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Dry reforming of methane catalysed by molten
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Clarke Palmer®?, D. Chester Upham?, Simon Smart3, Michael J. Gordon', Horia Metiu®2 and

Eric W. McFarland™

Dry reforming of methane usually affords low-quality syngas with equimolar amounts of CO and H,. Here we report the high
conversion of CH, and CO, to syngas and solid carbon through simultaneous pyrolysis and dry reforming of methane in a bubble
column reactor using a molten metal alloy catalyst (65:35 mol% Ni:In). The H, to CO ratio can be increased above 1:1 using
feed ratios of CH,:CO, greater than 1:1 to produce stoichiometric solid carbon as a co-product that is separable from the molten
metal. A coupled reduction-oxidation cycle is carried out in which CO, is reduced by a liquid metal species (for example, In) and
methane is partially oxidized to syngas by the metal oxide intermediate (for example, In,0,), regenerating the native metal.
Moreover, the H,:CO product ratio can be easily controlled by adjusting the CH,:CO, feed ratio, temperature, and residence time

in the reactor.

to make syngas (CO +H,), but it has not found commercial

applications'. Nevertheless, interest in DRM has grown as
researchers have sought ways to utilize CO, to obtain value-added
products and to make use of high-CO,-content natural gas deposits
that cannot be economically used for steam reforming’. The biogas
produced by anaerobic digestion of food, green waste, wastewater
sludge or even municipal landfills has a high CO, content. In prin-
ciple, DRM could be used to convert the CO, and CH, from these
sources to more valuable syngas and might eliminate the need for
costly CH,-CO, separations’.

Syngas for methanol or hydrocarbon production (via Fischer-
Tropsch chemistry*) requires a H,:CO feed ratio of 2:1. Syngas is
currently produced by steam methane reforming (SMR) or auto-
thermal reforming. These syngas production processes have short-
comings: SMR produces 10 tonnes of CO, per tonne of H, (ref. %),
whereas autothermal reforming uses costly air separation to pro-
duce pure O, as a feedstock’ . Although avoiding these same short-
comings, the DRM processes explored thus far can only produce
low-value syngas with H,:CO ratios of at most 1:1.

All syngas-producing processes are afflicted by coking. Coke for-
mation is especially prominent in the DRM between 550-700°C due
to the Boudouard reaction (2CO = C + CO,) and above 900°C due
to methane pyrolysis (CH, — C+2H,) (see Supplementary Fig. 1 and
Supplementary Table 1 for reaction thermodynamics)’-"'. This neces-
sitates periodic decoking of the catalyst by burning the carbon, which
produces CO, as a by-product®'®'>"* and increases the cost of the pro-
cess. Catalyst deactivation through sintering and unwanted solid-state
reactions between the metallic catalyst and the oxide support also take
place at elevated temperatures”. The current state-of-the-art reac-
tor designs that attempt to mitigate these problems have focused on
increasingly complex catalyst morphologies'*~"?, plasma-assisted reac-
tors”>*!, noble metal catalysts* or electrochemical routes*** that have
so far proven to be cost prohibitive for commercialization.

Molten metals and metal alloys have recently been shown to
be highly effective catalysts and heat-transfer media for methane

D ry reforming of methane (DRM) is a well-studied reaction

pyrolysis using bubble column reactors*=. In this process, meth-
ane is decomposed into hydrogen and a low-density solid carbon
by-product that floats on the surface of the melt, circumventing
deactivation of the catalytic liquid and allowing for easy separa-
tion and removal of the carbon. Molten salt catalysts in bubble col-
umn reactors have also been proposed previously for the DRM?'~%,
including designs that feed excess methane. However, in these cases,
the temperatures for reaction were limited to <800°C, effectively
limiting methane pyrolysis and the H,:CO ratio to less than 1:1
(ref. **). Molten nitrate’® and molten carbonate® salts, which
offer chemical looping possibilities, face stability issues well
below methane pyrolysis temperatures®. Molten metals do not
have these limitations.

Here we propose a process for syngas production from methane
and CO, that is not affected by coking or sintering and allows con-
trol of the H,:CO ratio in the syngas that is produced to directly suit
the needs of various downstream processes. We use a molten metal
catalyst in a bubble column reactor to avoid coking and sintering,
operating at high temperatures so that dry reforming and methane
pyrolysis take place simultaneously.

There are three advantages of this scheme. First, the H,:CO
product ratio can be controlled by varying the CH,:CO, feed ratio.
In particular, when using a 2:1 CH,:CO, ratio, the process pro-
duces a valuable syngas with high conversion and selectivity in a
2:1 H,:CO ratio, which is immediately suitable for methanol syn-
thesis and Fischer-Tropsch production of higher hydrocarbons. In
the current implementation 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. Second, the process makes syngas by consum-
ing CO,, unlike SMR, which produces CO,. Third, the solid carbon
produced by the reaction floats to the surface of the melt where it
can be removed. Each gas bubble in the bubble reactor is in contact
with a carbon-free molten catalyst surface; as such, there is neither
coking nor coarsening. In addition, the solid carbon co-product
may be valuable for use in electrodes, material additives or activated
carbons. If the amount of carbon produced would be too large to be
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Fig. 1| Calculated equilibrium compositions of DRM at 1atm.
ab, A 2:1CH,:CO, molar ratio versus temperature (a) and Tmol of CO, at
1,000 °C with differing initial moles of CH, (b).

absorbed by the existing carbon markets, the carbon can be safely
stored indefinitely at low cost, unlike the CO, produced by SMR.

We report calculations that identify In (among other metals) to
be thermodynamically suitable for the proposed reaction scheme.
We facilitate combined methane dry reforming and pyrolysis in a
65:35mol% Ni:In molten metal bubble column reactor. We achieve
a syngas product ratio that is >1:1 H,:CO with a 2:1 CH;CO, feed
ratio. We demonstrate the tunability of the desired syngas ratio by
adjusting the CH,:CO, feed ratio, reaction temperature and bubble
residence time.

Results

Thermodynamic analysis. Thermodynamic calculations were per-
formed using the online FactSage thermochemical databases” to
determine the equilibrium composition as a function of the tem-
perature and CH,:CO, feed ratio (Fig. 1); we also examined the
possibility that CO, might react with a metal species in the mol-
ten catalyst to form metal oxides. We found that certain oxides (for
example, indium oxide) are not stable at equilibrium in the pres-
ence of methane and we therefore do not have to include them in
the reaction network for equilibrium calculations; however, the
metal oxides can form as intermediates when the reaction is run
at steady state.

The results of the equilibrium calculations are shown in Fig. 1.
Running these reactions at 1,000°C, in excess of methane (that
is, CH;:CO,=2:1, in Fig. 1a) and at atmospheric pressure is very
favourable thermodynamically: CH, and CO, are completely con-
verted and no water is present in the product. Figure 1b shows the
benefit of using CH, in excess: CH, and CO, are completely con-
verted, there is no water if equilibrium is reached and the H,:CO
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Fig. 2 | A summary of thermodynamic properties of eligible metal
candidates for participation in a CH,/CO, redox cycle for DRM.

a,b, Criteria include: the metal carbide is unstable (a), the metal can be
oxidized by CO, to all of the possible oxidation states (b) and all of the
possible metal oxides can be reduced by CH, (¢). Each thermodynamic
criterion is met if the corresponding AG,.,on is less than +20 k) mol™ at
1,080°C.

product ratio can be increased at will by increasing the amount
of CH,. Hydrogen is produced by the simultaneous occurrence of
the DRM and methane pyrolysis. Oyama et al. pointed out that the
DRM is not competitive with SMR because the reverse water-gas
shift reaction consumes the hydrogen in the feed to form water™.
Fig. 1a shows that this is not the case under the equilibrium condi-
tions proposed here. Increasing the pressure does result in lower
conversions of CH, and CO, and an increased amount of H,0O
present at equilibrium (Supplementary Fig. 2), but it is less H,O
compared to equilibrium compositions of the 1:1CH.:CO, feeds
explored previously”. All of the experiments presented here were
carried out at one atmosphere or less.

Thermodynamic calculations are also helpful for the selection of
the molten metal catalyst. Assuming that the oxidation of the metal
by CO, and the reduction of the metal oxide by CH, are part of the
reaction mechanism, the metal(s) in the melt ought to satisfy three
criteria at the desired operating temperature of 1,000-1,100°C: (1)
CO, must be able to oxidize one (or both) metals, (2) CH, must be
able to reduce the metal oxide species formed and (3) the metals
should not form stable carbides under the reaction conditions. The
precipitation of metal carbide out of the melt would cause metal
loss, which is not acceptable economically.

Thermodynamic calculations were used to find which met-
als satisfy these criteria. The results are summarized as a ternary
Venn diagram in Fig. 2. The metals that satisfy these three criteria
(namely, Sn, Zn, Fe, W, Ga, In, Mn and Cr) are the ones in the over-
lapping region of the three circles. It is worth highlighting that Fe, W,
Mn and Cr normally form stable carbides under these conditions,
but satisfy our criteria because CO, can react with the carbides to
regenerate the metal (and form CO). The results were obtained by
equilibrium calculations of reactions (i)-(iii) (shown in the figure).
It is assumed that the thermodynamics of these reactions when the
metal is in an alloy is the same as when the metals are pure.

A further criterion is that the metal or metal alloy should be mol-
ten at the reaction temperature. This is obviously not the case for
pure W, Fe, Mn or Cr; however, these metals can be used as a molten
catalyst in alloys with metals that have lower melting temperatures,
such as alkali metals, alkaline earths metals, Zn, Cd, Hg, Al, Ga, In,
Sn, T1, Sn, Pb, Bi, Se or Te. Other factors can limit the use of some
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Fig. 3 | The differential reactor performance using ~0.39 cm? of a 65:35mol% Ni:In molten metal alloy. a, The rate of CO, or CH, consumption versus
[CO,] or [CH,] at 1,050 °C. The linearity of the plots confirms that the reaction order is one. b, Arrhenius plots for CO, and CH,. ¢, Catalytic reduction-
oxidation cycling at 1,050 °C; 5 sccm of CO, is used for the oxidation (O) steps and 5sccm of CH, is used for the reduction (R) steps. Argon is used to
purge the system between steps. Error bars represent the s.d. between three trials.

of these solvent metals; for example, Cd and Tl are toxic, and alkali
metals, alkaline earth metals, Mg, Zn, Te, and even Pb have high
vapour pressures and thus can be used in a reflux column where the
vapour might be catalytically active, a possibility that has not been
investigated here.

Methane can easily reduce the oxides of the metals that are com-
monly used as catalysts in methane chemistry (Ni, Pt, Rh, Ru and
so on), but these metals do not reduce CO, under the conditions
(see Fig. 2). Aluminium, La and metals of groups 1 and 2 form
stable oxides that are not reduced by methane at the desired reac-
tion temperatures. Although this analysis is the same for the mul-
tiple oxidation states of some metals, V and Mo meet or fail certain
criteria depending on the specific oxidization state that forms; for
example, Mo conditionally passes this analysis for MoO,, but not
MoO,. Group 5 transition metals (V, Nb and Ta) have favourable
redox properties, but form stable carbides. Iron and Mn also form
carbides, but these can be oxidized by CO, to recover the metal.
Overall, based on thermodynamic and practical constraints, Fe, Sn,
In, Ga and Mn are promising candidates.

Molten metal alloy catalyst selection. Based on the thermody-
namic analysis presented above, a preliminary screening of molten
metal alloy candidates was performed in a bubble column reactor
with a residence time of ~1s at 1,080°C, and with a stoichiometric
feed of 2:1 CH,:CO, (Supplementary Fig. 3 and Supplementary Note
1). Alloy compositions were chosen to be at the solubility limit of the
high-melting metal in the low-melting metal at 925°C; 65:35mol%
Ni:In had the highest CH, and CO, conversions of 44% and 81%,
respectively, and will be the focus of this manuscript. Manganese-
based melts may be of interest in future works as Mn is cheap and
earth-abundant.
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Differential reactor measurements. A differential reactor with a
controlled catalytic liquid surface area was used to measure kinetic
parameters (for example, reaction orders and effective activation
energies; Supplementary Figure 5 and Supplementary Note 2), as
has been described in previous in-house works***. These kinetic
parameters were measured independently for CH, and CO, on a
clean 65:35mol% Ni:In surface. The reaction order was found to be
one in both cases (Fig. 3a). The measured CO, activation energy is
91+11kJmol™ and the measured CH, effective activation energy
is 322 +22kJmol™ (Fig. 3b). This measured activation barrier for
CH, is convoluted with the gas-phase activation energy of 360-
420kJ mol™ (Supplementary Fig. 6); therefore, the activation energy
of CH, on a 65:35mol% Ni:In surface is <322 kJ mol ™.

We cycled passing CO, and CH, through the differential reac-
tor (Fig. 3c) to confirm that the proposed redox catalytic cycle
involving a metal oxide intermediate (that is, In,O;) contributes
to the observed activity in the 65:35mol% Ni:In melt. First, CO,
was passed through the reactor in oxidation step 1 (O1, Fig. 3¢) and
CO formation was observed, indicating the formation of a metal
oxide (that is, In,0,). No CO, conversion was observed in the same
reactor without the molten metal alloy present (Supplementary
Fig. 6). Methane was then passed through the reactor in reduction
step 1 (R1, Fig. 3¢c) and oxidized products (that is, CO, CO, and
H,O) were initially observed, signalling the reduction of the metal
oxide. Carbon dioxide was passed through once again in oxida-
tion step 2 (02, Fig. 3¢) and an accelerated rate of CO production
(and CO, consumption) was initially observed, which was attrib-
uted to the reverse Boudouard reaction between CO, and the solid
carbon (or solubilized carbon) produced from methane pyrolysis
in the previous step (R1). The rate of CO production in oxidation
step 2 decreases as the carbon is consumed. A similar behaviour is
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Fig. 4 | The DRM in a 65:35 mol% Ni:In molten metal bubble column reactor for a 2:1CH,:CO, feed at 1,080 °C and 0.4 atm methane over time.
a,b, Reactant fractional conversions and product selectivities (@) and the fraction of C or O species accumulated versus time (b). The fraction of
accumulated species is defined as the moles of species accumulated divided by the total moles of that species consumed from the reactant feed. The total

reactor pressure was 1atm.

observed in oxidation step 3 (O3, Fig. 3¢), which is three times lon-
ger than oxidation step 2 to demonstrate that more oxidized prod-
ucts are produced in the subsequent reduction step, R3.

These experimental observations and mechanistic implications
are consistent with the works by Otsuka et al., who explored the
production of CO from CO, and H, from H,O via an In,0;-In,
reduction—oxidation cycle**. Specifically, CO, was demonstrated
to be a successful oxidant for liquid In metal* and, although never
experimentally explored, methane was acknowledged as a potential
reductant for In,0, as well .

Bubble column reactor performance. The differential reactor
set-up described herein allowed for more reliable kinetic measure-
ments; however, a molten metal bubble column is advantageous to
achieve higher reactant conversions without deactivation due to the
formation of solids (for example, metal oxides or carbon). A cata-
lyst stability test was therefore performed for a 2:1 CH,:CO, feed at
1,080°C over the course of 17h in a 65:35mol% Ni:In bubble col-
umn (Fig. 4). The conversion of both CH, and of CO, increased
gradually for the first 10h and then levelled off for the next 7h at
56 +2% molar conversion of CH, and 95+2% for CO, (Fig. 4a).
We have determined the oxygen retention (that is, the difference
between the oxygen mass in the effluent and the oxygen mass in
the intake) in the melt from the oxygen mass balance (see Fig. 4b).
As expected, the retention is largest initially, decays with time and
levels off to zero after ~9h. This levelling happens because the rate
of In,O; production becomes equal to that of In,0O; consumption
and the indium oxide concentration reaches a steady state, at which
point no net oxygen is retained.

The selectivity to CO increases over the initial 9-h period
from 0.78 to 0.9+0.02, presumably because CO is produced
from CO, reacting with carbon via the reverse Boudouard
reaction (CO,+C—2CO; Supplementary Note 3) and CH,
reacting with indium oxide (CH,+1/3In,0,— CO +2H,+2/3In),
leading to both carbon and oxide accumulation in the system.
The selectivity to H, increases rapidly and levels off at 1.0+0.02
after a short time (Fig. 4a).

Measurements of the dependence of the reaction products on the
CH,:CO, inlet feed ratio, temperature and residence time for the
65:35mol% Ni:In melt are shown in Fig. 5. It is clear that the H,:CO
ratio decreases as more CO, is introduced into the feed (Fig. 5a).
For CH,:CO, feed ratios at or below 4:2, the H,:CO syngas ratio is
larger than 1, even for incomplete conversions of both CH, and CO,
(Fig. 5a). It is important to note the appreciable CH, conversion that
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is observed for a pure methane feed (Fig. 5d); this activity is neces-
sary to produce H,-rich syngas product streams at longer residence
times when the CO, is fully consumed.

The selectivity to H, is ~1 with pure methane and minimally
depends on the introduction of CO,. The H, selectivity was
observed to be 0.97 at a feed composition of 1:1 CH,:CO, (4:4, Fig.
5a); we attribute the high H, selectivity to rapid reduction of water at
these reaction conditions by CH,, C and/or In (Supplementary Note
4). The selectivity to CO is poor at high CH,:CO, feed ratios due to
a dominance of solid carbon over CO as the final product; CO selec-
tivity increases when there is more CO, in the feed due to promo-
tion of the reverse Boudouard reaction (Fig. 5a). Furthermore, more
CO is produced from the reduction of In,0, by CH, at larger CO,
feed compositions, as demonstrated by the increase in CH, conver-
sion (Fig. 5d).

The CO selectivity increases as the temperature is decreased
below 1,080°C, suggesting that the formation of CO is kineti-
cally favoured over C and In,O;. The H,:CO syngas product ratio
decreases while still maintaining a selectivity to H, of 1 for a
2:1CH,:CO, feed ratio (Fig. 5b). The overall production rate of syn-
gas decreases with decreasing temperature, visualized as a decrease
in the conversions of CH, and CO, (Fig. 5e).

The residence time and temperature dependencies of the DRM
performance in the Ni-In melt are similar (Fig. 5¢,f). The bubble rise
velocity was estimated to be ~15cms™, resulting in a residence time
of ~0.9s at the maximum depth of 13.5cm. The results presented
for a depth of 0cm are collected when the inlet tube is situated just
above the melt surface; the low conversions of CH, and CO, of 9%
and 16% (Fig. 5f), respectively, are from surface and headspace reac-
tions, confirming that reactions in the molten alloy are responsible
for most of the observed activity at longer residence times.

Carbon characterization. After cooling, solid carbon is easily
removed from the surface of the solidified melt. Unlike the loose
graphitic powder that Upham and colleagues reported collecting
from the surface of a 27:73 mol% Ni:Bi alloy after hours of methane
pyrolysis®, the carbon collected after hours of combined DRM and
methane pyrolysis with 65:35mol% Ni:In alloy had microscale poly-
crystalline structures (Fig. 6a).

Despite heterogeneity in the large-scale morphologies of the
carbon structures, the small-scale individual building units appear
to be homogenous. These nanometre-scale carbon crystallite
units, for example, constitute the tips of the carbon brush-like
structures (Fig. 6b). The D/G ratio >2 and G position between
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Fig. 6 | Characterization of carbon collected from the surface of a 65:35 mol% Ni:In solidified alloy after DRM. a, A micrograph showing bouquet
of polycrystalline carbon brushes. b, An enlarged micrograph of carbon brush tips with individual carbon crystallite building units visible. ¢, A Raman
spectrum of carbon with a D/G ratio of ~3.24. The D and G bands highlighted correspond to edge (that is, disordered) carbon domains and graphitic

domains, respectively.

1,580-1,600 cm™ observed in the carbon’s Raman spectrum (Fig. 6¢)
is characteristic of sp* nanocrystalline graphite***’. Graphitic car-
bons are more resistant to oxidation and gasification than less-
ordered carbon morphologies*. The carbon species gasified to CO
via the reverse Boudouard reaction are therefore probably inter-
mediate and/or amorphous carbons that are formed from methane
decomposition, whereas the graphitic species accumulate at the sur-
face of the bubble column.

Conclusions

The coupling of methane dry reforming with catalytic methane
pyrolysis in a molten metal bubble column reactor overcomes the
limitations of traditional DRM solid catalysts; namely, deactivation
by coking, metal sintering at high temperatures and syngas product
ratios that are limited to a ratio of 1:1H,:CO. The syngas product
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ratio can be easily controlled in the process described here by varying
the inlet feed ratio of CH,:CO,, temperature and gas residence time.

The process developed in this work may be particularly useful
for conversion of high-CO,-content natural gas feedstocks that can-
not be processed via conventional steam reforming, as well as pro-
cessing biogas from various sources. It may also be used to convert
the CO, produced by various industrial processes to useful chemi-
cals, making these processes carbon-neutral and avoiding the need
for sequestration.

Methods

Molten alloy preparation and DRM experimentation. Bulk metals were
purchased as individual millimetre shots (>99.9% purity) from Sigma-Aldrich and
Fisher Scientific for all of the experiments. Gases from Airgas tanks were delivered
to the system by MKS 1179 mass flow controllers; 6A ceramic fibre furnaces from
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Watlow were used to heat the reactors. The outlet of the reactor was attached to
Teflon lines wrapped in heating tape kept above 120°C. A heated glass capillary
tube sampled from the product stream and fed to an online, 300 AMU residual gas
analyser (quadrupole mass spectrometer) from Stanford Research Systems.

Metal shots were weighed and loaded into 12 mm outside diameter (OD),

10 mm interior diameter (ID) quartz reactors for the bubble column experiments.
The loaded reactor was situated in the ceramic furnace with 30 sccm of argon and
5sccm of hydrogen purging the headspace. The ceramic furnace was heated to well
above the melting point of the desired alloy and further metal shots were added

to increase the liquid metal height to ~14 cm. The quartz reactor was sealed with
ground glass ball-and-socket joints; 5sccm of hydrogen and 5sccm of argon were
bubbled up through the bottom of the melt using a 3mm OD, 2mm ID quartz
inlet tube to reduce any metal oxide species and ensure that the alloy was well
mixed. The total bubbling flowrate during experiments was 10 sccm; the methane
flowrate was 4 sccm (supplemented with argon or CO, where noted). Details of the
experimental set-up are shown in Supplementary Fig. 3.

Small ceramic crucibles (Cs Ceramic, 8 mm OD, 5mm height) were filled with
desired metal compositions and melted in a large tube furnace under a mixed
hydrogen and argon flow (7 sccm hydrogen and 40 sccm argon) for the differential
reactor experiments. Single crucibles were then loaded into the bottom of a small
quartz reactor (12mm OD, 10 mm ID). A quartz inlet tube (8 mm OD, 1 mm ID)
was inserted into the reactor with the outlet of the inlet tube situated just above
the surface of the crucible. The calculated melt surface area was ~0.39 cm? Details
of the experimental set-up are shown in Supplementary Fig. 5. Initially, 2.5 sccm
of argon and 2.5 sccm of hydrogen were flowed while the reactor was heated to
1,000°C or 1,100 °C to reduce any metal oxides. The reactor was purged with
2.5sccm of argon when no hydrogen conversion was observed. For the rate order
determination (results shown in Fig. 3a), the reaction temperature was 950 °C and
the concentrations of CO, or CH, were adjusted by supplementing the feed with
argon; the total flowrate was always 10 sccm. The temperature was altered between
950 and 1050 °C for the Arrhenius plot determination (shown in Fig. 3b). For CO,,
the flowrate was 5sccm of CO, and no argon was used. For CH,, 5sccm of CH, and
5sccm of argon was used. Details of the kinetic calculations for these experiments
are described in Supplementary Note 2.

Reactor performance evaluation metrics.

moles H, produced

Hyd Selectivity (Sp,) = 1
ydrogen Selectivity (Si,) 2x moles CH, consumed )
moles CO produced
CO Selectivity (S, = 2
electivity (Sco) moles CH4 consumed + moles CO, consumed @)
les of O produced as In,O
Fraction of O accumulated = T o> O 2 Procucec as mts (3)

2x moles CO, consumed

moles of solid C produced

Fraction of C accumulated =
moles CH, consumed + moles CO, consumed

©

Carbon characterization. Scanning electron micrographs are taken on a FEI
Nova Nano 650 SEM, equipped with an EDT detector. Images were taken at an
accelerating voltage of 5kV at multiple magnifications. Samples were adhered to
titanium SEM stages with adhesive copper tape and sputter coated with Au-Pd to
ensure conductivity and prevent charging. Raman spectra were obtained from a
Horiba LabRAM ARAMIS equipped with a 633 nm laser.

Data availability
The data that support the plots within this paper and other findings of this study
are available from the corresponding author on reasonable request.
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