Molten-Salt Methane Pyrolysis
Optimization Through in-situ
Carbon Characterization and
Reactor Design

Binary Chloride Salts as
Catalysts for Methane to
Hydrogen and Graphitic Powder

Fabrication & demonstration of a high
temperature, high pressure molten salt
methane pyrolysis reactor.

Production and continuous removal of graphitic
powder from a molten salt methane pyrolysis
reactor.

Total project cost:
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Lab & Setup
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Objectives for ARPA-E Project
‣ Demonstrate in-situ spectroscopic measurements of carbon formation under
methane pyrolysis reaction conditions.

‣ Design and construct a 10 liter methane pyrolysis molten salt reactor with:
–
–
–
–
–

≥ 70% CH4 conversion
≥ 90% H2 selectivity
≥ 5 mol H2/ m3 s
≤ 2.5% wt salt in carbon product
High Pressure (≥ 5 bar)
Begin Project
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2020
G/NG: Demonstration
of 10 liter reactor at
atmospheric pressure

2021
Final Goal:
Demonstration of 10 liter
reactor at high pressure
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Objectives for H2@Scale Project
‣ Demonstration of stable, active, binary chloride melt system:
– ≥ 90% H2 selectivity
– Graphitic carbon product that has properties favorable for battery anodes and
additives

‣ Design and construct a carbon removal system capable of:
– High Temperature (1000 C)
– Continuous carbon removal (≥ 24 hours)
– High Pressure (≥ 10 bar)

2020

Begin Project
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G/NG: Demonstration of
carbon removal system
at atmospheric pressure

2021
Final Goal: Demonstration
of carbon removal system
at high pressure
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Liquid Catalysts: Molten Metals
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‣ Liquid metal catalysts showed very high activity for methane pyrolysis
‣ Ab initio molecular dynamics calculations support activation of host (BiàBi+) by the electrophile (NiàNi-)
‣ Carbon purity and catalyst recovery costs were identified as technical and economic challenges
December 8, 2019
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Liquid Catalysts: Simple Salts
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‣ Monovalent salts have similar activities and produce similar disordered carbon
‣ Experiments in excellent agreement with gas-phase, radical mediated kinetic pathway
December 8, 2019

7

steady state was reached after 5 h and the activity more than d
while still remaining well below that of the mixture MnCl2(67)-K
In pure KCl the carbon produced in the KCl melt intermixes w
salt forming a slurry. The increase of conversion in the ﬁrst 5 h
due to the accumulation of suspended carbon in the melt resultin

‣

the total collision rate in the gas phase.
It was previously reported that a molten MnCl2-KCl mixture, contains two predominant molecular ions, MnCl42− and MnCl64-, and their
relative ratios in the melt changes with composition [32–37]. For
MnCl2 molar fractions greater than 0.67, the concentration of MnCl42−
decreases and so does the activity of the melt [33]. Excess molar volume and conductivity also showed the singular point at 67:33 mol %
mixture of KCl:MnCl2 [32]. One is tempted to suggest that MnCl42− is
more active catalytically than MnCl64-. However, CH4 is not highly
soluble in the melt and catalysis is controlled by the surface concentration, which is not known.
MnCl
Residence
time
~ 1ashigh vapor pressure (0.13 atm at 1000 °C) which is
2 has
comparable to the partial pressure of the methane at the inlet (0.5 atm).
It is diﬃcult to determine whether the MnCl2 vapor is important or not.
When the bubble ﬁrst enters the reactor, it contains no MnCl2 vapor and
it has the maximum methane partial pressure. When the bubble exits
the melt, it has much less CH4 and some accumulated vapor produced
by evaporation. Since we don’t know the evaporation rate, it is diﬃcult
to estimate the concentration of methane and of MnCl2 in the bubble, as
the bubble travels through the melt. In addition, there is vapor in the
space
above the
melt, even
though
this is high
purgedcatalytic
with Ar. With
the data for
Certain
binary
chloride
salts
show
activity

‣
‣

– Prolonged catalytic activity demonstrated (>24 hours)
Activity of MnCl2-KCl correlates to tetrahedrally coordinated MnCl42- molecular ion
Surface mediated deep dehydrogenation demonstrated by isotope exchange

Liquid Catalysts: Binary Salts

December 8, 2019

Fig. 3. CH4 conversion over 30 h of continuous running for the 12.5-cm
MnCl2(67)-KCl(33) and KCl(100) bubble columns at 1050 ℃: reactant
sccm (100 mol%
of CH4), sweep gas =50 sccm (100 mol% of Ar).
methane
pyrolysis

Applied Catalysis B: Environmental 254 (2019) 659–666
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Liquid Catalysts: Binary Salts
MnCl2-KCl

Fig. 6. (a) XRD patterns and (b) Raman spectra of carbon fr

KCl

xtracted from MnCl2(67)-KCl(33) (a and b) and KCl(100) (e and f) with the insets showing the diﬀraction
rings.
images
Fig. 7.
(a)HRTEM
H2 and
(b) of
C2+
)-KCl(33) (c and d) and KCl(100) (g and h).

hydrocarbon selectivities of the CH4 pyrolysis in the molte
methane%conversion
of CH4), sweep gas =50 sccm (100 mol% of Ar) (CH4 conversion was 30% in bot

‣ High hydrogen selectivity (>98%) at 40%
‣ Graphitization of carbonfrom
in MnCl
significantly
higher compared to KCl
2-KClgas
a predominately
phase uncatalyzed reaction in the KCl melt to
plex ions.

reaction catalyzed
the melt
surface or vapor
due to conversion
the presence of in the molten MnCl -KCl mixture was highest in a
– Indicative of carbonaformation
onby the
catalytic
surface
methane
2
MnCl . Considering overall compensation in the observed rates between
mixture
of 67:33.
Moving Forward: Furtherdecreasing
investigation
of binary
chloride
salts
focused
on identifying melt systems that are:
activation energy
and increasing
pre-exponential
factor,
the
The melt activity is stable for at least 30 h, producing a separable
– Highly catalytic
solid carbon product due to the relatively high density of MnCl2-KCl
– Produce graphitic carbon
melt and low wettability of the carbon product by a melt. The carbon
– Low cost and non-toxic
produced was graphitic and the salt contamination can be reduced to

r of the rate constant in molten MnCl2-KCl
increasing MnCl2 up to 50 mol%, possibly
pathway within the gas bubble changes

‣

2
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less than 7 at% with water washing.
when
using
molten MnCl2-KCl suggests C2+
The 99%
H2 selectivity254
Applied Catalysis
B: Environmental
(2019)
659–666
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hydrocarbons are either not formed or are rapidly decomposed on the

Direct Visualization of Carbon Deposition on Salt Surfaces
Carbon nucleation and
growth on the surface of the
molten salt, 1000 C
10 sccm CH4

100 mm

TC

Camera
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Direct Visualization of Carbon Deposition on Salt Surfaces

Camera

Trapped Single
Bubble

‣ Insulating properties of molten salts allow for direct imaging of methane pyrolysis and carbon formation
‣ Moving Forward: Extend apparatus capabilities for in situ spectroscopic analyses of molten salt during

methane pyrolysis by Raman, IR, and UV/Vis
– Help elucidate pyrolysis mechanisms for different systems
– Allow for rational design of reaction conditions for optimized hydrogen and specific carbon production
December 8, 2019
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Reactor Modeling & Design
‣ Constructed aqueous circulating fluid
bubble column of sufficient size to
avoid wall/entrance effects.
‣ Evaluated multiple gas sparger
designs.
‣ Moving Forward: Continue building
Eulerian multiphase CFD model to
enable a verified predictive capability
for building and scaling up methane
pyrolysis bubbly flow reactor.
Construct model system with
continuous solid particulate removal
capabilities.

December 8, 2019
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Challenges and Potential Technical Partnerships
‣ Biggest challenge to date has been the generation of a clean carbon product
– Metal contamination was a major issue early on
– Moved to molten salt catalysts which have the advantage of:
• Lower catalyst cost
• Ability to tune carbon morphology
‣ Another challenge is identifying suitable materials of construction (MOC)
– Designing rapid MOC testing of several different potential materials.
‣ Looking for technical partnerships with entities that have expertise in carbon
modification and characterization

December 8, 2019
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T2M
‣ C-Zero is working on the design and commercialization
of its methane pyrolysis technology
‣ C-Zero plans to complete the full design of the
commercial reactor by 2022
‣ We are looking for partnerships/collaborations with:
– Current consumers of natural gas
– Experts in delayed cokers
– Hydrogen producers and consumers
– Refineries (especially in California)
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