methane (4)
Combustion of methane (5)
Partial oxidation of methane (6)
Decomposition of methane (7)
Boudouard reaction (8)

CO reduction (9)

ether (DME) and their corresponding equilibrium constants
for a temperature range between 300 and 1200°C (see
Table 3 and Figure 2).

Table 3 shows a more detailed list of possible DRM reac-
tions compared to Table 2. In addition to the main reactions,
it has been extended to include the reactions of the most
important intermediate products as well. Alkanes and
alkenes have often been reported as side products in DRM
reactions. For instance, reactions 3 and 4 are the two main
schemes for CO, oxidative coupling of methane to produce
C, hydrocarbons. Ethane (C,H,) and ethylene (C,H,) are
also potential intermediate products of methane decomposi-
tion (reaction 8), according to the suggested stepwise dehy-
drogenation mechanism [32, 33]. Further decomposition of
ethylene can result in the appearance of acetylene (C,H,).

However, this reaction is not listed by Nikoo et al. for the
temperature range studied (between 300 and 1200°C).

Reactions leading to methanol and dimethyl ether were
also considered in the study by Nikoo and Amin [30],
although they are favored at lower temperatures than those
typically used for DRM. Methanol can be produced by
hydrogenation of CO and CO, (reactions 6 and 7), while
it is consumed to form DME in reaction 15. CO, reform-
ing and steam reforming of DME (reactions 12, 13, and
14) are active within the whole investigated temperature
range (300-1200°C).

The equilibrium constants of all expected reactions are
plotted versus temperature in Figure 2. A reaction is sponta-
neous if the change in the Gibbs free energy (AG,) is nega-
tive, based on the principles of thermodynamics. Inversely,
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FiGurek 1: Equilibrium composition as a function of the temperature for 1 mol of CO, at 1 bar. Adapted from [24] with permission from

ACS Publications. Copyright © 2008, American Chemical Society.

TAaBLE 3: Reactions involved in CO, reforming of methane according to Nikoo et al. [30] and cited by Aramouni et al. [31].

No. Reaction equation AH,ggr (kJ/Mol)  LnK at 300°C  LnK at 1100°C Reaction explanation
CH, +CO, = 2CO +2H, 247 -20 13 CO, reforming of methane
2 CO,+H, 2 CO+H,0 41 -5 2 Reverse water-gas shift
3 2CH, +CO, = C,H, +CO + H,0 106 19 5 CO, oxidative .coupling of methane
(formation of ethane)

4  2CH,+2CO, = C,H,+2CO +2H,0 284 -36 0 €O, oxidative coupling of methane
(formation of ethylene)

5 C,Hy = C,H,+H, 136 -14 4 Dehydrogenation of ethane

6 CO+2H, = CH,0H -90.6 -10 -20 Hydrogenation of CO

7 CO, +3H, = CH;OH +H,0 -49.1 -12 -20 Hydrogenation of CO,

8 CH, = C+2H, 74.9 -6 5 Methane cracking

9 2CO = CO,+C -172.4 15 -7 Boudouard reaction

10 CO, +2H, = C+2H,0 -90 8 -5 CO, reduction

11 H,+CO =2 H,0+C -131.3 12 -6 CO reduction

12 CH,0CH,; + CO, = 3CO +3H, 2584 10 40 CO, reforming of DME

13 3H,0 + CH;0CH; = 2CO, + 6H, 136 20 37 Steam reforming of DME

14 CH,0CH,; + H,0 = 2CO +4H, 204.8 14 37 Steam reforming of DME

15 2CH,0OH = CH,0CH, + H,0 -37 3 -1 Dehydration of methanol to DME

16 CO, +4H, = CH,+2H,0 -165 14 -10 Methanation

17 CO+3H, =2 CH,+H,0 -206.2 14 -11 Methanation

a positive AG, means that the reaction is thermodynamically
constrained. The equilibrium constant (K) dictates the
maximum extent of a reaction. If K is much greater than 1,
it is not possible to shift a reaction to the opposite side by
modifying the molar ratio of the reactants. However, when
K is close to 1, changing the molar ratio of the reactants

significantly affects the product distribution. For any AG,
below 0, a larger value of LnK means that a spontaneous
reaction is more favorable.

DRM is usually performed at temperatures in the range
650-1000°C [34]. From Figure 2, the following can be
deduced:
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Figure 2: Equilibrium constants of the reactions involved in the CO, reforming of methane—given in Table 3 in matching order—at a
temperature range between 300 and 1200°C. Reprinted with permission from [30]. Copyright © 2023 Elsevier B.V.

@)

(ii)

(iii)

(iv)

The direct reaction of CO, and CH, to form syngas
(reaction 1), the key reaction in DRM, is favored in
particular at temperatures above 727°C [35]. Usu-
ally, CO, reforming of methane is accompanied
simultaneously by the reverse water-gas shift
(RWGS) reaction (number 2) [36], occurring more
readily at higher temperatures

The formation of carbon at high temperatures is
most likely to be caused by the decomposition of
methane (reaction 8). Other reactions in which car-
bon is produced, the Boudouard reaction and the
CO and CO, reductions (reactions 9, 10, and 11,
respectively), are unlikely to occur at temperatures
above 700°C, although they may be affected by equi-
librium limitations at higher temperatures [19]

Reactions leading to ethane and ethylene formation
(reactions 3 and 4, respectively) are only possible at
elevated temperatures [37] (due to the high negative
values of Ln(K) for the temperature range studied).
The dehydrogenation of ethane to ethylene (reac-
tion 5) takes places in parallel with reactions 3 and
4. While it can also be limited by equilibrium,
increasing the temperature promotes its occurrence

In the case of CO, and CO hydrogenation (reac-
tions 6 and 7, respectively), their reverse reactions

are strongly favored at high temperatures [38] as
indicated by their negative Ln(K) values

(v) Increasing the temperature in the considered range
can promote the progression of reactions 12, 13,
and 14 towards the right-hand side. On the other
hand, reaction 15 is highly susceptible to equilib-
rium limitations as it has Ln(K) values close to zero

(vi) Methanation reactions 16 and 17 are limited at high
temperatures due to their exothermic nature and
negative Ln(K) values [39].

In their study, Nikoo and Amin [30] also investigated the
effect of O, addition on the reforming of methane with CO,,.
They observed that an increase in O, content resulted in
higher CH, conversion rates and a smaller risk of carbon
formation at lower temperatures. Conversely, O, was observed
to significantly decrease CO, conversion rates and CO and H,
yields, but resulted in an increase in water formation.

The thermodynamic equilibrium conversions of CH,
and CO, for a CH,:CO, ratio of 1 in the feed are shown
in Figure 3. Ozkara-Aydinoglu [40] performed these calcula-
tions at equilibrium by total Gibbs free energy minimization
of the dry-reforming system for a temperature range of 200-
1400°C and at three different pressures (1, 10, and 20 bar).

At 1 bar, CH, conversion (Figure 3(a)) starts from 350°C
and reaches almost 100% conversion by 900°C [41]. CO,
conversions (Figure 3(b)) are higher than the corresponding
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Ficure 3: Conversion of CH, (a) and CO, (b) for dry reforming with CH, : CO, =1 calculated for the temperature range 200-1400°C at 1,
10, and 20 bar. Adapted with permission from Ref. [40]. Copyright © 2023 Professor T. Nejat Veziroglu.
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FiGure 4: Equilibrium methane conversions of methane pyrolysis for temperatures up to 1500°C and pressures from 1 bar to 35 bar.

Reprinted with permission from Reference [42].

CH, conversions as a consequence of the reverse water-gas
shift equilibrium.

Higher pressures negatively impact DRM, following a
similar trend to methane pyrolysis (see Figure 4). The con-
versions obtained, both for CH, and for CO,, exhibit a nota-
ble decrease with increasing pressure. However, the effect of
pressure is almost negligible when the temperature is below
400°C or above 1200°C.

It was also found that the formation of carbon and water
increases with increasing pressure [43]. The syngas H,/CO

ratio decreases at higher operation pressures [40], although
an elevated temperature suppresses the effect of pressure.
In addition, the equilibrium shifts significantly depend-
ing on the CO, content of the biogas used as feedstock.
Figure 5 shows the influence of the molar ratio of CH,/
CO, on the thermodynamic equilibrium of a biogas mixture.
For example, a reactant mixture with 50% of CO,
(Figure 5(a)) produces a syngas with a H,/CO ratio of
around 1 at a reaction temperature of 1000°C, while for
lower CO, content in the educt gas mixture, the H,/CO ratio
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8 International Journal of Energy Research

Molar ratio CH,/CO, = 1.5
80

70+

60 —

Equilibrium composition (mol%)

T
0 200 400

Temperature (°C)

T
600 800 1000

—=— CH,y - CO
—— CO, —— H,0
—— H, —— C

(©
Molar ratio CH,/CO, = 1.85

80
70 4
L
= 604
g
g 504
2z
g 404
S
g 30-
=
=
5 20
o
&3]
10+
0 T T P T T T B B E—
0 200 400 600 800 1000
Temperature (°C)
—— CH, —— CO
—e— CO, —— H,0
—— H, —C

(d)

Ficure 5: Thermodynamic equilibrium plots of DRM under different biogas mixtures at 1 bar. Reprinted with permission from [44].
Copyright © 2021 le Saché, Alvarez Moreno, and Reina.

of the product increases significantly. Also, a higher ten- Although C,H, was not included in the thermodynamic
dency towards carbon deposition can be observed for higher ~ analyses of DRM previously mentioned [30, 44], it is an
CH,/CO, ratios in the feed gas. Therefore, the molar ratio ~ important intermediate product of methane pyrolysis [32].
CH,/CO, in the biogas greatly influences the H,/CO molar ~ Therefore, we performed an analysis of the thermodynamic
ratio in the syngas product. equilibrium compositions for a temperature range from
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300 to 1200°C and initial ratios of CH,/CO, of 0.5, 1, and 2
using the software AspenPlus and an RGibbs reactor model.
Figure 6 shows the thermodynamic equilibrium results
obtained for the following possible intermediate products:
CH,O, CH,OH, C,H,, C,H,, and C,H,. It shows that, for
instance, for an initial CH,/CO, ratio of 1:1 (Figure 6(b)),
at temperatures above 1050°C, more C,H, than C,H( is
expected at the thermodynamic equilibrium. Consequently,
based on our analysis, it is crucial to consider C,H, as a
potential by-product of DRM, in addition to the products
mentioned by Nikoo and Amin [30].

1.2.2. Kinetics of Dry Reforming of Methane. While the ther-
modynamics of the dry-reforming reaction are fairly under-
stood, the mechanism and kinetics are less known. In
addition, both will be modified if a catalyst is introduced to
reduce the activation energy required for the process and
to favor the selectivity towards syngas production [45]. Cat-
alysts usually employed in DRM are transition metals (Ni,
Co, and Fe) or noble metals (Pd, Rh, Ru, Pt, and Ir) [46,
47]. In particular, Ni is the most widely studied base metal
for this reaction due to the high activity, low cost, and higher
commercial feasibility [48].

Since a major problem associated with DRM is the depo-
sition of carbon on the catalytic system, leading to its deac-
tivation, great efforts are being made to solve this problem.
Some strategies include adding oxygen and/or steam in the
feed [49] or operating at reaction conditions where carbon
formation is thermodynamically restrained [50].

Several studies have attempted to solve the problem by
developing catalysts [31, 51-53]. Common catalyst modifi-
cations reported to limit coking are for example the addition
of promoters [54, 55], the use of a bimetallic system [56, 57],
doping with rare earth metals [58], supporting on refractory
oxides [59], or the introduction of a single site catalyst [60].
Usman et al. [61] investigated the influence of several pro-
cess parameters on catalytic activity, stability, and carbon
deposition in order to suggest future research. An alternative
procedure proposed by Kumar [62] consists of adding
ammonia to the feed. The results show that ammonia not
only contributes to the suppression of carbon formation
(although a complete carbon-free product can only be
achieved with a molar ratio NH;/CH, > 4) but also signifi-
cantly increases hydrogen production.

To overcome the limitations of traditional catalysts,
Kodama et al. evaluated methane dry reforming in a bubble
reaction system containing a metal catalyst powder dis-
persed in a molten salt mixture [63, 64]. Only few publica-
tions have been found in which dry reforming of methane
has been carried out in bubble column reactors filled with
molten salts [63, 65] or liquid metals (Nij¢:In, ;s [17]) or
a system with both (Ni,,,Bi,,;-K,CO; [66]). The results
of the latter two studies carried out with liquid metals are
discussed later in this work.

1.3. Molten Media Reactor for Chemical Processes. Molten
salts and liquid metals (LM) are excellent heat transfer fluids,
as can be seen in Table 4, which make them particularly suit-
able for deployment in high temperature chemical processes.

Most liquid metals have a lower melting point than
molten salts and a higher boiling point, offering a larger
operating temperature range, especially the so-called fusible
metals (like Ga, In, Sn, and Bi) [71]. They also usually pres-
ent higher thermal conductivity, lower viscosity, and lower
heat capacities compared to salts.

The use of LM has already been proposed for methane
cracking as it presents significant advantages for heat trans-
fer and at the same time supports carbon separation, since
the solid carbon floats on the liquid metal surface due to
the metal’s higher density and can thus be removed. Investi-
gations have been conducted with different liquid metals
such as Sn [72-74], Ga [42], or alloys NiBi [75] and CuBi
[76]. Certain types of molten salts that are stable at high
temperatures are another promising reaction media for the
production of fuels. They have been previously used for bio-
mass gasification [77] and pyrolysis of methane [78-83].

A limited number of studies in literature have evaluated
the possibility of employing molten salts and/or liquid
metals for the dry reforming of methane. The thermody-
namic properties of different metal candidates are summa-
rized in the diagram in Figure 7.

As a conclusion, based on thermodynamic and practical
constraints, Fe, Sn, In, Ga, and Mn were identified as the
most promising candidates. Therefore, tin satisfies the three
criteria: Sn does not form a stable carbide, it can be oxidized
by CO,, and Sn oxides can be reduced by CH,.

Consequently, a bubble reactor filled with liquid tin pre-
sents a potential application for conducting the DRM, thus
avoiding the currently existing challenges of catalyst deacti-
vation by carbon deposition [53]. Although Sn has not yet
been studied for DRV, the suitability of tin as a heat transfer
medium for methane pyrolysis has been demonstrated in a
LM bubble column reactor.

Since 2012, the Karlsruhe Liquid Metal Laboratory
(KALLA) at the Karlsruhe Institute of Technology (KIT)
has been working on an innovative approach to hydrogen
production via methane pyrolysis using liquid metal tech-
nology, developed in collaboration with the Institute for
Advanced Sustainability Studies [73, 84]. The choice of Sn
as the working fluid was driven by multiple factors, includ-
ing its relatively low melting point, nontoxic and nonexplo-
sive nature, good thermal conductivity, and high density
compared to carbon. Furthermore, Sn exhibits long-term
chemical stability and is inert towards the reaction gases
and carbon [67]. Its relatively lower cost compared to other
liquid metals was another advantage. However, the use of
liquid tin is not without its challenges, as it can cause strong
corrosion attack towards metallic materials, especially steel,
at high temperatures [84].

In a laboratory set-up, a series of experimental runs were
conducted using a 1.3m high reactor with a 4cm inner
diameter, containing liquid tin filled up to a level of 1 m dur-
ing operation. The methane feed gas was introduced into the
reactor through a single orifice (@ = 0.5 mm) at the bottom,
while the resulting gas was discharged from the top. All parts
of the reactor in contact with liquid tin are made of quartz
glass, which has proven to be chemically resistant against
tin corrosion and stable in operating conditions up to
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1200°C. A methane conversion of 78% was obtained in the
previously described set-up by Geifiler et al. at 1175°C and
atmospheric pressure [85].

The experience gained in the use of this type of reactor
will be useful for its application in the dry reforming of bio-
gas. Having reviewed the characteristics of biogas and the
challenges of dry reforming as a means of converting biogas
into synthesis gas, it is important to highlight how the pro-
posed solution seeks to fill an existing gap in this area of
research. Most current research focuses on developing new
catalysts or optimizing conditions to avoid carbon formation
during DRM. However, this may not always be possible in
the case of biogas, since CH, content is usually higher than

that of CO,, and an excessive amount of methane contrib-
utes significantly to carbon formation.

A first step in applying this technology is then performed
in the following Section 2 by presenting the authors’ own
contribution with a theoretical study on the by-products
formed during the dry reforming of biogas while specifically
using a reactor filled with liquid tin. This chapter includes a
detailed discussion of the formation of carbon, water vapor,
and the possible presence of tin carbides and tin oxides. By
providing a comprehensive analysis of these compounds,
this study is aimed at advancing the understanding of dry
biogas reforming and paving the way for future experimental
research in this field.
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TaBLE 4: Thermophysical properties of heat transfer fluids.

T CCO) max (C) ¢ (kJ/kgK) A (W/mK) p (kg/ms) p (mPa/s)  Ref.

Air — — 1.12 0.06 0.40 0.03 [67]

Water/steam 0 — 2.42 0.08 22.1 0.03 [67]

Solar salt 220 600 1.10 0.52 1903 1.33 [67]

K,CO, 897 — — — 2290 — [68]

Molten salts Na,CO;-K,CO; (49-51 wt%) 710 — 1.56 1.73 — — [69]

ZnCl,-NaCl-KCl (68.6-7.5-23.9 wt%) 204 850 0.9 0.29 1977 4.2 [70]

KCl-MgCl, (62.5-37.5 wt%) 426 800 1.15 0.5 1660 5.0 [70]

Sn 232 2687 0.24 33.8 6330 1.01 [67]

Bi 271 1670 0.15 16.3 9940 1.17 [67]

o In 157 2072 0.24 472 6670 0.75 [67]
Liquid metals

Ga 30 2237 0.36 50.0 6090 0.77 [67]

Pb 327 1743 0.15 18.8 10324 1.55 [67]

PbBi eutectic (44.5-55.5 wt%) 125 1533 0.15 12.8 9660 1.08 [67]

AT liquid temperature range; c,: specific heat capacity; A: thermal conductivity; p: density; y: dynamic viscosity. Ref. [67] properties at 600°C and 1 bar; in

Refs. [68, 69], measurement temperature not specified; Ref. [70] at 700°C.

Metal does not form
(a)  astable carbide
(AG, < 20 k] mol-1)

(b)

Metal can be
oxidized by CO,
(AG, <20 k] mol~1)

(i) MC + CO, = M + 2CO
(i) M + CO, = MO + CO
(iii) MO + CH, = M + CO + 2H,

(c)

Metal oxide can be
reduced by CH,

(AG; < 20 k] mol-1)

"Oxidation state dependent

FIGURE 7: Summary of thermodynamic properties of eligible metal candidates for participation in a CH,/CO, redox cycle for DRM. Criteria
include the following: a—the metal carbide is unstable, b—the metal can be oxidized by CO, to all of the possible oxidation states, and c—all
of the possible metal oxides can be reduced by CH,. Each thermodynamic criterion is met if the corresponding AG, is less than +20 k] mol ™
at 1080°C. Reprinted with permission from [17]. Copyright © 2020, Clarke Palmer et al., under exclusive licence to Springer Nature Limited.

Afterwards, in Section 3, we discuss the practical imple-
mentation supported by the limited available results found
for DRM in molten media. All this information is used to
draw our own conclusions about the feasibility of using a
reactor filled with liquid tin.

A specific feature of the proposed technology is that the
liquid metal used in the reactor is an intermediate energy
transmitter from the heat source to the initial reactants of
the chemical process. Due to the high thermal conductivity
of the liquid metal, it is possible to transfer heat intensively
to each gas bubble dispersed in the reactor, thus achieving a
larger heat exchange surface compared to alternative pro-
cesses. The liquid metal does not leave the bubble reactor

and is not recirculated, so only an initial one-time heating
of the liquid metal to the required temperature level is nec-
essary. Furthermore, in the process itself, only the heat
losses required to heat the initial gas mixture to the reac-
tion temperature and the heat losses of the furnace used
need to be compensated.

It should be noted that for a favorable energy balance in
the future industrial plant, heat energy recovery must be
realized. This can be achieved by preheating the initial
reagents by the reaction products leaving the reactor. A spe-
cific quantitative evaluation of the energy consumption and,
in general, of the cost of the process, in relation to the heat
losses of the furnace used and the efficiency of the energy
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recovery system, is possible only after reaching a higher level
of technological development and analyzing the results of
the practical operation of the pilot plant.

2. Theoretical Study: Possible Compounds
Formed in Biogas Dry Reforming Using a
Reactor Filled with Liquid Tin

During the DRM process, several reactions take place simul-
taneously depending on the operating temperature, pressure,
and varying feed compositions. In the following, we evaluate
the different components formed and reactions that would
theoretically take place using a bubble column reactor filled
with a liquid metal (Sn), without the addition of any other
catalyst, operating at high temperatures of around 1000°C
and atmospheric pressure. Therefore, in addition to the reac-
tions of the DRM process itself, the possible reactions that
could take place with the tin are analyzed. Below, the forma-
tion of carbon and water vapor, as well as the potential
presence of tin compounds such as carbides or oxides, is
discussed in more detail.

2.1. Carbon Formation. Carbon formation in dry reforming
may occur via decomposition of methane or dispropor-
tionation of carbon monoxide (Boudouard reaction).
Between 550 and 700°C, the Boudouard reaction is partic-
ularly pronounced, and above 900°C, methane pyrolysis
[17]. Other possible reactions in which carbon may be
formed are the hydrogenation of carbon dioxide and carbon
monoxide, in which carbon tends to be formed at lower
temperatures (<527°C).

All reactions involved in carbon formation can be
affected by operating parameters due to their low equilib-
rium constants [30]. Carbon is found to be formed in the
entire range of temperature at CO,/CH, feed ratio < 1 [37,
47]. The range of conditions under which carbon forms in
the equilibrium system is depicted in Figure 8. Carbon for-
mation decreases with increasing temperature and higher
CO,/CH, feed ratio (>1).

For the thermodynamic equilibrium at temperatures
above 700°C and atmospheric pressure, a smaller amount
of carbon is expected to be formed than in the pyrolysis of
pure methane [86]. This is due to the Boudouard reaction,
which runs in parallel with pyrolysis and whose equilibrium
at a temperature > 700°C is on the CO side with carbon and
CO, consumption, as can be seen in Figure 2.

Some differences in the solid carbon produced by using
biogas as educt compared to feeding pure methane into the
pyrolysis reactor are likely. The pyrolytic carbon collected
from above the tin surface by Geifdler et al. [85] appeared
in powder form with particle sizes in the range of 15-
20 ym. Upham et al. [75] reported loose graphitic powder,
which they collected from the surface of a 27:73 mol% Ni:
Bi alloy after hours of methane pyrolysis. The characteriza-
tion carried out by Palmer et al. [17] of the carbon product
collected from the surface of the 65:35mol% Ni:In alloy
after hours of combined dry reforming and methane pyroly-
sis showed that it had microscale polycrystalline structures,
specifically identified as nanocrystalline graphite. Both car-
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bon samples were analyzed by Raman spectroscopy showing
distinctive D and G peaks. The D band (~1350cm™) indi-
cates the presence of defects in the graphitic lattice, and
the G band (~1580cm™) corresponds to sp2 hybridized
graphitic carbon [87]. Highly graphitic carbon is more resis-
tant to oxidation and gasification than less ordered carbon
morphologies. The ratio of the D and G band intensities
(ID/IG) was 0.584 for the pyrolytic carbon [75] and 3.24
for the DRM carbon product [17]. According to Palmer
et al. [17], it is likely that the carbon species that are
converted to CO through the reverse Boudouard reaction
are intermediate and/or amorphous carbons formed from
the decomposition of methane. They also stated that, in
contrast, graphitic species accumulate on the surface of the
bubble column.

While the ID/IG ratio of the Raman spectra reported by
Upham et al. [75] and Palmer et al. [17] differ greatly, indi-
cating significant discrepancies in the carbon products, the
differences in the obtained carbon might have further causes
in addition to the presence of CO,. The composition of the
LM alloys in the two studies differs, as well as the partial
pressure of methane. Although there is not much literature
on the effect that different metal alloys have on the carbon
produced by methane pyrolysis, different LM substrates,
synthesis temperatures, residence times, and a variation of
the hydrogen partial pressure resulted in significant changes
in the quality and layer number of graphene obtained by
chemical vapor deposition (CVD) from methane [88]. With-
out a more thorough experimental analysis to eliminate
these differences in synthesis conditions, a definitive conclu-
sion regarding the effect of CO, on the carbon product
formed is not possible.

Indeed, solid carbon formation is a desired effect in view
of using the DRM process as part of technologies that target
CO, emission reduction or even such that intend to achieve
negative emissions (NET). If such technology is combined
with biological sources for the energy, like in biogas produc-
tion, they are commonly referred to as BECCS (bioenergy
carbon capture and storage) [89-91].
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2.2. Water Vapor. The amount of water obtained in the final
product will depend on the CH,/CO, ratio of the biogas feed
and the process temperature. Nikoo and Amin [30] plotted
the equilibrium moles of water obtained as a function of
temperature and the CO,/CH, ratio (Figure 9).

Water formation follows a similar downward trend
regardless of the CO,/CH, ratio up to 700°C. However, at
higher temperatures, two different trends are observed: at
CO,/CH, ratios of 2 and 3, the number of water moles
reaches a minimum and then increases again with tempera-
ture, while at lower ratios, the water formed continues to
decrease. These results are consistent with the conclusion of
Palmer et al. [17] that for their reaction conditions
(CH,/CO, =2, i.e, CO,/CH, =0.5), H,O is not present at
thermodynamic equilibrium. Although H,O was produced
in some of the reactions that took place (RWGS or the reduc-
tion of metal oxide with H,), it was immediately consumed in
either the steam gasification of solid carbon or steam meth-
ane reforming and was not obtained in the final product.

2.3. Liquid Tin Reactor for Biogas Reforming. When using a
molten metal reactor, it is important to consider the various
reactions that can occur with the metal depending on the
operating temperature. First, the liquid metal itself must be
considered because Sn could catalyze the reaction of CO,
and C (Boudouard reaction) according to the work of
Epstein et al. [92]. Their thermogravimetric analysis (TGA)
experiments showed that the carbothermal reduction rate
is much faster than the oxidation rate. Padilla and Sohn
[93] also demonstrated the catalytic effect of tin on the
Boudouard reaction by oxidizing coconut charcoal mixed
with particles of tin.

H,, N,, Ar, He, CO, and CO, are practically insoluble in
solid and liquid tin [94]. However, CO, oxidizes the liquid
metal at above approximately 550°C. Furthermore, tin begins
to react with water vapor at 650 to 700°C [94]. The oxidation
of tin by water vapor proceeds according to this reaction:

Sn(s) + 2H,0 «— SnO, + 2H, (1)

Although tin could potentially react with the water vapor
to produce hydrogen and tin oxide, the thermodynamics are
unfavorable (see Table 5) and would require a long contact
time [95].

2.3.1. Tin Carbides. Carbides are compounds originating
from the reaction of carbon with another, less electronega-
tive element. Commonly, this means a binary compound
of carbon and a metallic element. The reaction of carbon
with metals of “groups 1 and 2” and aluminum produces
ionic carbides, whereas carbon forms interstitial carbides
with most transition metals.

However, although many metals can easily form car-
bides, tin is reported to behave inertly toward carbon.
According to different literature sources, Sn has no (or a very
low) solubility for carbon and does not form carbides [96,
97]. This has been proven also in the long-term experiments
at up to 1250°C in KALLA [85]. Noticeable carbon solubility
is found at the boiling point (2600°C) [98]. According to the
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FIGURE 9: Moles of water as a function of temperature and CO,/
CH, ratio at latm for n(CH,+ CO,)=2mol. Adapted with
permission from Ref. [30]. Copyright © 2010 Elsevier B.V.

correlation of Oden and Gokcen [99], the solubility of car-
bon in molten tin is 2.23 x 107 wt% at 1550°C and 1.01 x
1072 wt% at 1750°C. These values are in the order of magni-
tude of those found for other metals such as pure molten
copper (about 4 x 107 wt% at 1475°C [100] and 3 x 107
wt% at 1700°C [101]). In comparison, the solubility of C in
Ni in the liquid state reaches 5wt% at 1750°C [100], while
in Fe, it is about 20.5wt% at 1550°C [102].

2.3.2. Tin Oxides. Tin can form two main oxide compounds:
tin (II) oxide or stannous oxide with the formula SnO and
tin dioxide (Sn0O,), also known as stannic oxide. The forma-
tion of the lower oxide of tin, SnO, is thermodynamically
unfavorable. Platteeuw and Meyer [103] showed experimen-
tally that solid stannous oxide (SnO (s)) is unstable and
decomposes into tin and tin dioxide at 300°C and higher,
while gaseous stannous oxide (SnO (g)), on the other hand,
is stable. Possibly, at least between 300 and 1127°C, SnO, (s)
and SnO (g) are the only stable oxide phases [98].

Nevertheless, SnO, will be reduced by carbon at any
temperature above 630°C as shown in Figure 10. Padilla
and Sohn [93] investigated the rate of reduction of SnO,
(stannic oxide) by carbonaceous materials in the tempera-
ture range 800 to 1000°C. The reduction of SnO, by carbon
is usually represented by the following equation:

SnO,(s) + C(s) «— Sn(s,1) + CO,(g) (2)

However, consecutive reduction and oxidation reactions
occur through the gaseous intermediates CO, and CO. The
direct reaction between solid oxide and solid carbon is
important only when the gaseous products of reaction, i.e.,
CO and CO,, are removed from the reaction system.
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TaBLE 5: Thermodynamic data for tin oxidation reactions [95].

Reaction AHf at STP (kJ mol™) AS‘? at STP (kJ mol ™) AGf at STP (kJ mol™)
Sn+2H,0 —> SnO, +2H, -97 -115.2 -62.67
Sn+H,0 —> SnO +H, -44 -53 -28.21

Temperature (°C)
1100 1000 900 800 70 600
1

19 SnO, +2CO =$n + 2C0,

-0

——o—o—o.

x 104 (k-1)

F1GURE 10: Theoretical equilibrium ratio Pqn,/Pc as a function of
temperature for SnO, reduction. Reprinted with permission from
[93]. Copyright © 1969, American Society for Metals and the
Metallurgical Society of Aime.

Thus, the two-stage mechanism proceeds as follows:

SnO,(s) + 2CO(g) «— Sn(s,1) + 2CO,(g)

(3)
CO, + C(s) «—2CO(g)

The overall rate of reduction is controlled by the oxida-
tion of carbon by CO,. Temperature and the type of carbon
greatly influence the reaction rate. An activation energy of
220.9kJ/mol was calculated for the reduction of SnO, with
coconut charcoal within the temperature range 800 to
900°C and 323.8KkJ/mol with graphite within the tempera-
ture range 925 to 1000°C [93].

The carbothermal reduction of SnO, has been exten-
sively studied in several articles of Abanades and colleagues
because of its possible application as part of a two-step
thermochemical process for solar fuel production [23,
104-106]. In thermodynamic equilibrium at 1000°C, SnO,
is completely reduced to metallic tin, and more than 85%
of carbon is converted to CO as shown in Figure 11, which
summarizes the equilibrium composition of a SnO,+2C
mixture as a function of the temperature [105].

Ha et al. [107] theoretically investigated the CH,-SnO,
interaction at the atomic level and found that CH, provides
a reducing atmosphere because the carbon and hydrogen of
CH, sequentially reduce SnO, and produce various gas-
phase products (see Figure 12).

The material-related aspects of the thermal decomposi-
tion of methane in liquid tin, including corrosion prob-
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FiGure 11: Equilibrium composition of the SnO, +2C system at 1
bar without inert gas dilution. Adapted with permission from
[105]. Copyright © 2014, American Chemical Society.

lems and the formation of carbides, have been studied by
Emmerich [108]. A key requirement for choosing a suit-
able liquid metal is that it is thermally stable above
700°C and does not form carbides or hydrides, so that
the reactor is not clogged by nonmetallic solids. These cri-
teria are met in particular by the liquid metal tin [94, 98]
which is why Sn was used in that work and in a parallel
reactor development.

Considering these aspects presented, we come to the
following conclusions regarding the suitability of a bubble
column reactor filled with molten tin for DRM:

(i) Both carbon and water vapor formation are greatly
influenced by temperature and the CO,/CH, feed
ratio

(ii) In biogas, the CO,/CH, feed ratio typically falls
between 0.5 and 1, as shown in Table 1. This ratio
is beneficial as it leads to minimal water vapor pro-
duction at high operating temperatures (T > 1000
°C), as depicted in Figure 8

(iii) However, for CO,/CH, ratios < 1, carbon formation
becomes inevitable if the thermodynamic equilib-
rium is reached, as demonstrated in Figure 7

(iv) These findings underscore the advantages of using
bubble column reactors filled with liquid metals to
facilitate the removal of the solid carbon. Tin is a
good candidate since it does not form unwanted
compounds with the reactants or products of DRM
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3. Investigations on Practical
Implementation of DRM in Liquid Metal and
Molten Salt Reactors

Palmer et al. [17] performed a preliminary screening of
different molten metal alloy catalysts in a bubble column.
The conditions evaluated were residence time of ~1s, tem-
perature of 1080°C, total reactor pressure of latm, and a
stoichiometric feed of 2:1 CH,: CO,. CH, and CO, conver-
sion values obtained for the different alloys are summarized
in Table 6.

They further studied dry reforming of methane in the
65:35mol% Ni:In alloy and reported that the following
reactions presented in Table 7 could take place.

Table 7 shows four reactions related to the molten metal
used: CH, partial oxidation via In,0;, CH, oxidation via
In,0,, CO, reduction via In, and H, oxidation via In,O;.

TaBLE 6: CH, and CO, conversions obtained in a bubble column
reactor filled with different molten metal alloys [17].

Alloy XCH, (%) XCO, (%)
NiSn (25-75%) 21 9.8
FeSn (7-93%) 24 11.3
NiBi (33-67%) 32 6.7
Niln (65-35%) 44 81

Similar reactions may take place when using Sn as the liquid
metal. For instance, it was found that CO, oxidizes the metal
at temperatures above approximately 550°C [94]. As previ-
ously mentioned by Ha et al. [107], CH, provides a reducing
atmosphere for SnO,.

Figure 13 shows the results of the equilibrium calcula-
tions carried out at atmospheric pressure as a function of
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TaBLE 7: Potential reactions participating in the DRM in a 65:35mol% Ni: In molten metal bubble column reactor [17].

Eq. no. Reaction Chemical equation

(1) Dry reforming of methane CH, + CO,= 2H, +2CO

(2) Methane pyrolysis CH, = 2H, +Cy

(3) Steam methane reforming CH, +H,0 = 3H,+CO

(4) Reverse water-gas shift H,+CO, = CO+H,0

(5) Reverse Boudouard CO, +Cy = 2CO

(6) Steam gasification of carbon H,0+C = CO+H,

(7) CH, partial oxidation via In,O, CH, +(1/3)In,0; = 2H, + CO +(2/3)In
(8) CH, oxidation via In,O; CH, + (4/3)In,0; =2 2H,0 + CO, + (8/3)In
9) CO, reduction via In CO, +(2/3)In = CO +(1/3)In,0,
(10) H, oxidation via In,O, 2H, +(2/3)In,0; = 2H,0 + (4/3)In
(11) Dry reforming of methane + methane pyrolysis 2CH,+2CO, = 4H,+2CO+C
(12) Autothermal reforming of methane 4CH, + O, +2H,0 = 10H, + 4CO
(13) Partial oxidation of methane 2CH, + 0, +CO, = 3H, +3CO + H,0O
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FiGure 13: Calculated equilibrium compositions of DRM at 1 atm. (a) 2: 1 CH, : CO, molar ratio versus temperature and (b) 1 mol of CO,
at 1000°C with differing initial moles of CH,. Reprinted with permission from [17]. Copyright © 2020, Clarke Palmer et al., under exclusive

licence to Springer Nature Limited.

the temperature and CH,/CO, feed ratio based on the reac-
tions reported in Table 7.

When CH,, is used in excess at 1000°C, CH, and CO, are
completely converted, there is no water if equilibrium is
reached, and the H,:CO product ratio can be increased at
will by increasing the amount of CH,.

They concluded that the advantages reached with this
technology were as follows:

(1) The H,: CO product ratio can be controlled by vary-
ing the CH,: CO, feed ratio

In particular, when using a 2: 1 CH, : CO, ratio, the pro-
cess produces a valuable syngas with high conversion and
selectivity in a 2:1 H,:CO ratio, which is immediately
suitable for methanol synthesis and Fischer-Tropsch pro-
duction of higher hydrocarbons. In the current implementa-
tion of dry reforming, one cannot use an excess of CH,
because of coking, which limits the H,:CO ratio in the
product to 1: 1.

(2) The process makes syngas by consuming CO,,
unlike SRM, which produces CO,

(3) The solid carbon produced by the reaction floats to
the surface of the melt where it can be removed

Yang et al. [66] presented a system comprising a liquid
Ni-Bi alloy and a molten K,COj; salt. The liquid alloy and
the molten salt self-segregate into two layers inside a bubble
column reactor, owing to density difference and immiscibil-
ity as shown in Figure 14, solving the coking and sintering
issues of dry reforming. The conversions of CH, and CO,
reached 60% and 70%, respectively, in a 30cm bubble
column comprising 15cm Niy,,Bi; ,; and 15cm K,CO; at
1050°C [66].

This 27% Ni-73% Bi alloy had been previously studied
for methane pyrolysis. Upham et al. [75] achieved 95%
methane conversion at 1065°C in a 1.1-meter-high bubble
reactor. Rahimi et al. [109] employed the molten Ni-Bi alloy
in combination with a molten salt (NaBr, KBr, or KCl) layer
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floating on the metal layer, added for removing contami-
nants from the carbon product.

Yang et al. [66] also performed dry-reforming experi-
ments with 15cm of only molten Ni;,.Bi, ., for compari-
son. Results are shown in Figure 15 for experiments
carried out with an inlet gas feed of CH, : CO,=1:1ata
total flow rate of 10 cm®/min.

CO selectivity (Figure 15(c)) was considerably lower in
this case (reached a maximum value of ~70% at 1050°C)
compared to the NiBi-K,COj, system (near 100%). However,
the H, selectivity achieved at 1050°C (approximately 90%)
was similar in both dry-reforming processes performed. Fur-
thermore, this value agrees with the results obtained by
Upham et al. [75] for methane pyrolysis in molten NiBi with
95% H, selectivity at 1065°C.

It is worth noting that Yang et al. [66], while not
analyzing in detail the formation of water vapor during
reforming, mention that the other 10% hydrogen was
converted to water (and KOH when molten K,CO, is
also used), which is removed by passing the gas product
through a drying column installed before the gas
chromatograph.

A H,: CO ratio in the gas product greater than unity was
reported (Figure 15(d)), mainly attributable to the relatively
low CO selectivity. The H,:CO ratio decreased with the
increase of temperature mostly due to the promotion of
the reverse Boudouard reaction at higher temperatures.

Kodama et al. [63] studied for CO, reforming of
methane a molten Na,CO,/K,CO; mixed salt containing
a suspended metal catalyst powder at 950°C. Ni, Fe, Cu,
or W metals on an Al,O, support were examined for
activity and selectivity, and the Ni/AL,O, catalyst was
found to be the most active and selective one. They
observed as well that with higher W/F ratios (where W
is the total weight of the molten salt bath and the Ni/
AL O, catalyst mixture and F is the flow rate of CH,/
CO, mixture), CH, conversion increased. Their results
are plotted in Figure 16.

Experiments were carried out by varying W between 30
and 50¢g (in this case with a constant catalyst/molten salt
weight ratio of 1) and F between 200 and 800 Ncm® min™".
As can be seen in Figure 16, the methane conversion
increased linearly with the W/F ratio, and the H,/CO ratio
approached unity at higher W/F values.

Based on the aforementioned limited experimental
results available for dry reforming of methane in molten
metal-filled reactors, it has been shown to be effective in
the production of syngas with high conversion and selectiv-
ity. The choice of molten media, CH,/CO, ratio, and operat-
ing temperature has a significant effect on the results
obtained. This also determines the H,:CO ratio in the
syngas product, which can be very interesting in terms of
flexibility for a wide range of applications, making it an
intriguing avenue for further exploration and optimization.
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TaBLE 8: Main reactions in the dry reforming of biogas in a bubble
column reactor filled with liquid tin.

Reaction
CH,+CO, = 2CO +2H,
CH, = C+2H,
CO,+H, =2 CO+H,0
2CO =2 CO,+C
CH,+H,0 = CO+3H,
CH, +2H,0 = CO, +4H,
Sn+2CO, = 2CO +Sn0O,
SnO, +2CH, = Sn +4H, +2CO

Name

CO, reforming of methane
CH, pyrolysis

Reverse water-gas shift
Boudouard

Steam reforming of methane
Steam reforming of methane
CO, oxidation of Sn

CH, reduction of SnO,

4. Conclusions

Biogas is an interesting feedstock for the dry-reforming reac-
tion due to its high CO, and CH, content. In this process,
hydrogen is produced simultaneously by two reactions: dry
reforming of methane and methane pyrolysis. The dry-
reforming reaction is typically carried out at elevated
temperatures above 800°C. In addition, other parallel reac-
tions will occur simultaneously, including the reverse
water-gas shift and the Boudouard reaction. In this case,
carbon formation can take place mainly by two reactions
depending on the process temperature: the Boudouard reac-
tion and pyrolysis of methane. Using a liquid tin reactor, the
carbon would float atop the surface due to the lower density
of carbon compared to liquid tin.

While the use of liquid tin bubble column reactors for
methane pyrolysis has already been tested, it is necessary
to conduct a preliminary theoretical study of how the pres-
ence of CO, would affect the liquid tin in order to carry
out DRM in such reactors. Although it is known that CO,
could oxidize metal tin at temperatures above 550°C, several
studies in the literature [17, 93, 105] have found that the tin
oxide formed is in turn reduced back to Sn in the presence of
carbon and methane. Therefore, under typical DRM operat-
ing conditions, irreversible formation of Sn oxides that
might negatively affect the continuous system operation is
unlikely. Moreover, neither tin carbides nor carbonates are
expected to be formed. However, to confirm that, it would
be useful to analyze the residues formed in the molten tin
under DRM conditions operated over a long time.

According to available sources, the main reactions by dry
reforming of methane (pyrolysis of biogas) in a liquid tin
reactor, assuming that only CO, and CH, are present in
the feed gas, are as listed in Table 8.

The composition of the product stream varies as a func-
tion of the amount of supplied CH, and CO, and of course
the operating temperature. Thus, the H,/CO ratio in the gas
product could be adjusted to some extent. For instance,
methanol synthesis requires a 2:1 H,: CO ratio. Looking at
this particular process, it should also be pointed out that
the presence of water in the gas product could be a problem
as it plays an important role in the deactivation of the cata-
lysts [110] and may need to be removed.

It should be noted that the compositions predicted by all
the equilibrium analyses found in the literature are still
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theoretical upper limits of the dry-reforming process, and
the results may change in practice due to reaction kinetics.

In conclusion, assuming a biogas stream consisting of
CH, and CO,, the products to be obtained would be a gas
mixture made up of mostly H,, CO, and CO, (and maybe
some water vapor) and a carbonaceous product. Traces of
some intermediate component such as C,H,, C,H,, C,H,,
CH,OH, or CH,O could also be found.

The direct use of biogas for the reforming process elim-
inates the costly carbon dioxide separation step and has con-
siderable environmental or climate protection potential.
Further work should be carried out regarding the two main
problems involved in dry reforming: carbon deposition and
high energy requirements. As it is proposed here, the utiliza-
tion of a liquid tin reactor would avoid the issue of carbon
deposition and favor heat transfer. Moreover, the energy
required to heat the reactor could be obtained from a renew-
able energy source as in solar reforming reactors [111, 112].

Nomenclature

ATR: Autothermal reforming

bem: Billions of cubic meters

BECCS: Bioenergy carbon capture and storage
Bi: Bismuth

C: Carbon

CH,0: Formaldehyde

CH,OCH;: Dimethyl ether

CH,OH:  Methanol

CH,: Methane

C,H,: Acetylene

C,H,: Ethylene

C,Hg: Ethane

Co: Cobalt

CO: Carbon monoxide

CO,: Carbon dioxide

Cpt Specific heat capacity (kJ/kgK)
DME: Dimethyl ether

DRM: Dry reforming of methane

Fe: Iron

g gaseous

Ga: Gallium

H,: Hydrogen

H,O: Water

In: Indium

K: Equilibrium constant

K,COs: Potassium carbonate

KALLA:  Karlsruhe Liquid Metal Laboratory
KBr: Potassium bromide

KCL: Potassium chloride

KIT: Karlsruhe Institute of Technology
Mn: Manganese

NaBr: Sodium bromide

Na,CO;:  Sodium carbonate

NET: Negative Emissions Technologies
Ni: Nickel

(O Oxygen

P: Pressure

Pb: Lead
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RWGS: Reverse water-gas shift

s: Solid

Sn: Tin

SnO: Tin oxide or stannous oxide
SnO,; Tin dioxide or stannic oxide
SRM: Steam reforming of methane
T: Temperature

TRM: Tri-reforming of methane
X: Conversion (%).

Greek Letters

AG,: Gibbs free energy of reaction (kJ/mol)
: Enthalpy of reaction (kJ/mol)

A Entropy (J/Kmol)

A: Thermal conductivity (W/mK)

p:  Density (kg/m?)

U Dynamic viscosity (mPa/s).
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