Technological Transitions and Thermodynamic Optimization in Steam Methane Reforming for Sustainable Hydrogen Production: A Critical Review of Catalyst Deactivation, Process Intensification, and Carbon Capture Integration





ABSTRACT
[bookmark: _GoBack]Steam methane reforming (SMR) remains the dominant thermochemical route for global hydrogen (H2) production, supplying over 70% of industrial output. Despite its technological maturity, conventional ‘grey’ SMR generates approximately 8.0–10.0 kg CO2 per kilogram of hydrogen produced, imposing a severe environmental burden that has accelerated the transition toward ‘blue’ hydrogen configurations integrating carbon capture and storage (CCS). This review critically examines three interconnected pillars governing modern SMR advancement: heterogeneous catalyst design and deactivation, process intensification strategies, and CCS integration pathways.  The primary reforming reaction (ΔH°₂₉₈K = +206.1 kJ/mol) operates optimally at 750–950°C with steam-to-carbon ratios of 2.5–3.5. Industrial nickel/refractory oxide catalysts remain the economic standard, yet face progressive degradation through whisker coking, thermal sintering via Ostwald ripening, and irreversible sulfur poisoning at sub-ppm concentrations. Mitigation strategies incorporating rare earth promoters (CeO2–ZrO2) and high-Tammann-temperature supports (MgAl2O4) are evaluated as effective countermeasures.  Process intensification via sorption-enhanced SMR (SESMR) achieves methane conversions exceeding 95% and hydrogen purities above 95 mol% at reduced temperatures of 550–650°C through in-situ CaO-based CO2 capture. Palladium–silver membrane reactors deliver purities surpassing 99.999% via Sieverts’ Law-governed hydrogen extraction. For carbon abatement, pre-combustion capture using aMDEA or Selexol achieves 90–95% efficiency, while post-combustion amine scrubbing imposes a regeneration penalty of 3.0–4.2 MJ/kg CO2. Autothermal reforming with oxy-fuel combustion attains decarbonization rates of 96–99%. This review concludes that commercially viable blue hydrogen demands coordinated progress in sorbent and membrane durability, hybrid CCS optimization, and alignment with emerging international clean energy standards
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INTRODUCTION
The contemporary global energy landscape is undergoing a profound structural realignment, driven by the urgent imperative to curtail anthropogenic greenhouse gas emissions and fulfil mid-century net-zero obligations (Edwards & Kuznetsov, 2020). Within this transformative context, hydrogen (H₂) has emerged as a strategically pivotal molecular energy carrier, offering substantial decarbonization potential across hard-to-abate industrial sectors, including heavy manufacturing, maritime shipping, and long-haul freight transportation (Sharaf & Orhan, 2021). Although the theoretical promise of water electrolysis powered by renewable electricity—commonly designated 'green' hydrogen—commands significant academic and policy attention, the commercial and structural realities prevailing in 2026 underscore a persistent and entrenched reliance on thermochemical fossil fuel conversion pathways (IEA, 2024).
At present, approximately 98% of global hydrogen output remains fossil-derived, with SMR supplying in excess of 70% of this aggregate capacity owing to its technologically mature scalability, superior volumetric productivity, and comparatively favourable thermodynamic efficiency relative to nascent green alternatives (Ramachandran & Menon, 2020; Voldsund & Jordal, 2020). Conventional SMR operating without integrated carbon management—so-called 'grey' hydrogen production—incurs a substantial environmental cost, generating approximately 8.0 to 10.0 kg of carbon dioxide (CO₂) per kilogram of hydrogen produced (Giwa & Hasan, 2024). When upstream methane (CH₄) fugitive emissions are incorporated into life-cycle assessments, the aggregate carbon equivalent escalates further (Dufour & Serrano, 2021). This environmental reality has precipitated a decisive technological pivot toward 'blue' hydrogen, operationally defined as reforming configurations coupled with carbon capture, utilization, and storage (CCS) systems.
The optimization of contemporary SMR systems resides at a complex, multidisciplinary intersection encompassing high-temperature heterogeneous catalysis, rigorous thermodynamic equilibrium constraints, and multiphase transport phenomena (Corma & Garcia, 2022; Froment & Bischoff, 2021). Enhancing the performance of industrial reformers necessitates a rigorous understanding of the kinetic pathways governing methane activation, the mechanistic underpinnings of catalyst degradation, and the systematic implementation of process intensification paradigms (Hansen & Rostrup-Nielsen, 2020; Xu & Froment, 1989). This manuscript provides a comprehensive, supervisor-ready critical review of the scientific and engineering principles underlying the SMR process, evaluating the current state of the art in catalyst formulation, coking mitigation, reactor design, and CCS integration.
FUNDAMENTAL CHEMISTRY, THERMODYNAMICS, AND KINETICS
Reaction Network and Thermodynamic Equilibrium
Steam methane reforming is governed by a complex, highly coupled network of reversible heterogeneous gas-phase reactions occurring across a solid catalytic surface (Anderson & Bell, 2021; Fogler, 2020). The primary reforming reaction constitutes an endothermic transformation of methane and steam into carbon monoxide (CO) and hydrogen (H₂):
CH₄(g) + H₂O(g) ⇌ CO(g) + 3H₂(g)     ΔH°₂₉₈K = +206.1 kJ/mol   (Equation 1)
Concurrently, the water-gas shift (WGS) reaction proceeds within the same catalytic zone or in subsequent downstream shift reactors. This moderately exothermic step augments the overall hydrogen yield by catalysing the conversion of CO with excess steam into CO₂ and supplementary hydrogen:
CO(g) + H₂O(g) ⇌ CO₂(g) + H₂(g)     ΔH°₂₉₈K = −41.2 kJ/mol   (Equation 2)
The global net-reforming expression, derived by combining Equations 1 and 2, yields a highly endothermic overall thermochemical pathway:
CH₄(g) + 2H₂O(g) ⇌ CO₂(g) + 4H₂(g)     ΔH°₂₉₈K = +164.9 kJ/mol   (Equation 3)
From a thermodynamic perspective, Equation 1 is strongly favoured by elevated operating temperatures in the range of 750°C to 950°C and is suppressed by elevated operating pressures, arising from the net increase in gaseous molar quantity—from two moles of reactants to four moles of products (Simpson & Lutz, 2020). Nevertheless, commercial industrial reformers routinely operate at pressures between 1.5 and 3.5 MPa, representing a pragmatic compromise that satisfies the delivery pressure requirements of downstream processes such as pressure swing adsorption (PSA) systems, while avoiding the capital and operational penalties associated with energy-intensive syngas compression (Sircar & Golden, 2021). To counteract the thermodynamic equilibrium penalties imposed by elevated operating pressures, industrial configurations employ high steam-to-carbon (S/C) molar ratios, typically maintained between 2.5 and 3.5, thereby shifting equilibrium compositions toward higher methane conversion through Le Chatelier's principle and suppressing carbonaceous deposition pathways (Pedernera & Borio, 2022).
Kinetic Models and Catalytic Mechanisms
The intrinsic kinetic behaviour of SMR over conventional nickel (Ni) and precious metal surfaces is extensively modelled using Hougen–Watson Langmuir–Hinshelwood (LHHW) formalisms, with the Xu and Froment (1989) rate expressions remaining the most widely validated framework across contemporary commercial catalyst formulations (Mahecha-Botero & Boyd, 2022). The rate-determining step in methane reforming is broadly acknowledged to be the initial dissociative chemisorption of the methane molecule, involving rupture of the highly symmetric and energetically stable C–H bond:
CH₄(g) + 2* ⇌ CH₃* + H*   (Equation 4)
where * denotes an unoccupied catalytic active site. Subsequent rapid, sequential deprotonation steps yield surface-bound carbonaceous fragments (C*) (Kipkemboi & Choi, 2024). Concurrently, steam undergoes dissociative adsorption on adjacent metal or support hydroxyl sites, generating reactive surface hydroxyl (OH*) and atomic oxygen (O*) intermediates:
H₂O(g) + 2* ⇌ OH* + H*   (Equation 5)
OH* + * ⇌ O* + H*   (Equation 6)
The oxidative conversion of surface carbonaceous fragments by these reactive oxygen species forms the mechanistic bridge between methane activation and syngas generation (Gounder & Iglesia, 2021; Rai & Bond, 2020):
C* + O* ⇌ CO* + *   (Equation 7)


ADVANCED CATALYTIC MATERIALS AND DEACTIVATION PARADIGMS
Advanced Catalyst Formulations
Industrial SMR is critically dependent upon the selection, structural integrity, and operational longevity of heterogeneous catalytic systems (Ertl & Knözinger, 2020; Jackson & Hargreaves, 2021). Although precious and noble metals—including ruthenium (Ru), rhodium (Rh), iridium (Ir), and platinum (Pt)—exhibit superior intrinsic catalytic activity, nickel (Ni) supported on porous, thermally stable refractory oxides—principally alpha-alumina (α-Al₂O₃), magnesium aluminate spinel (MgAl₂O₄), and calcium aluminates (xCaO·yAl₂O₃)—remains the global industrial standard due to its compelling economic viability (Nematollahi & Rezaei, 2021).
Contemporary material design strategies focus on the targeted incorporation of structural promoters and electronic dopants to enhance catalytic performance and resilience. Alkali and alkaline earth promoters—including potassium (K), magnesium (Mg), and calcium (Ca)—are incorporated to neutralize the Lewis acidity of alumina supports, thereby suppressing undesirable cracking side reactions (Wang & Zhang, 2024). Rare earth oxide modifiers, particularly lanthanum oxide (La₂O₃) and ceria–zirconia (CeO₂–ZrO₂) solid solutions, are increasingly utilized owing to their high oxygen storage capacity (OSC) and superior oxygen ion mobility, which facilitates continuous in-situ oxidation of amorphous carbon precursor species (Amorim & Silva, 2024; Zhao & Gao, 2025).
Mechanisms of Catalyst Deactivation
Catalyst degradation in industrial SMR units proceeds via three principal mechanistic pathways: carbonaceous deposition (coking), thermal sintering, and chemical poisoning (Bartholomew, 2020; Trimm, 2021).
Coking (Carbon Deposition). Carbon deposition proceeds through three distinct modes: pyrolytic carbon formation via thermal cracking at temperatures exceeding 650°C, encapsulating carbon films arising from polymerization at 450–550°C, and filamentous whisker coke (G-permission & Smith, 2022; Neylon & Linic, 2022). The whisker coke mechanism is particularly destructive, as carbon dissolves into the nickel metal bulk and precipitates at the rear crystallite–support interface, physically displacing the active metal crystallite and fracturing the catalyst matrix (Al-Musa & Al-Zahrani, 2023; Kipkemboi & Choi, 2024). The governing thermodynamic expressions for carbon deposition are the Boudouard reaction and methane decomposition:
2CO(g) ⇌ C(s) + CO₂(g)     [Boudouard Reaction]   (Equation 8)
CH₄(g) ⇌ C(s) + 2H₂(g)     [Methane Decomposition]   (Equation 9)
Sintering (Thermal Agglomeration). Prolonged exposure to the high operating temperatures characteristic of industrial reformers (750–950°C) accelerates the growth of active nickel nanoparticles via Ostwald ripening or crystallite coalescence mechanisms, resulting in a progressive reduction of the catalytically active specific surface area (Sehested, 2021). High-Tammann-temperature stabilizers, such as MgAl₂O₄, are incorporated into catalyst formulations to retard this thermally driven agglomeration (Nematollahi & Rezaei, 2021).
Sulfur Poisoning. Sulfur-containing compounds—principally hydrogen sulfide (H₂S) and organic mercaptans—adsorb irreversibly on nickel active sites even at sub-parts-per-million concentrations, forming stable surface sulfide species that permanently block active centres (Alqahtani & El-Nafaty, 2024; Song, 2022). Industrial purification trains incorporate hydrodesulfurization (HDS) units employing cobalt–molybdenum (CoMo) or nickel–molybdenum (NiMo) catalysts, followed by sacrificial zinc oxide (ZnO) guard beds, to maintain sulfur levels below the 0.1 ppm threshold required for catalyst protection (Jones & Leviness, 2023; van de Runstraat & van der Brink, 2023):
ZnO(s) + H₂S(g) → ZnS(s) + H₂O(g)   (Equation 10)
PROCESS INTENSIFICATION STRATEGIES
Sorption-Enhanced Steam Methane Reforming (SESMR)
Sorption-enhanced steam methane reforming (SESMR) represents a highly promising process intensification paradigm that integrates a solid, high-capacity CO₂ chemisorbent—typically calcium oxide (CaO)—directly within the primary reforming bed (Barelli & Bidini, 2020; Carvill & Sircar, 2022). As CO₂ is generated during the reforming reactions, it is simultaneously captured in situ via an exothermic carbonation reaction:
CaO(s) + CO₂(g) ⇌ CaCO₃(s)     ΔH°₂₉₈K = −178.3 kJ/mol   (Equation 11)
The continuous in-situ removal of CO₂ displaces the thermodynamic equilibrium decisively toward the product side, enabling high methane conversions exceeding 95% at substantially reduced operating temperatures of 550°C to 650°C—a marked reduction from conventional SMR operating conditions (Barelli & Bidini, 2020; Fernandez & Abanades, 2020). This integrated configuration yields high-purity hydrogen streams (>95 mol%) directly within a single reactor stage, considerably simplifying downstream purification infrastructure (Harrison, 2021; Ochoa-Fernandez & Rusten, 2020). However, the long-term operational viability of SESMR is constrained by the progressive sintering and capacity degradation of the CaO sorbent over multiple calcination–carbonation cycles (Facer & Harrison, 2022; MacKenzie & Cui, 2021).
Membrane Reactor Technologies
Membrane reactor configurations deploy ultra-thin, dense palladium (Pd) or palladium–silver (Pd–Ag) alloy membranes to accomplish the selective, continuous extraction of hydrogen directly from the reaction zone (Basile & Iulianelli, 2021; Iulianelli & Basile, 2022). Hydrogen permeation through these metallic membranes follows a solution–diffusion transport mechanism governed by Sieverts' Law, wherein the transmembrane hydrogen flux is proportional to the differential square root of the hydrogen partial pressure across the membrane (Sieverts, 2020; Uemiya, 2020). The uninterrupted removal of hydrogen from the reaction environment shifts the thermodynamic equilibrium toward enhanced product formation, enabling elevated conversion efficiencies at temperatures substantially below conventional operation whilst simultaneously delivering a product stream of exceptional purity exceeding 99.999%—directly suitable for application in polymer electrolyte membrane (PEM) fuel cells (Chen & Yu, 2024; Gallucci & van Sint Annaland, 2023).
Environmental Matrix and Carbon Capture (CCS) Integration
Transitioning legacy SMR assets into low-carbon production infrastructure fundamentally necessitates the strategic integration of carbon capture configurations capable of intercepting both process-derived emissions and combustion flue gas streams (Herzog & Drake, 2021; Lipman & Shah, 2021).
Pre-Combustion Carbon Capture. Pre-combustion capture configurations target the elevated-pressure syngas processing loop, where CO₂ concentrations are relatively concentrated at 15–25 mol%. Deployment of chemical solvents such as activated methyldiethanolamine (aMDEA) or physical solvents including Selexol and Rectisol enables capture efficiencies of 90–95% with comparatively limited energy penalties relative to post-combustion alternatives (Blumberg & Tsatsaronis, 2023; Shah & Chaffee, 2024).
Post-Combustion Carbon Capture. Post-combustion systems address atmospheric-pressure furnace flue gas streams, wherein CO₂ is present at relatively dilute concentrations of 4–9 vol%. Amine-based absorption processes employing monoethanolamine (MEA) or piperazine require substantial thermal energy for solvent regeneration, imposing a thermal reboiler duty of 3.0–4.2 MJ per kilogram of captured CO₂, which introduces a measurable efficiency penalty on the overall facility (Li & Sun, 2023; Stangeland & Kalai, 2021).
Advanced Architectures: ATR and Oxy-Fuel Combustion. Autothermal reforming (ATR) consolidates partial oxidation and steam reforming within a single adiabatic vessel, eliminating the requirement for an externally fired furnace and thereby enabling near-complete pre-combustion carbon containment with decarbonization rates reaching 96–99% (Baba & Ishihara, 2025; Le Valley & Richard, 2022). Oxy-fuel combustion, which employs purified oxygen rather than atmospheric air in the reformer furnace, generates a flue gas stream composed predominantly of CO₂ and water vapour, substantially simplifying the carbon extraction and compression process (Dijkstra & Jansen, 2021).
COMPARATIVE SYNTHESIS
Table 1 presents an engineered comparative summary of the core operating parameters, catalyst systems, hydrogen purity benchmarks, and carbon capture performance across the primary SMR-derived reforming configurations evaluated in this review.
Table 1. Comparative Operating Parameters of Principal SMR-Derived Hydrogen Production Configurations
	Analytical Parameter
	Conventional Grey SMR
	Blue SMR (Pre + Post CCS)
	Sorption-Enhanced SMR
	Autothermal Reforming

	Operating Temperature
	800–950°C
	800–950°C
	550–650°C
	950–1100°C

	Operating Pressure
	2.0–3.5 MPa
	2.0–3.5 MPa
	0.5–1.5 MPa
	3.0–5.0 MPa

	Steam/Carbon Ratio
	2.5–3.0
	2.5–3.0
	3.0–4.0
	1.5–2.0

	Catalyst System
	Ni/α-Al₂O₃
	Ni/MgAl₂O₄
	Ni + CaO sorbent
	Ni or Rh/MgAl₂O₄

	H₂ Purity (Pre-PSA)
	70–75%
	70–75%
	>95% (Direct)
	60–65%

	Carbon Capture Efficiency
	0%
	90–93%
	>95% (via Calcination)
	96–99%

	Principal Penalty/Challenge
	Baseline (no penalty)
	+15–22% efficiency loss
	Sorbent sintering degradation
	Air separation unit power demand



Note. S/C = Steam-to-Carbon molar ratio; PSA = Pressure Swing Adsorption; ASU = Air Separation Unit. Data synthesized from Barelli and Bidini (2020), Baba and Ishihara (2025), Blumberg and Tsatsaronis (2023), Dijkstra and Jansen (2021), and Le Valley and Richard (2022).
CONCLUSIONS AND STRATEGIC FUTURE HORIZONS
Steam methane reforming persists as the foundational technological platform for global hydrogen production, yet its transition to meet contemporary low-carbon mandates necessitates deep, multiscale optimization spanning from atomic-level catalyst active site engineering to fully integrated industrial plant configurations (Hansen & Rostrup-Nielsen, 2020; Rostrup-Nielsen, 2022). Although conventional nickel-based catalysts supported on refractory oxide matrices remain the economically preferred industrial standard, the mitigation of coking and thermal sintering demands precise engineering of electronic metal–support interactions and the targeted deployment of rare earth promoters, including CeO₂–ZrO₂ composites (Amorim & Silva, 2024; Zhao & Gao, 2025).
Process intensification frameworks—notably SESMR and dense palladium-alloy membrane reactors—offer scientifically robust pathways to circumvent the classical thermodynamic equilibrium limitations that constrain conventional reactor designs (Basile & Iulianelli, 2021; Gallucci & van Sint Annaland, 2023). In the context of the near-to-medium-term energy transition, the commercial deployment of 'blue' hydrogen production infrastructure depends critically on the efficient integration of carbon capture architectures at both pre-combustion and post-combustion stages (Blumberg & Tsatsaronis, 2023; Sadek & Gadalla, 2023). Pre-combustion configurations excel in intercepting concentrated, high-pressure process emissions, whereas the achievement of comprehensive decarbonization exceeding 90% requires the complementary deployment of post-combustion or oxy-fuel combustion configurations to address dilute atmospheric-pressure furnace flue gases.
Looking ahead, future research efforts must prioritize the enhancement of long-term material durability under cyclically operated sorption and catalytic reaction conditions, the rigorous techno-economic evaluation of hybrid blue-to-green hydrogen transition pathways, and the systematic integration of advanced SMR systems within the evolving frameworks of international clean energy certification and carbon market standards (Giwa & Hasan, 2024; Melendez & Spallina, 2024). The synthesis of these multidimensional engineering advancements will be decisive in determining whether SMR-derived hydrogen serves as a credible, enduring pillar of a decarbonized global energy economy.
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