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Methane Pyrolysis Analysis: Thermodynamic approach for carbon black Production
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ABSTRACT
Methane pyrolysis has emerged as a sustainable route for producing turquoise hydrogen and carbon black (CB) without direct CO2 emissions. While the thermodynamics of methane decomposition into graphite are well established, there is a lack of specific thermodynamic properties for CB. Utilizing graphite properties to model CB production often leads to significant overestimations of process efficiency (Marquardt et al., 2020). CB presents nanometric morphology and higher surface energy than graphite, which distinguishes their thermodynamic stabilities (Wang et al., 2003). The lack of specific thermodynamic data for CB species hinders accurate techno-economic evaluations. Therefore, this work proposes a computational thermodynamic approach to estimate the equilibrium conversion and the standard heat of reaction for specific CB grades (N100, N339, N990), comparing their energetic penalties against graphite.
The equilibrium state was determined by minimizing the total Gibbs energy of the system under isobaric (1 bar) and isothermal conditions (650 – 1300 K). The standard Gibbs energy of the gaseous species (CH4, H2) and graphite were calculated using Shomate equations with coefficients from the NIST database (Chase & National Institute of Standards and Technology (U.S.), 1998). The Gibbs energy for the different CB grades was estimated by incorporating the surface energy contribution to the material's bulk phase energy, as shown in equation 1, where  is the radius () of the primary particle,  is the energy of surface (,  is the specific area (),  is the molar mass () and  is the density () of carbon (Amdur et al., 2014). The heat of reaction was evaluated for each carbon product.
	
	(1)


The computational model was validated against literature data (Marquardt et al., 2020) for graphite and coke formation. The model exhibited statistical agreement, yielding R² values greater than 0.996. For N100, N339 and N990 CB the model predicted a maximum deviation of methane conversion, compared to graphite, of -22.62, -14.88 and -1.39 percentual points, respectvly, at 873 K. The average deviation of methane conversion, across the temperature range, was 7.94, 5.11 and 0.46 percentual points, respectvly, for each CB grade. The standard heat of reaction calculations indicated an average energy penalty of +4.52 kJ/mol for N100 compared to graphite. N339 and N990 required an additional +2.91 kJ/mol and +0.26 kJ/mol, respectively. These results quantitatively demonstrate that generic graphite thermodynamic assumptions fail to capture the energy demands of industrial CB production.
This study enables the modeling of CB production via methane pyrolysis, providing the necessary framework to account for its thermodynamic behavior. The results demonstrated that smaller primary particles (e.g., N100) significantly lower the equilibrium conversion (up to -22.62%) and increase the heat of reaction (+4.52 kJ/mol). Incorporating morphology-specific thermodynamic estimations is crucial for the precise modeling, reactor design, and techno-economic analysis of sustainable carbon black processes.
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