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ABSTRACT: Mixtures of molten iron−sodium-potassium chloride
salts are found to be catalytic for methane pyrolysis. In a differential
bubble column reactor, the apparent activation energy of the molten salt
decreases from 301 kJ/mol for the eutectic NaCl-KCl to 171 kJ/mol for
3 wt % of iron-added as FeCl3. The solid carbon produced in the iron-
containing salt mixture has a graphitic structure which is distinct from
the more disordered carbon produced in the iron-free eutectic,
suggesting a different solid carbon formation pathway. Results from
H−D exchange investigations are consistent with a different reaction
pathway for methane pyrolysis in the iron-containing NaCl-KCl melt
than in the melt without Fe. The activity of the salt mixture was stable
for over 50 h, producing molecular hydrogen and separable solid
carbon. It is likely that the activity is due to the presence of Fe in molecular ions stabilized in the NaCl-KCl melt that facilitate the
C−H bond activation in methane.
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1. INTRODUCTION

Approximately 50 million tons of hydrogen are produced
annually for use as a critical feedstock for producing chemicals
and fuels. Today, most industrial hydrogen is produced by
reforming methane and other hydrocarbons with steam (CH4
+ 2H2O → 4H2 + CO2), generating annually more than 300
million tons of CO2. A cost-effective means of producing
hydrogen without generating CO2 would improve the
sustainability of the chemical industry and make possible the
future use of hydrogen as a CO2-free fuel.1−4

Although renewable sources of hydrogen for use as a fuel
have long been investigated, none have been cost competitive
with steam methane reforming (SMR) in the absence of a tax
or negative cost assigned to the produced CO2. If minimization
of CO2 is a priority and economically incentivized, methane
can also be decomposed into molecular hydrogen and solid
carbon by “pyrolysis” (CH4 → C + 2H2). Pyrolysis produces
less hydrogen per methane molecule than SMR; however, the
endothermic reaction (ΔHo = 37.5 kJ/mol H2) requires
approximately the same energy as SMR per unit H2 produced
(ΔHo = 41.3 kJ/mol H2). Only if there were to be a cost
associated with carbon dioxide generation and/or if the solid
carbon produced could be economically removed from the
reactor and had commercial value, then methane pyrolysis
using abundant natural gas could be a cost-effective process for
hydrogen production during the inevitable future transition to
an energy economy independent of increasingly scarce fossil

fuels.5−7 Even if there is little demand for the coproduced
carbon from pyrolysis, it can be stored for the long-term at far
lower cost than sequestration of gas-phase CO2.
Thermal decomposition of methane in the gas phase without

a catalyst proceeds by way of homogeneous C−H bond
cleavage and subsequent CH3 radical generation at high
temperatures. C2+ hydrocarbons are generated by the reaction
between CH3 radicals and other hydrocarbon intermedi-
ates.8−10 Without a catalyst, at temperatures under 1100 °C,
the reaction rates are slow and the selectivity to hydrogen is
limited; there is relatively high selectivity to hydrocarbon
intermediates such as ethylene, acetylene, and aromatics.10−13

Methane pyrolysis on solid catalysts, such as Ni and other
transition metals, has been widely studied.14−16 On solid
catalyst surfaces, methane can undergo rapid dissociative
chemisorption and subsequent dehydrogenations and C−C
bond formation with adjacent intermediates. Further oligome-
rization of carbon species on the solid catalyst eventually forms
immobile coke which deactivates the surface of the solid
catalyst.17 To regenerate the activity of solid catalysts, the solid
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carbon is gasified18−21 by oxidation, which gives rise to
undesirable CO2 emission.
By reacting methane in high-temperature liquids, it has been

shown that hydrogen can be produced together with solid
carbon that is separable from the liquid. Methane pyrolysis on
a catalytic gas−liquid interface in a bubble column reactor does
not deactivate like solid catalysts because the active surface of
the liquid is continuously renewed as the gas passes through
the melt.22 In a bubble column system, the produced solid
carbon accumulates and is readily recovered by solid−liquid
separations.
High-temperature molten metals and salts have been utilized

for pyrolysis of biomass and hydrocarbons.23,24 Several molten
metal systems which are stable at the elevated temperature
have been examined for methane pyrolysis.25−30 Molten metal
alloys of bismuth have been shown to be active catalysts for
pyrolysis, including Bi−Ni29 and Bi−Cu.30 These molten
alloys continuously produced separable carbon in the melt
without deactivation. Molten salts have also been used for
pyrolysis of C2+ hydrocarbons.31,32 Less work has been done
investigating molten salts for methane pyrolysis33 because few
salts are thought to be active and stable at the high
temperatures required for the activation of the strong C−H
bond in methane.
Simple alkali halide salts such as NaCl are stable under the

high-temperature reducing conditions of methane pyrolysis;
however, they are wide band gap insulating liquids with no
significant activity for methane activation.33,34 We have
recently shown that addition of Mn salts to alkali halides
gives rise to salt mixtures active for methane pyrolysis.33

Mn(II) is thermodynamically stable in the presence of
methane and hydrogen at high temperatures; however, many
transition metal ions are not.35,36 At approximately 50 mol %
Mn(II) chloride in KCl, the tetrahedrally coordinated Lewis
acidic (MnCl4)

− molecular ion is stabilized, which we
speculated was responsible for the methane activation. Most
common pure transition metal halide salts including those of
Ni, Co, Cu, and Fe are known to possess Lewis acidity;
however, they are readily reduced at high temperature in
hydrogen or methane. Iron chlorides are generally expected to
be reduced to Fe0 at high temperatures in the presence of
hydrogen and/or methane. In mixtures of alkali chloride salts,
many Lewis acid metal halide salts including Fe(III) chloride
are known to form more stable molecular ion coordination
complexes.37−39 In particular, tetrahedrally coordinated
(FeCl4)

− was identified in mixed Group IA alkali chlorides.40

We investigated the reactivity for methane pyrolysis and
stability of iron in mixtures of sodium chloride (NaCl) and
potassium chloride (KCl), where we anticipate molecular ions
including (FeCl4)

− will be formed. Whereas the eutectic NaCl-
KCl melt is a poor catalyst for methane pyrolysis, we observe
that mixtures of iron(III) chloride (FeCl3), NaCl, and KCl
formed stable molten salts at high temperature that have high
activity for pyrolysis. There have been few works exploring the
stability and catalytic functionality of FeCl3 and its molecular
ions in salt mixtures at elevated temperature (>600 °C). Iron
chloride salts have a relatively low toxicity and can be obtained
in large quantities at lower costs than other melts which have
been reported as molten catalysts for methane pyrolysis.29,33

The following questions are addressed in this Article: (1) What
are the kinetic parameters for methane pyrolysis in a bubble
column reactor with molten NaCl-KCl and how do they
change with increasing Fe content? (2) Is the activity for

pyrolysis in the melt mixture stable? (3) What is the reaction
mechanism for methane pyrolysis in the iron-containing melts?
(4) What are properties of the solid carbon product produced
in the iron-containing melt mixture?

2. EXPERIMENTAL SECTION
2.1. Preparation of Iron-Containing Eutectic NaCl-KCl

Melts. Several salt mixtures were prepared from iron(III)
chloride hexahydrate (FeCl3·6H2O, Sigma-Aldrich, ≥ 99.8%),
sodium chloride (NaCl, Sigma-Aldrich, ≥ 99.0%), and
potassium chloride (KCl, Sigma-Aldrich, ≥ 99.0%). The
molar ratio of NaCl to KCl was fixed at the eutectic: 1.02,
which is labeled as NaKCl. FeCl3·6H2O was added such that
the final iron weight percentages were 1%, 3%, 5%, and 7%.
The solid salts were mechanically mixed and then dehydrated
under Ar flow at 110 °C for a minimum of 24 h. For melting
the salts, the temperature was increased slowly (less than 0.2
°C/min) until the mixture was melted, approximately 660 °C.
After melting, the molten salt was sparged with hydrogen 10%
vol in argon for 12 h. As prepared, the molten salts were
transparent, with a brownish color visible with increasing iron
content.

2.2. Methane Pyrolysis Kinetics in a Differential
Molten Salt Bubble Column. The experimental setup to
measure activity and kinetic parameters of molten salts in a
bubble column has been described previously (Figure 1).33 In

bubble columns at relatively low inlet flow rates and short
residence times, pyrolysis can be assumed to occur
isothermally and isobarically in individual noncoalescing
bubbles modeled as a constant pressure batch reactor with
an approximately constant surface to volume ratio. The quartz
tube reactor with a 2.5 cm inside diameter was filled to 12.5 cm
(61.3 mL) with the molten salt and mounted in a furnace such
that a 25 cm length was heated and maintained at constant

Figure 1. Experimental setup for a bubble column reactor system.
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temperature. The reactant gas mixture was injected into the
melt through a quartz capillary tube (i.d. = 0.2 cm) open 1 cm
from the bottom of the melt. The bubble residence time in the
melt was approximately 0.5 s with the bubble rise velocity of
∼23 cm/sec. Under these conditions at low methane
conversions, the relationship between the apparent first-order
reaction rate constant and the conversion in the bubble
column is given by X ≈ kτ. From the conversion and the
known residence time, the rate constant is determined. From
an Arrhenius plot of conversions measured at several different
temperatures, an apparent activation energy and pre-
exponential factor can be determined.
Density and surface tension measurements were calculated

using the maximum bubbling pressure method. Time-depend-
ent pressure traces of the inlet gas passing through the injector
tube were measured for different depths into the melt.
Custom-made, tapered 1/4 in. quartz injector tubes with
inner tip diameters of ∼1.5 mm were used for these
measurements (see Figure S1 in SI). The total pressure is
expressed as a combination of the hydrostatic pressure and the
surface tension forces according to the Young−Laplace
equation:

P t P gd
R t

( )
2
( )atm ρ σ= + +

The total pressure is inversely proportional with the radius of
curvature of the bubble (R). Therefore, the total pressure
reaches a maximum pressure, PMAX, when the radius of
curvature is minimized (i.e., when the radius of curvature is
equal to the radius of the injector tube, RTUBE):

P P gd
R
2

MAX atm
TUBE

ρ σ= + +

The maximum pressure at each depth (d) is plotted versus
depth (Figure S1d) on a linear scale. The surface tension (σ) is
calculated from the y-intercept, as the atmospheric pressure
(Patm) and injector tube radius are known. The density (ρ) is
calculated from the slope, as the gravitational constant (g) is
known.
In situ bubble sizes were estimated from the periodicity of

the same pressure trace used for the above measurements. The
frequency of the bubble generation was determined, and the
volume of the bubbles was calculated using the known
volumetric flow rate of the inlet gas.

The empty space of the reactor above the melt surface was
swept with 50 sccm of inert Ar gas to minimize any gas-phase
reactions in the headspace. The gas mixtures leaving the
reactor were analyzed using a HP 5890 Series II gas
chromatograph equipped with 5 Å molecular sieve packed
column. The deuterated methane products from hydrogen−
deuterium exchange in mixtures of CH4 and D2 was monitored
using a residual gas analyzer mass spectrometer (Stanford
Research Systems, RGA 200).
Because the bubble rise velocity is a function of the bubble

size, it is approximately constant at various flow rates.33 The
bubble size was estimated from the pressure measurement of
the capillary quartz tube where the reactant gas is introduced
(Figure S2). The diameter of the bubble in Fe(3%)/NaKCl is
approximately 10% smaller than that in NaKCl because of the
marginally higher density and lower surface tension of
Fe(3%)/NaKCl. The bubble size increases slightly with
increasing bubbling gas flow rate in all melts studied. The
variation in bubble size at a given flow rate does not change
significantly with different flow rates in any of the melts studied
(less than 10% of standard deviation).
The gas flow rate for measurements of activity was selected.

There are two stages for reaction in the melt: (1) during
bubble formation at the tip of the capillary tube and (2) during
the bubble rise through the melt. The time required to grow a
bubble depends on the gas flow rate. However, once the
bubble forms and detaches at the tip of the tube, the bubble
rises at a constant velocity independent of flow rate until the
gas holdup exceeds 5−10%. At very slow flow rates, the bubble
growth at the tube tip is longer than its rise time in the column,
and methane conversion can be significant. Therefore, a
relatively high flow rate is used to ensure methane conversion
occurs predominately in the rising bubble with the bubble
growth time negligible compared with the bubble rise time
(Figure S3).

2.3. Salt and Carbon Characterization. In situ analysis
of the molten salt is difficult at the operating temperature of
1000 °C and beyond the scope of our current investigations.
Therefore, structural characteristics of the molten salt were
inferred from the solid salt after rapidly quenching the melt.
Using a small diameter (∼1 cm) quartz tube to facilitate the
heat transfer, the hot molten salt was rapidly cooled in liquid
nitrogen under flowing Ar. The resultant solid salt was

Figure 2. Catalytic activity of Fe/NaKCls for methane pyrolysis: 20 sccm of reactant gas (CH4:Ar = 50:50 vol %) and 50 sccm of sweep gas (100
vol % of Ar). (a) Methane conversion versus temperature. (b) Arrhenius plots for methane consumption rate measured in differential reactor.
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collected and maintained under Ar to prevent the adsorption
of water prior to spectroscopic characterization.
The solid carbon formed from methane pyrolysis was

collected on the top of the molten salt. After the melt was
cooled, the resultant solid contained both carbon and salt
residue. The carbon was washed in warm water (80 °C), and
the solid carbon was recovered by filtration. The washing-
filtering process was repeated 10 times. The final solid carbon
cake was dried at 100 °C for 24 h.
2.4. Characterization of Quenched Salt and Carbon

Product. X-ray diffraction (XRD) measurements were made
on a Panalytical Empyrean diffractometer with copper Kα
source to examine the crystalline structure of the quenched
solid salt and carbon product. The reflection angle, 2θ, was
varied from 10 to 90°. Raman spectra of solid carbon product
were collected using a LabRAM Aramis (Horiba Jobin Yvon)
with a 633 nm laser. Raman spectra of the quenched molten
salt samples were collected using a Horiba Jobin Yvon T64000
open-frame confocal microscope with a 488 nm laser.
Quenched molten samples were sealed between two glass
slides in order to load them into the spectrometer without
further exposure to air. Scanning electron microscopy (SEM)
was performed using an FEI XL30 Sirion FEG Digital
Scanning Electron Microscope. Elemental mapping was carried
out with an energy dispersive X-ray spectrometer (EDX)
operated at 20 keV. Transmission electron microscopy (TEM)
was conducted using a FEI Titan 80−300 TEM.

3. RESULTS AND DISCUSSION
3.1. Activity and Stability of Iron-Containing Molten

Salt for Methane Pyrolysis. The methane conversions as a
function of temperature (700 to 1050 °C) in bubble columns
containing different mixtures of molten Fe/NaKCl are shown
in Figure 2a. In the absence of iron chloride, the methane
conversion of the eutectic NaKCl is low and similar to pure
KCl which is relatively inactive.33 Conversion in these
unreactive salts is attributed to gas-phase reactions inside the
bubble. With the addition of iron(III) chloride into NaKCl, the
conversion increases significantly as the concentration
increases from 1 to 3 wt % of Fe in the NaKCl host salt.
The conversion does not continue to increase further when
additional iron salt is added beyond 3 wt % Fe. We suspect that
this is due to saturation of the stable soluble iron species
discussed below.
Methane conversions with different flow rates were

measured in Fe(3%)/NaKCl and NaKCl melts at 1000 °C
(Figure S3). Methane conversion decreases with increasing
flow rates from 5 to 20 sccm as the reaction time in the
growing bubble is long compared with the reaction during the
bubble rise time. At flow rates at and above 20 sccm (the value
used for our kinetics measurement), the conversion is
independent of flow rate reflecting the time of bubble growth
is fast compared with the rise time.
Arrhenius plots constructed using the differential methane

conversions are shown in Figure 2b. The reaction kinetic
parameters are determined for the different iron concentrations
in the Fe/NaKCl melts and listed in Table 1. While the
apparent activation energy of NaKCl is relatively high, it
decreases substantially with the addition of iron(III) chloride
into NaKCl. However, the apparent activation energy reaches
approximately a minimum at Fe(3%)/NaKCl (171 kJ/mol)
and does not significantly decrease further as the amount of
iron in NaKCl is increased. The apparent activation energy for

pyrolysis on Fe(3%)/NaKCl is compared with that of the
previously reported solid41−44 and molten catalysts in Table 2.

Among molten catalysts that have been reported to produce
separable carbon products, Fe(3%)/NaKCl has the second
lowest apparent activation energy, and it approaches that of
solid catalysts.
When iron is added to NaKCl, the pre-exponential factor of

the apparent first-order rate constant sharply decreases
together with the apparent activation energy. This observation
is consistent with the high gas-phase collision rate (pre-
exponential) of the uncatalyzed, gas-phase, reaction in the
inactive NaKCl where the transition state energy barrier is
high, changing in the presence of a catalytic iron species at the
gas−liquid interface. When the iron is present, the apparent
activation energy is reduced; however, because the salt surface
area offers only limited access to reactive sites, the pre-
exponential is much smaller and partially compensates for the
decrease in the apparent activation energy (Table 1). The gas-
surface collision frequency for the molten salt (liquid) is much
lower than the gas-phase collision frequency. As the major
reaction pathway shifts from the high collision frequency, high
barrier, gas phase for NaKCl, to the lower collision frequency,
lower barrier, active liquid surface for Fe/NaKCl, the pre-
exponential factor of the melt decreases due to the decreased
collision rate with the liquid surface compared with the high
gas-phase collision rate.
From the comparison of activities of different iron-

containing molten salts, it can be surmised that the active
sites for methane pyrolysis with the apparent activation energy
of approximately 171 kJ/mol are formed when iron chloride is
added to the NaKCl. Increasing Fe to approximately 3 wt %
iron gives rise to increasing activity; however, further increases
in Fe do not give rise to further increases in activity. We
suspect that only in relatively dilute mixtures are the iron(III)
species stabilized against reduction by surrounding alkali
halides and that above 3 wt % the iron can be reduced and

Table 1. Reaction Kinetic Parameters of Fe/NaKCl’s for
Methane Pyrolysis

Fe
(wt %)

apparent
activity
energy
(kJ/mol)

pre-exponential factor
(s−1)

rate constant
at 1000 °C

(s−1) R2

0 301 ± 7 6.5 × 1010−2.8 × 1011 0.056−0.066 0.9836
1 178 ± 5 7.0 × 105−2.0 × 106 0.055−0.062 0.9779
3 171 ± 5 5.7 × 105−1.8 × 106 0.088−0.099 0.9620
5 171 ± 5 6.3 × 105−1.7 × 106 0.097−0.102 0.9718
7 167 ± 8 1.2 × 105−6.2 × 105 0.105−0.120 0.9852

Table 2. Catalytic Activities of Different Catalysts

samples
apparent activity energy

(kJ/mol) catalysts

Fe(3%)/NaKCl 171 ± 5 molten salt
molten MnCl2(50)-KCl(50)

33 153 ± 16 molten salt
molten Ni(27)−Bi(73)29 208 molten alloy
molten Bi29 310 molten alloy
gas phase41 422 noncatalytic

reaction
Ni/SiO2

42 96.1 solid
activated carbon43 200 solid
carbon black44 172−222 solid
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would likely aggregate into larger insoluble metallic iron
particles.
Previous work has established the presence of stable iron (II

or III) chloride in NaKCl melts at elevated temperatures under
reducing conditions. The reduction reaction of iron chloride
into Fe0 is reversible and diffusion controlled.39 HCl could be
produced when iron chloride is reduced by hydrogen or
methane in a bubble column. The produced HCl is possibly
dissolved in the melt mixture and stabilized as HCl + FeCl3 →
H+(FeCl4)

− or it can react with Fe0 to produce iron chloride
again. The stability of the iron chloride is increased by forming
the (FeCl4)

− tetrahedrally coordinated anionic complex in the
NaKCl.37,38 In the case of Fe(3%)/NaKCl, although a fraction
of the iron chloride may be reduced to Fe0, there will always be
iron(III) chloride present even in a reducing environment
(e.g., with hydrogen and methane). The presence of stable iron
chloride in the melt is discussed further below.
In order to confirm the presence of a solubilized iron

compound, hydrodynamic parameters (i.e., density and surface
tension) were measured for the neat NaKCl melt and a 3 wt %
FeCl3/NaKCl melt (post reduction in 5% H2 in Ar at 700 °C)
as a function of temperature (Figure 3). The density of the
Fe(3%)/NaKCl is minimally greater than the neat salt (Figure
3a). This small increase is expected, as iron-containing
compounds (e.g., Fe(0), FeCl2, and FeCl3) have a markedly
higher density than NaKCl, but are only present in a small
quantity (i.e., 3 wt %).
The surface tension of the Fe(3%)/NaKCl is ∼5% lower

than the neat salt at all temperatures (Figure 3b). The lowering
of the surface tension suggests both that (1) a new compound
has formed upon the addition and partial reduction of FeCl3 in
NaKCl; and (2) that new compound is present at the gas−
liquid interface. Point (2) is particularly important when
considering the catalytic capabilities of high-temperature
liquids, because reactant gases only interact with the surface
liquid layers, which can differ from the bulk significantly.30

Both iron particles and iron-containing molecular complexes
are expected to preferentially segregate to the gas−liquid
interface upon formation.45−48 However, particles typically
increase the surface tension,45−47 while ionic complexes
typically decrease the surface tension.48 Therefore, the
lowering of the surface tension observed in Figure 3b suggests
that the FeCl3 additive has complexed with the NaKCl
constituents, rather than being fully reduced to Fe(0) particles.
The activities of Fe(3%)/NaKCl and NaKCl were measured

over continuous runs of 50 h at 1000 °C, Figure 4. Although

the complexation of FeCl3 with NaKCl significantly suppressed
the vapor pressure of FeCl3, a small amount of solid
condensate was observed on the reactor outlet at 1000 °C.
However, most vaporized salt mixtures were recondensed into
the melt phase by being cooled in the headspace of the bubble
column reactor. In the Fe(3%)/NaKCl, mixture, the methane
conversion increases from 8% to 9.5% for the first 10 h and
then remains stable. In NaKCl, the methane conversion
increases from 3.5% to 4.5% for the first 5 h and then stabilizes.
The initial increase of the methane conversion in both cases
might be attributed to the initial accumulation of solid carbon
product in the melts which increases the viscosity of the melt
and decreases the bubble residence time by decreasing the
bubble rise velocity. After the initial period, further increases in
carbon accumulate at the top of the melt effectively
establishing a saturation solid carbon concentration in the
melt systems. For a continuous run of 50 h, the methane
conversion of Fe(3%)/NaKCl remains higher than that of
NaKCl. Assuming 50% of the activity is from the 3 wt % Fe in
the Fe(3%)/NaKCl salt, this represents 2.5 mol of carbon
produced per mole of Fe present in the salt.

3.2. Quenched Salt Characterization. X-ray diffraction
data obtained from the quenched Fe(3%)/NaKCl and NaKCl
are shown in Figure 5a. Sharp diffraction peaks from NaCl and
KCl are clearly observed in both quenched molten salts.
Several unique broad peaks are observed in the quenched
Fe(3%)/NaKCl; their intensities are relatively low compared
with the NaCl and KCl peaks. Although not definitive, the

Figure 3. Density (a) and surface tension (b) of NaKCl and Fe(3%)/NaKCl molten salt mixtures versus temperature.

Figure 4. Methane conversion over 50 h of continuous run: reaction
temperature = 1000 °C, 20 sccm of reactant gas (100 vol % of CH4),
and 50 sccm of sweep gas (100 vol % of Ar).
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reflections are consistent with iron−sodium-potassium chlor-
ide complexes such as K3Na[FeCl6]. Although without in situ
XRD analysis, no definitive statement can be made, and several
iron ionic complexes are thought to be formed in the molten
alkali chlorides.37,38 Further, molten NaKCl is transparent and
colorless, while Fe(3%)/NaKCl has a brownish color (Figure
S4). The brownish color of Fe(3%)/NaKCl is consistent with
the presence of an iron−sodium-potassium chloride complex
or/and well-dispersed iron particles in the melt.35 There is no
XRD evidence of a reflection of metallic iron, which suggests
that the amount of the metallic iron is negligible or any
particles are too small to have detectable reflections.
The Raman spectrum of the solid Fe(3%)/NaKCl after

rapidly quenching the molten salt (black curve, Figure 5b) has
characteristic peaks at low wavenumbers (∼170 cm−1 and
∼240 cm−1) in comparison to neat NaKCl (red curve, Figure
5b) and FeCl3 physically mixed and ground together with
NaKCl and then dried at 150 °C overnight (blue curve, Figure
5b). The neat NaKCl has no vibrational features in the region
of interest, while FeCl3 physically mixed has characteristic
peaks at low wavenumbers (∼300 cm−1 and ∼330 cm−1) with
weak features at ∼173 cm−1 and ∼220 cm−1. These modes
may be attributed to FeCl3 structures and/or iron oxides
present in the raw salt. Many similar iron chloride ion
derivatives are reported to have vibrational modes in the 100−
350 cm−1 range.49,50 For examples, 148 and 331 cm−1 for
NaFeCl4 and 141, 159, and 339 cm−1 for KFeCl4,

49 in these
mixtures the tetrahedrally coordinated (FeCl4)

− complex is
thought to be stabilized.40 Octahedrally coordinated (FeCl6)

3−

has been observed in Cs2NaFeCl6 with a shift to lower
frequency in the primary symmetric stretching frequency from
approximately 332 cm−1 to 294 cm−1.40 There have been no
prior studies with mixtures of the eutectic alkali halide with
Fe(III) chloride, and it is not possible at this point to make
specific peak assignments with confidence. Nonetheless, by
comparison with assignments for the (FeCl4)

− in Cs2NaFeCl6,
we can tentatively suggest the 170 and 240 cm−1 vibrations
may represent breathing modes of the octahedral (FeCl6)

3−

which forms upon cooling as the 4-fold coordination of
(FeCl4)

− present in the dilute melt converts to the 6-fold
coordination of the solid (FeCl6)

3−.40 In the eutectic NaClKCl
mixture, it is not surprising that the vibrational spectra are
different from those obtained from previously studied

mixtures. Comparing Raman spectra from the flash-frozen
Fe(3%)/NaKCl sample and the mechanical mixture of FeCl3
with NaKCl shows no shared vibrational bands and supports
the existence of distinct molecular ion complexes formed in
mixtures of FeCl3 with KCl and NaCl upon melting and
reducing with 5% hydrogen.
The product selectivities for methane pyrolysis were

measured at 1000 °C in both Fe(3%)/NaKCl and NaKCl.
During the selectivity measurement using a residual gas
analyzer mass spectrometer, the methane conversion was set
to 4% in both melts by adjusting the bubble residence time.
While NaKCl shows 89.2% hydrogen selectivity with 8.9% C2
and 1.9% C6+ hydrocarbon selectivities, an increased 92.4%
hydrogen selectivity is observed with 6.7% C2 and 0.9% C6+
hydrocarbon selectivities in Fe(3%)/NaKCl.
The composition of deuterated products from the H−D

exchange in mixture of CH4 and D2 was analyzed at different
temperatures (Figure 6). The molar ratio of D2 and CH4 was

kept at 4 with the total flow rate of 20 sccm. The overall
methane conversions are adjusted to 10% at 800 °C, 20% at
850 °C, and 50% at 900 °C in both Fe(3%)/NaKCl and
NaKCl melts by adjusting the bubble residence time. At a
relatively low temperature (i.e., 800 °C), CHD3 is the major
deuterated product in Fe(3%)/NaKCl, while the composition

Figure 5. (a) X-ray diffraction patterns and (b) Raman spectra from samples of quenched molten salt and mechanically mixed Fe(3%)/NaKCl and
NaKCl.

Figure 6. Composition of deuterated methane products from H−D
exchange: 20 sccm of CH4-D2 mixture gas (CH4:D2 = 20:80 vol %)
and 30 sccm of sweep gas (100 vol % of Ar).
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of deuterated products in NaKCl follows the sequential
dehydrogenation expected in the absence of any catalyst
(CH3D > CH2D2 > CHD3 > CD4).

51 At temperatures >850
°C, the noncatalytic gas-phase D−H exchange becomes
dominant compared with the catalytic gas-surface D−H
exchange, and the CH3D concentration increases in Fe(3%)/
NaKCl. However, the concentration of CHD3 produced in
Fe(3%)/NaKCl is still higher than that from NaKCl. It has
been reported that methane is fully dehydrogenated on
metallic iron surfaces,16 resulting in CD4 as being the major
product in H−D exchange between CH4 and D2. The fact that
the composition of deuterated products in Fe(3%)/NaKCl is
different from what one expects to see in the gas phase or on
solid iron surfaces implies that there is a distinct reaction
mechanism in the Fe(3%)/NaKCl system. When considering
the presence of iron−sodium−potassium chloride complexes

in the melt, it is likely that methane is further dehydrogenated
to CH or CH2 in association with iron−sodium−potassium
chloride complexes, but not fully dehydrogenated. The CH or
CH2 moieties may be oligomerized to increase the hydrogen
selectivity and create the crystalline carbon structure further
discussed below. In contrast, CH3 radical is mainly formed in
NaKCl, then C2+ hydrocarbons are formed from noncatalytic
gas-phase reactions.

3.3. Characterization of Solid Carbon. Scanning
electron micrographs showing the morphology of the carbon
product collected from a 50 h continuous run in Fe(3%)/
NaKCl after washing are shown in Figure S5a and b. There are
two different solid carbon structures observed: (1) sheet-like
structures (Figure S5a) and (2) ball-like structures (Figure
S5b). This is because of two different reaction mechanisms in
Fe(3%)/NaKCl at 1000 °C: catalytic methane pyrolysis on

Figure 7. TEM images of carbon produced from Fe(3%)/NaKCl (a−c) and NaKCl (d−f).
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ionic complexes and noncatalytic gas-phase pyrolysis. In
carbon obtained after 50 h of pyrolysis in NaKCl (Figure
S5c), the same ball-like structures are observed; however, there
are no observable regions with the sheet-like solid material.
Elemental mapping shows that an iron signal is diffusely

dispersed everywhere on the carbon product. There are almost
no aggregated iron particles identifiable in Figure S5a,b,
suggesting that the major active species for methane pyrolysis
in Fe(3%)/NaKCl are not associated with aggregated iron
particles.
TEM images of carbon produced from Fe(3%)/NaKCl and

NaKCl are compared in Figure 7. As in the SEM images
(Figure S5), the morphology of carbon collected from
Fe(3%)/NaKCl (Figure 7a) has two different structures:
ball-like carbon (Figure 7b) and sheet-like carbon (Figure 7c).
Also consistent with the SEM, TEM images of carbon
produced from NaKCl show only the ball-like structures
(Figure 7d−f). The electron diffraction patterns of the two
different carbon structures produced in the Fe(3%)/NaKCl are
shown in Figure 8. Multiple diffraction rings with polycrystal-
line structure are observed in the sheet-like carbon product,
consistent with a graphitic structured carbon (Figure 8b). A
diffraction pattern with delocalized rings consistent with
amorphous carbon was obtained from the ball-like structures
(Figure 8a), which matched that obtained from carbon
produced in the NaKCl melt (Figure 8c,d).
High-angle annular dark field scanning TEM (HAADF-

STEM) images of carbon produced from Fe(3%)/NaKCl are
shown in Figure S6. Few aggregated iron particles whose sizes
are larger than 100 nm are observed in Figure S6a,b, but they

are fully encapsulated by carbon product and would likely be
inactive. Any solid iron particles present from reduction might
be initially active; however, they would deactivate quickly as
they were encapsulated with carbon. Further, iron nano-
particles are known to grow carbon nanofibers from methane−
none were observed. The observed trace numbers of large iron
particles are not thought to be responsible for the high and
long-term catalytic activity of Fe(3%)/NaKCl. Bright features
are present along the edge of the sheet-like carbon (Figure
S6c). These electron dense objects could come from iron−
sodium−potassium chloride complexes and be responsible for
the formation of graphitic sheet-like carbon. Even in a mixed
amorphous−crystalline structure of the carbon product (Figure
S6d), the bright signal is stronger along the small graphitic
layer than is observed from the amorphous structure.
The average crystallinity of carbon produced from Fe(3%)/

NaKCl and NaKCl was measured with Raman (Figure S7) and
XRD (Figure S8). In the Raman spectra, the D (1350 cm−1)
and G (1585 cm−1) bands are attributed to defected carbon
and an sp2 carbon crystalline network, respectively.52 A
relatively small intensity ratio of the D and G bands, I(D)/
I(G), indicates a greater degree of graphitization in the carbon.
The observed I(D)/I(G) ratio of the carbon product from the
NaKCl is approximately 1.53, consistent with an amorphous
structure, while carbon produced in Fe(3%)/NaKCl had a
I(D)/I(G) of approximately 0.53 indicative of a highly
graphitic structure. The X-ray diffraction spectra from the
carbon produced in Fe(3%)/NaKCl contained a sharp
graphite peak, in further support of a reaction pathway

Figure 8. HRTEM images and diffraction rings (insets) of carbon produced from Fe(3%)/NaKCl (a and b) and NaKCl (c and d).
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generating crystalline carbon. No such graphite diffraction peak
was observed from the carbon product of pyrolysis in NaKCl.
The elemental composition of the carbon produced from

Fe(3%)/NaKCl and NaKCl was measured with EDX (Table
3). The purity of carbon is over 90 atomic % from both salts;
however, the carbon from Fe(3%)/NaKCl has detectable iron
present.

4. CONCLUSIONS
The addition of 3% by weight of Fe(III) chloride to the
eutectic molten salt mixture NaCl-KCl increased the activity of
the melt for methane pyrolysis in a bubble column. The
apparent activation energy for pyrolysis decreased with
increased FeCl3 from 301 kJ/mol (0% Fe) to 171 kJ/mol
(3% by weight Fe) while the pre-exponential of the apparent
first-order rate constant decreased, consistent with a transition
from a gas-phase collision-based reaction pathway to a surface
mediated catalytic process. Further, the H−D exchange from
mixtures of CH4 and D2 in Fe/NaKCl showed relatively large
amounts of CHD3 and CH2D2 where formed, distinct from
observations in NaKCl and consistent with catalytic dis-
sociative chemisorption of methane on active sites with
methylene intermediates formed. Pyrolysis in the Fe/NaKCl
melt produced a carbon with a sheet-like graphitic structure,
which is distinct from the amorphous carbon produced from
gas-phase methane pyrolysis and unlike carbon nanotubes that
are typically formed on solid iron particles. Although iron
contamination was present in the carbon, it was present
primarily as diffusely distributed with the NaKCl consistent
with the presence of homogeneously distributed FeCl3.
Methane pyrolysis in the iron-containing salt mixtures was
observed to be stable for at least 50 h without deactivation. No
metallic iron was observed in the rapidly cooled Fe/NaKCl
melts by X-ray diffraction while reflections consistent with the
presence of iron−sodium-potassium crystalline forms was
observed. Raman spectroscopy supported the presence of an
Fe(III) molecular ion in the solid salt. Although we do not yet
have direct in situ evidence for a stable iron-containing
molecular ion at reaction temperatures under reducing
conditions, we speculate that such a complex is present and
is responsible for the observed activity for C−H bond
activation and deep dehydrogenation of methane and the
formation of graphitic carbon at the liquid−gas interface.
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