
CO
2
 Catalytic Hydrogenation to Hydrocarbons | Encyclopedia.pub

https://encyclopedia.pub/entry/23915 1/14

CO  Catalytic Hydrogenation to Hydrocarbons
Subjects: Engineering, Chemical

Contributor: Vincenzo Palma , Eugenio Meloni , Marco Martino , Giuseppina Iervolino , Concetta Ruocco , Simona

Renda , Giovanni Festa

The continuously increasing CO  levels in the atmosphere have mandated the development of innovative

strategies and technologies to reduce their emissions. Currently, the use of CO as a raw material is becoming

promising in the context of sustainable development and environmental protection CO  is already used in different

fields, such as food processing, drinks, medicine, and industry, but these sequestration methods are characterized

by temporary operation. However, CO  may also be used in the synthesis of fine chemicals and fuels, representing

a promising approach for feedstock substitution in a sustainable way.

CO2 methanation  carbon capture and storage  structured catalysts

1. CO  to HC through Methanol Pathway

CO  conversion into methanol has been extensively studied by the scientific community, and among different

catalysts, those based on Cu/ZnO are the most widely investigated  However, despite the successes that have

been reported, the reaction pathway is still unclear. In fact, formate species (HCOO*) and hydrocarboxyl species

(COOH*) have each been reported as the first hydrogenation products. The formation of hydrocarbons from

methanol is mainly achieved with the aid of a zeolitic catalyst, generally HZSM-5 and/or SAPO-34  More than 20

possible mechanisms have been proposed for the reaction  However, the dual HC pool mechanism is of great

interest. HC intermediates, specified as (CH ) , represent the adsorbate and may also contain several poly-

condensed aromatic species characterizing coke (containing less H than indicated). Recent studies have shown

that the mechanism of methanol-to-HC conversion proceeds via two steps:

A short induction period, in which the coupling of two methanol molecules through surface methoxy species

allows the direct configuration of the C–C bond ;

An autocatalytic dual-cycle mechanism, in which different reactions occur, including the methylation and

cracking of olefin, methylation and dealkylation of aromatics, H  transfer, and cyclization , controlling the

lifetime of the catalyst and selectivity of the product.

The product distribution mainly depends on the topological structure of zeolite, its acidity, and operating conditions
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Very recently, tandem catalysts constituted by metal oxides and HZSM-5 zeolites with different morphologies

(spherical, hollow, sheet, and chain) were studied . The research demonstrated that the ZSM-5 morphology is

important in determining the catalyst performance, with higher CO  conversion and selectivity to the desired

product shown by the sheet and chain configurations, respectively. Zeolites with different topologies in combination

with metal oxides have also been investigated, and the results revealed that the pore dimensions of the zeolites

are fundamental for directing the products towards the desired ones . In particular, the larger the pores

are, the heavier the obtained hydrocarbons are.

2. CO  to HC through RWGS

Among all of the available catalysts for CO  conversion via the RWGS process, Fe-based catalysts have attracted

worldwide attention . In the initial stage, CO  is converted into CO, which is subsequently hydrogenated to

olefins and paraffin on active sites of Fe-carbide, as proposed by Xu et al. . By means of a bifunctional system

(such as acidic zeolite), the so-obtained olefins and paraffin products are then converted into other hydrocarbons

through different reactions of aromatization, hydrocracking, hydro-isomerization, oligomerization, and cyclization

plus H-transfer. The reaction chemistry is apparently very complex and therefore produces various reaction

intermediates . Monomolecular and bimolecular activation mechanisms have been proposed for paraffin

conversion into HC. The former mechanism was proposed by Haag et al.  who described the protonation of the

alkane molecule to form carbonium ions that can undergo C–C or C–H bond cleavage. Subsequently, the

carbonium ions produce olefin via the back-donation of a proton to zeolite. The latter mechanism can be achieved

by the protonation of paraffin using the Bronsted acid site, which is then used to form a dimer with another olefinic

HC . Once the paraffin activation is achieved, subsequent conversion into various HCs proceeds. Catalytic

cracking can proceed through both bimolecular and monomolecular mechanisms. However, the monomolecular

mechanism predominantly occurs at high temperatures, while the bimolecular mechanism usually occurs at a mild

temperature (<350 °C). Aromatization can proceed through polymerization reactions to form dienes , which is

then followed by cyclization in zeolite channels and multi-step H-transfer with olefin, yielding aromatics and paraffin

. Subsequently, inter-conversion reactions such as isomerization, disproportionation, and alkylation/dealkylation

take place. In the recent literature, Fe-based catalysts doped with either alkali metals or non-metal elements have

been proposed, aiming at improving the selectivity of C  olefins . The addition of Ce may play a key role in

the activation and dissociation of adsorbed CO  due to the mobile oxygen vacancy in ceria oxides, which can

accelerate the migration of oxygen. In this sense, FeCeNa catalysts have shown good performance in terms of

CO  conversion to olefins .

3. Direct Conversion of CO  to HC

The hydrogenation of CO  to generate HC fuels involves two routes (i.e., direct and indirect routes), which are

often referred to as the chemical process. The goal of producing methane and subsequent long-chain HC is the

basis for the conversion of CO  into HC fuels. Therefore, in the energy-related scenario, the CO  methanation

reaction has acquired remarkable interest in recent years. Indeed, it constitutes the core of the power-to-methane
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(PtM) process chain. This recently developed technology involves a stepwise conversion, which aims to efficiently

employ the surplus energy derived from renewable power sources. The main issue of generating power from

renewables is, in fact, the oscillation of electrical energy production over time . This phenomenon, known as

cycling, can be due to meteorological conditions, the time of day, and other aleatoric factors. The uncontrollable

intermittency of power generation causes severe problems and imbalances in the power grid, making the

integration of renewables harder and even less economically feasible . Plenty of possible solutions to store the

surplus energy have been investigated over time, resulting in the consensus that systems such as batteries and

pumped-hydro systems have high capacity costs and low energy density compared to hydrocarbon . Therefore,

an efficient solution is to convert the surplus electrical energy into chemical energy, which can be achieved via

water electrolysis. Nevertheless, the product of this conversion is hydrogen, which is a high-added-value product

but presents several drawbacks, such as the difficulty in storage and transportation and the limitation on its

distribution through the natural gas grid. To overcome the problem of hydrogen management, its conversion to

hydrocarbons is particularly promising. In particular, CO  hydrogenation to methane, mostly known as CO

methanation, represents an attractive process to efficiently store the surplus energy from renewables. The

methane produced through this process is referred to as synthetic or substitute natural gas (SNG). It has plenty of

applications, and, above all, it can be inserted into the natural gas grid without limitations . Together with the

advantage of being a solution for power storage, allowing the more efficient integration of renewables into the

energy scenario, CO  methanation also has a remarkable impact on the environment from a different point of view.

Indeed, it enables CO  consumption—for example, by employing CO  from sequestration systems—and can thus

be considered a carbon capture and utilization (CCU) process . Overall, the PtM process chain can be

represented as in Figure 1.

Figure 1. PtM process chain. From source to applications.
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CO  methanation follows Equation, and it is an exothermic equilibrium reaction. Therefore, it presents issues

related to heat management in the catalytic system, which can be summarized as follows. The heat of reaction

induces a thermal gradient across the catalytic bed and occasional hotspot formation, which can be detrimental to

catalyst stability, leading to sintering phenomena, reduction in the number of active sites, and loss in activity.

Furthermore, the increase in local temperature represents a disadvantage for the thermodynamic equilibrium of the

reaction, which is promoted at low temperatures. On the other hand, operating temperatures that are too low are

detrimental to the reaction kinetics, leading to lower selectivity of the reacting system and overall lower activity.

CO  + 4H  ⇄ CH  + 2H O

The recent attention towards CO  methanation drove a remarkable increase in scientific publications related to the

topic in the past five years. Different catalytic formulations and catalytic systems have been explored with the aim

of addressing the above-discussed issues and obtaining efficiently performing catalysts in order to allow the

implementation of this process in the industrial scenario. The research approaches to the enhancement of the CO

methanation process can be classified as:

Catalytic formulation optimization through the investigation of new active metals or supports;

Utilization of structured catalysts in different shapes and materials;

Evaluation of innovative reactor configurations (membrane reactors);

New technologies (cold plasma reactors).

Concerning catalytic formulations, nickel is the most widely employed active species in CO  methanation. A

comprehensive resume of the pros and cons of its application includes: its low cost and natural abundance,

together with its high activity towards CO  activation, as the main advantages; a relatively high activation

temperature, low dispersion, and reducibility as the main disadvantages . Few other metals can offer the same

positive characteristics as Ni; therefore, it is widely applied, and the drawbacks of its utilization are frequently

compensated by support modification or a second metal addition . For bimetallic formulations, Fe and Co (as

transition metals) are widely reported in the literature, while, among noble metals, Ru is surely the most effective

species for CO  methanation. In particular, it shows a relative activity higher than Ni  and strongly promotes the

direct reaction mechanism, leading to a higher selectivity towards methane. Another basic aspect of CO

methanation is that a bifunctional reaction mechanism is always established: the support is involved in the reactant

activation, and therefore, it plays a crucial role . Plenty of studies in the literature report on the optimization of

catalytic formulations, which have been recently satisfactorily reviewed . Therefore, the researchers

focus on the most recent applications of engineered solutions to conduct the reaction.

Methanation over Structured Catalysts

In recent years, most of the interest has been devoted to structured catalysts. These are constituted by a carrier

with a complex geometry, upon which the support and the active phases are deposited via several techniques;
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structured catalysts can offer several advantages for this process. First, they can be made of highly conductive

materials, such as aluminum, silicon carbide, or metal alloys. The high thermal conductivity plays a fundamental

role, considering the exothermicity of the reaction: indeed, these structures allow the flattening of the temperature

profile within the catalytic bed, reducing the formation of hotspots and therefore the sintering phenomena and local

thermodynamic limitations . Furthermore, some of these structures can offer enhanced mixing characteristics,

which reduce the possibility of diffusion resistance effects .

The most common geometrical configuration of structured catalysts is certainly the channeling structure, which is

typical of honeycomb or corrugated sheet monoliths: when considering only the most conductive materials, the

former are usually made of silicon carbide (SiC), while the latter are generally composed of metallic alloys; on the

other hand, ceramic materials such as cordierite are frequently employed because of their ability to anchor metallic

species. Indeed, NiFe/cordierite monoliths were tested in CO  methanation conditions in a detailed study

concerning the management of the hotspot phenomena that are characteristic of this system . The catalysts

were obtained via in situ growth of the nanoparticles, and they were classified into high-activity and low-activity

monoliths. The authors reported that low- and high-activity catalysts can be alternated over the bed, leading to a

remarkably smoother increase in temperature due to the exothermic reaction, with a non-significant loss in

methane yield.

Considering that Ni/CeO  was widely reported as one of the most promising formulations for CO  methanation in

terms of both activity and selectivity towards methane, FeCrAlloy sheets decorated with CeO  nanorods to support

Ni particles were recently evaluated . This preparation was optimized in order to increase the stability,

considering that in harsh conditions, the structured catalyst undergoes rapid deactivation. As a result, the catalysts

were efficient, demonstrating higher catalytic activity compared to the powder form. Micromonoliths in commercial

FeCrAlloy stainless steel were tested in CO  methanation with a coating of a previously optimized catalytic

formulation (15 wt.% Ni, 0.5 wt.% Ru, and 10 wt.% Mg over alumina) . The authors observed that the textural

properties of the original powder catalysts were unchanged after deposition on the 3D structure, even though the

structured catalyst exhibited sintering after the stability test. Furthermore, a noteworthy result was that transport

limitations were observed at high weight hourly space velocity (WHSV) conditions, which can be ascribable to the

channeling structure. Indeed, the same kind of 3D structure obtained with aluminum sheets was employed with a

Ni/CeO  coating with a variety of configurations (plain, stacked, segment, and multi-stacked), proving that avoiding

a channeling flow regime is beneficial for the reaction . This conclusion is further upheld by comparative studies

that involve channeling structures (such as honeycomb monoliths) and randomly organized structures (open-cell

foams). The comparison between an alumina open-cell foam and a cordierite monolith highlighted that the external

mass transfer is maximized in the case of the open-cell foam thanks to its characteristic irregular structure, which

ensures a more intimate contact between phases . In particular, the light-off temperature (which is a typical

parameter to be taken into account in CO  methanation and can be considered the temperature at which the

reaction starts—i.e., it has a significant conversion) was found to be remarkably lower in the foam catalytic system.

The same result in terms of optimized heat and mass transfer was observed through a comparison between an

aluminum open-cell foam and a SiC monolith, with the foam-supported catalyst showing the best performance in

terms of methane yield and light-off temperature . CO  methanation was also investigated over high-pore-
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density (75 ppi—pores per inch) metallic (Ni) foams, which were coated with CeO  (via electrodeposition) and

impregnated with Ru . The high pore density of the carrier and the low thickness of the coating produced

outstanding transport properties, suggesting that this catalyst is particularly suitable for the process intensification

of highly exothermic catalytic reactions.

The importance of the thermal conductivity of the carrier was evaluated with a comparison between two 40 PPI

open-cell foams, one made of alumina (low conductivity) and one made of SiC (high conductivity) . Activity tests

were performed in a bench-scale reactor with an integrated cooling system in order to evaluate the effect of co-

current or counter-current refrigeration of the system. The use of carriers having similar geometrical and

morphological properties is particularly significant to the aim of discerning the thermal conductivity effect; therefore,

the outcomes of this evaluation offer a noteworthy perspective in the application of highly conductive structured

catalysts. The results showed that, as expected, the SiC foam offered a flatter thermal profile, which is beneficial

from a thermodynamic perspective. Furthermore, with the Al O -based catalyst, the difficulty of removing heat with

the refrigerating medium was ascribed to the radial heat transfer resistance.

According to this result, a simulation study of CO  methanation over ceramic paper catalysts revealed that the

most relevant contribution to the effective heat transfer is the radial heat dispersion through conduction; in contrast,

the dynamic contributions are not significant, considering the low linear gas velocity .

Due to the remarkable enhancement of reaction performance in the presence of random 3D structures, research

has been devoted to the reproduction of ordered geometries with the same properties. This result was achieved

through additive manufacturing (AM). Regular periodic 3D structures with two different layer stacking configurations

were tested for CO  methanation applications . The best results were obtained with the “zig-zag” layer

organization, which allowed improved heat and mass transfer. Furthermore, with the optimized configuration, it was

also observed that stainless steel is a beneficial material for ensuring a better coating adhesion compared to

copper .

Innovative Reactor Configurations

The most consolidated solution to conduct CO  methanation is surely the adiabatic fixed-bed reactor or cooled

fixed-bed reactors. The former can be operated with inter-stage cooling, even though this solution requires many

auxiliary units (heat exchanger). The latter, instead, is a more compact solution; however, the temperature and

pressure drop control is more complicated. Other solutions, such as fluidized bed reactors and microchannels

reactors, are still in the early stage of research. The interest towards microchannel reactors is mainly related to the

possibility of having a mass transfer completely dominated by diffusion, as the normal velocity with respect to the

surface is almost null. Fuentes et al.  simulated a microchannel system and showed that with a large number of

channels having a small cross-sectional area, the prevalence of diffusive forces could be increased. These

enhance methane production, and therefore, the resulting product stream is more suitable for insertion in the

natural gas infrastructure.
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The integration of membrane technology with a catalytic reaction always draws remarkable attention in terms of

process intensification, as it can enhance the catalytic performance over the thermodynamic equilibrium. Their

application is frequently intended to remove a product from the catalytic zone in order to force the reaction

equilibrium towards the products. In methanation systems, membrane reactors could be applied for water removal

but also for a local supply of hydrogen, and vice versa.

In situ water removal in CO  methanation systems theoretically provides 100% conversion of CO  when water is

completely removed (R = 0.99) at any temperature, pressure, or CH /CO  ratio . For water separation,

hydrophilic membranes are applied. The main drawback is that non-condensable gases pass through the

membrane via the Knudsen diffusion mechanism, even though their permeability is reduced by progressively

increasing water capillary condensation. The first attempt to employ a membrane reactor for the Sabatier process

was performed in 1997 with a water-permeable membrane: as a result, an increase in CO  conversion of 18% was

obtained with the integrated system compared to the conventional fixed-bed reactor . Experimental data of

integrated systems available in the literature were successfully approximated by a simulation in which a water-

permeable hydroxy sodalite (H-SOD) membrane and H  as the sweep gas were considered . Hydrogen was

employed because it minimizes the reactant loss and maximizes the product permeation. The simulations indicated

that enhanced conversion could be obtained in mild temperature and pressure conditions, which potentially

represent a lower operating expense (OPEX). Furthermore, a more in-depth evaluation in a 2D simulation study

demonstrated that the highest permeation flux was established at the inlet, while the outlet was characterized by a

balance between H O permeation and the production rate . Nevertheless, the simulation results showed a 90%

water removal and an 8.3% CO  conversion increase. As an outcome, since the reaction rate was found to be

much higher than water permeation, the authors concluded that for reactors with high GHSVs, the utilization of

membranes with high water permeance is mandatory.

The introduction of a hydrogen-permeable membrane in CO  methanation systems is an attractive alternative for

the coupling of different processes. An example was provided by Miyamoto et al. , who integrated NH

decomposition, which provides hydrogen, with CO  methanation. Therefore, hydrogen was removed from the first

reaction system and supplied to the second by a Pd membrane, with the obtainment of a significant increase in

both NH  decomposition and H  separation. Nevertheless, the local supply of hydrogen was not effective in

improving the methanation rate, as it was found to be comparable to the value obtained in the packed-bed reactor;

on the other hand, CH  selectivity was increased, resulting in an enhancement of reaction performance. A coupled

system of dehydrogenation/hydrogenation reactions was also proposed by Bian et al.  in their CFD simulation.

Cyclohexane dehydrogenation was considered at the retentate side, while CO  methanation was set at the

permeate side. This study supports the previously reported result that a high-permeance membrane is mandatory

in order to enhance the performance of both reactions.

CO  Methanation under NTP Process

The interest towards non-thermal plasma (NTP) applications in methanation processes is primarily related to the

main reactant activation. Indeed, CO  is a highly stable molecule, and therefore, in conventional catalytic systems,
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C=O bond breakage is promoted with the use of suitable active species (Ni or Ru, for example); furthermore, each

catalytic formulation has its own light-off temperature, which is just below 200 °C. When plasma is applied, high-

energy species such as free radicals and ions are involved, and these species can activate CO  molecules without

the necessity of external heating. In NTP technology, several configurations can be realized, although the most

employed solution is represented by the dielectric barrier discharge (DBD) reactor . The application of NTP to

CO  methanation is a remarkably recent topic; nevertheless, several catalytic systems have been evaluated under

plasma conditions. Plasma is particularly useful for the removal of water molecules from the catalytic surface: this

was specifically observed over Si/Al zeolite-supported catalysts in a DBD reactor . Furthermore, as NTP is

expected to reduce the reaction barrier thanks to its non-equilibrium nature, it potentially allows performing the

reaction without a catalyst. The study conducted by Ahmad et al.  was indeed focused on a plasma-Ni system.

The authors considered the NTP + Ni catalyst hybrid system and compared it with a Ni catalyst in a thermal (Ni-T)

system and an NTP-driven reaction. As outcomes, the plasma-assisted system allowed consistent methane

selectivity at a remarkably low temperature (150 °C). The hybrid plasma–catalytic system compared to the

thermal–catalytic system resulted in a CO  conversion 20 times higher and a CH  selectivity 5 times higher than

the Ni–T configuration. Non-thermal plasma was also evaluated in the presence of more complex catalytic

formulations (hydrotalcite-derived catalysts with Ni–Fe active species) with satisfactory results, suggesting its

suitability in dynamic systems working with excess energy . Even though the NTP is a low-temperature

technology, the exothermicity of CO  methanation cannot be neglected. The study of Bosét-Peiró et al.  showed

that a pseudo-adiabatic plasma-assisted configuration could reach an energy efficiency of 73%, and therefore, the

overall process is undeniably less energetically demanding. A combination of non-thermal plasma technology and a

structured catalyst was evaluated by Gao et al. , who performed a complex study related to the mechanisms in

plasma-assisted CO  methanation. The authors observed that the system is structure-dependent, as different

structures led to different CH  selectivities due to the dissimilar discharges within the catalytic bed. Furthermore,

the mechanistic study highlighted that, due to the plasma presence, several radicals were formed in the system

(CO, CO(ν), H, and H(ν)). In particular, CO(ν ) was individuated as the main vibrational state, resulting in a

reduced energy barrier and, therefore, in a lower activation temperature. The short-term stability under NTP

conditions was recently evaluated by the same authors over a Ni–Y/CeO  formulation, showing excellent stability

for 12 h and remarkable catalytic activity with a CO  conversion of 84% and selectivity to methane of 83% .

Industrial Applications and Outlook

CO  hydrogenation to methane is a captivating topic in several fields, ranging from CO  utilization to methane

production and renewable inclusion in power generation technologies. This new concept has been widely studied

in recent years, leading to the obtainment of a mature technology, at least for thermo-catalytic CO  methanation.

Germany can be regarded as the leader in PtM technology: in Stuttgard and in Wertle, two power-to-methane

plants (with capacities of 250 kW and 6300 kW power input, respectively) produce methane for Audi. Furthermore,

Germany is also at the cutting edge of biological methanation technologies, with the first commercial-scale project

with a 1 MW capacity . Innovative solutions such as structured catalysts, membrane reactors, and plasma-
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assisted systems are, therefore, highly promising for the industrial scenario, as they represent possible solutions

for the intensification of this newborn process, aiming to further enhance energy efficiency.
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