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Carbon-based nanomaterials and its application

Types of Carbon ] [

Market of carbon black

Nanographite

Multiwalled
carbon nanotube

==

Single-walled
carbon nanotube

Carbon black
nanoparticle

Industrial
Rubber

Market Breakdown by Application (by $ value) Tires Industrial Rubber

‘ Inks 2%
‘ Plastics

| m\‘
"&

High end 3%

=

~82.7 bn/yr

Specialty

"® 4 W =

~$0.2 bn/yr

~$1.2 bnlyr ~$0.3 bn/yr

Fullerene

o

;2 ingle-walled
arbon nanohorn

Market of CNTs

* 0

Nanodiamond

Fullerene

MWNT Graphene
€60
sp? _
A =
= s=="~ =l =7
=——— ;ésézé :l 4:///71;_‘)_;> é)//{//*
= ==="—== iz ==/
=— E——=="o—s S\wyv ?.";S\‘
=== S=_g=c =Ny

(1) Fulcheri, Laurent, et al. , International Journal of Hydrogen Energy 48.8 (2023): 2920-2928. (2)

(3) Veeman, Dhinakaran, et al. Journal of Nanomaterials 2021.1 (2021): 5840645. (4) Yuan, Xia, et al., Particle and fibre toxicology 16 (2019): 1-27.

Global Carbon Nanotubes Market Size, By Product, 2021 -2032 (USD Billion)

20.7% CAGR between 2023 and 2032

3.6
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H Single-Wall Carbon Nanotubes

M Multi-Wall Carbon Nabnotubes

Source: www.gminsights.com
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https://www.gminsights.com/industry-analysis/carbon-nanotubes-market

Case study: Carbon black synthesis and CO, footprint

Process Scenarios : Furnace black process

* Conventional carbon black production emits approximately 3.50 kg CO, per kg of carbon black.
* Relies on fossil fuels, leading to high CO, emissions and other pollutants (CO, SOx, NOx,
particulate matter).
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https://www.ipcc-nggip.iges.or.jp/EFDB/find_ef.php?ipcc_code=2.B.8.f&ipcc_level=3

Biomethane: CO,-free fuel and source to prepare the carbon material
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What is biomethane pyrolysis: Process and Products?

Methane pyrolysis: It is a process that to split methane (CH,) into
hydrogen (H,) and solid carbon in absence of oxygen.
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(A) Gas-phase chemical pathway of methane pyrolysis from methane (CH,) to
H, and C,H,.

(B) The normalized net reaction rate of the most effective reactions at
temperatures of 800, 900, 1000, 1100, and 1200°C.

(1) Salakhi, Mehdi, Francisco Cepeda, and Murray J. Thomson. , International Journal of Hydrogen Energy 77 (2024): 997-1008.,
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The formation of carbon (37 aromatic rings) is carried
out by a combination of C2 gases and hydrogen

abstraction @ mechanisms, depending on the
temperature and the use of a catalyst
[ Probable gaseous products ]

H, (Hydrogen), C,H, (Actylene) C,H, (Ethylene)
C,H¢ (Ethane) C;H, (Propylene)
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Technologies for Biomethane Pyrolysis: Carbon and Hydrogen Production

Breaking C-H bonds requires overcoming an energy barrier (75.6 kj/mol,

which makes overall process endothermic (Requirement of high energy
input).

kj
CH, +75.6 » C,+2H,
mol
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pyrolysis pyrolysis pyrolysis pyrolysis pyrolysis pyrolysis
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Energy is provided by high-temperature heating with or without a catalyst.
The use of a catalyst or plasma activation reduces the temperature requiret

(1) Patlolla, Shashank Reddy, et al. ,Renewable and Sustainable Energy Reviews 181 (2023): 113323. (2) Abdnades, Alberto. Production of hydrogen from renewable resources (2015): 149-177.
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Carbon Black Synthesis by Microwave Plasma Methane Pyrolysis
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(1) Kreuznacht, Simon, et al. ,Plasma Processes and Polymers 20.1 (2023): 2200132..

presence of defects in the sp? lattice.

 Thermal analysis shows that carbon from MPT
exhibits superior thermal oxidation stability, with
the highest mass loss occurring at 658°C, which is
comparable to acetylene black.
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CNT by Methane Pyrolysis in fluidized-bed reactor

10 cycles of semi-continuous CNT growth o 2.5% H,O/Ar CNT dislodging
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(1) Sun, Eddie, et al. "A semi-continuous process for co-production of CO2-free hydrogen and carbon nanotubes via methane pyrolysis." Cell Reports Physical Science 4.4 (2023). }Jgt';%i'éitft



Economic and Industrial Viability of Biomethane Pyrolysis

[ Energy required for 1000 kg of H, ]

HYDROGEN PRODUCTION PATHWAYS

(at 100% efficiency)

Heat: 5.7 MWh

Methane: 1989 kg SMR +
WGS
Water: 4468 kg
Electricity: 39.4 MWh
Electrolysis

Water: 8936 kg
Heat: 5.2 MWh

Methane

Pyrolysis
Methane: 3978 kg

CO2: 5457 kg

Hydrogen: 1000 kg

Oxygen: 7936 kg

Hydrogen: 1000 kg

Hydrogen: 1000 kg

C n: 2978 kg

13.2% in comparison to H,O electrolysis

[ Hydrogen Production Technology Comparison

cost of H, GHG emissions energy
H, production technology reactor type catalyst ($/kg) (kg of CO, equiv/kg of H,) source key cost factors
SMR without CCS PFR Ni-based 0.7-2.1 119 natural gas  natural gas price
SMR with CCS PFR Ni-based 1.40—3.60 154 natural gas  natural gas price, CCS
technology cost
electrolysis (PEM) polymer electrolyte no catalyst 3.56-7.7 349 electricity  electricity price,
membrane equipment cost
electrolysis (alkaline) alkaline electrolyzer no catalyst 32-538 3.40 electricity ~ electricity price,
equipment cost
electrolysis (SOEC) solid oxide no catalyst 9.6 6.91 electricity  electricity price,
electrolysis cell equipment cost
gasification (coal/ gasifier (FBR) no catalyst 1.9-2.6 23 (coal); 4.0 (biomass)  coal/ raw material price,
biomass) without CCS biomass equipment cost
MP (thermal) PFR no catalyst 0.50-2.14 0.50—1.10 natural gas  high energy input,
carbon market
MP (molten salt) LMBC KCl-MnCl, 1.80 0.82—8.13 natural gas  salt cost, carbon
market
MP (molten media) LMBC Ni—Bi metal 1.70 0.76—2.58 natural gas  media cost, carbon
and salt market
MP (solid catalyst) FBR Fe-based 3.20—3.50 1.63—16.34 natural gas  catalyst cost, carbon
market
MP (molten metal) hot cyclone reactor Zn-based 3.40 1.18—11.76 natural gas  Zn cost, carbon
market
MP (molten Ga) LMBC gallium-based 2.20 0.70—2.20 natural gas  gallium cost, carbon
market
MP (plasma) plasma reactor no catalyst 3.9 1.64 electricity  electricity price

Thermal Plasma: Hydrogen cost is 27-68% lower than SMR + CCS.

Microwave Plasma: Hydrogen cost is 6.1% higher than SMR + CCS.

» By offsetting the cost of produced carbon black, the cost of hydrogen could reach as low as $0.1-50.9 per kg, potentially achieving negative
CO, emissions if renewable energy is used.
U.S. Department of Energy has set a goal to produce GHG-free hydrogen at $1/kg by 2030.

(1) Pangestu, Muhamad Reda Galih, et al. ,Energy & Fuels (2024). (2) Sun, Eddie, et al. ,Cell Reports Physical Science 4.4 (2023).
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Challenges, Future Directions and conclusion

Challenges for methane pyrolysis I Future direction
Carbon Quality: Achieving consistent carbon quality while * Reactor Design Designing reactor to ensure uniform temperature
maintaining high hydrogen yield remains a significant challenge. distribution and efficient energy delivery is crucial for enhancing
Catalyst Recycling: Ensuring the long-term activity and stability of  carbon quality and hydrogen yield.
catalysts is a critical hurdle. e Catalyst Optimization: Further research is required to make more

C2-C4 Hydrocarbon Purification: Methane pyrolysis produces C2-C4 effective and recyclable catalysts, such as iron (Fe), to improve long-
hydrocarbons as byproducts, which require thorough purification to ~ term performance and cost-effectiveness.

obtain pure hydrogen * Enhancing hydrogen selectivity: By refining reactor design and
Biogas Impurities: Complete removal of impurities from biogas is optimizing pyrolysis conditions (tailored to the specific reactor
essential. configuration) can decrease the C2-C4 production and increase the

hydrogen yield.

Conclusion

Biomethane pyrolysis is one of the most promising routes to produce CO,-free hydrogen at a cost lower than $1/kg, with the

technology already at TRL 8.
Improving carbon quality is crucial for the commercialization of methane pyrolysis, which will further drive down hydrogen

production costs below $1/kg.
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(1) Prabowo, Justin, et al. ,Carbon (2023): 118507. (2) Pangestu, Muhamad Reda Galih, et al. ,Energy & Fuels (2024). (3) Sun, Eddie, et al. ,Cell Reports Physical Science 4.4 (2023).
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Question?

“To know how to wonder and question is the first
step of the mind toward discovery.”

-Louis Pasteur

This project has received funding from the European Union’s Horizon Europe Research and
Innovation Programme under grant agreement No. 101069931 (ColdSpark). This output reflects
only the author’s view and the European Union cannot be held responsible for any use that may be
made of the information contained therein.
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