
Introduction

The development and deployment of CCUS (Carbon 
Capture, Utilization and Storage) technologies have 
become a major focus of scientific and industrial interest 
in recent years, offering a promising pathway to reduce 
anthropogenic CO2 emissions. In the European Union, 
the option of underground storage of CO2 captured from 
various industrial gas streams was suspended more than 

a decade ago, which has shifted considerable attention to 
its utilization or conversion into value–added products 
[1]. A frequently investigated route is the hydrogenation 
of carbon dioxide to methane, commonly known as the 
Sabatier reaction, which involves the catalytic reduction 
of carbon dioxide with hydrogen to produce methane 
and water [2-6]. Nickel–based catalysts are the most 
commonly used for this methanation reaction; however, 
catalysts based on copper, cobalt, ruthenium, or rhodium 
have also been explored [7-25]. The methanation of 
carbon dioxide typically occurs within a temperature 
range of 125-675ºC. Higher yields are generally obtained 
at temperatures exceeding 145ºC, with maximum 
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Abstract

The methanation of carbon dioxide via its reaction with hydrogen has recently become a widely 
studied topic. This process is typically investigated in a flow system with a catalyst placed in a catalytic 
reactor through which a mixture of reactant gases (carbon dioxide and hydrogen) flows. In contrast, 
this study investigates a batch reactor concept, where carbon dioxide is adsorbed within the porous 
structure of the catalyst and hydrogen is subsequently introduced. The novelty of this research lies 
in the technological arrangement of the process, in which a single material simultaneously acts as 
both adsorbent and catalyst within one reactor, enabling alternating CO2 adsorption and its subsequent 
methanation. The central component is therefore an adsorbent for carbon dioxide capture that also 
serves as a catalyst for its conversion into methane. A system based on this principle can therefore 
be used both for capturing carbon dioxide from various gas mixtures with recovery in purified form 
and for its conversion into synthetic methane, provided a sufficient supply of hydrogen is available. 
This research confirms that the investigated single-reactor methanation approach using one material 
that functions both as adsorbent and catalyst is fully operational and suitable for further testing 
at the pilot scale.
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reaction rates and the highest selectivity observed 
between 325 and 425ºC [6, 26]. At temperatures above 
475ºC, the formation of carbon monoxide increases due 
to the endothermic Reverse Water Gas Shift (RWGS) 
reaction [27].

One of the viable approaches to remove carbon 
dioxide from combustion gases and industrial waste 
streams is its capture using suitable adsorbents that 
exhibit high affinity for CO2 [28, 29]. These adsorbents 
are characterized by a well–developed porous 
structure that features a high pore volume and a large 
internal surface area. If catalytically active species are 
appropriately incorporated into such materials, they 
may also serve a dual function as catalysts. An adsorber 
packed with such an adsorbent can, in the first step, 
capture CO2 from a gas mixture, and subsequently, 
upon introduction of hydrogen into the surrounding 
environment, operate as a stationary catalytic reactor 
allowing the conversion of sorbed carbon dioxide to 
methane. Therefore, this concept can be described as an 
adsorptive–catalytic system, which can flexibly provide 
either a carbon dioxide–enriched gas or a methane–rich 
product gas, depending on operating conditions [30-37]. 
The present study investigates this integrated pathway.

Bifunctional materials (BFMs) for CO2 adsorption 
and subsequent methanation represent a significant 
advancement in carbon capture and utilization (CCU) 
technologies. These materials incorporate dual 
functionalities: they both capture CO2 from gaseous 
streams and catalyze its conversion to methane by 
hydrogenation. This integrated approach improves the 
efficiency of carbon resource utilization, paving the way 
for sustainable synthetic natural gas production [34-39].

CO2 methanation with hydrogen is used on an 
industrial scale when hydrogen produced by water 
electrolysis powered by surplus electricity from the 
distribution grid is available. Such surpluses are 
typically available only for limited periods and cannot 
be reliably predicted in advance. Consequently, the 
actual operating time of the unit cannot be determined 
beforehand; rather, its operation is expected to be 
controlled according to the current situation in the 
electricity distribution network. In the case of frequent 
shutdowns, a technology based on batch reactors is more 
suitable, as the reaction time required for methanation 
can be adjusted to the specific operating conditions.  
In addition, when hydrogen is not available, the unit can 
alternatively be used solely for CO2 adsorption from 
gases and for the production of pure CO2. This can 
improve the payback period of the investment.

In general, the synergistic design and application 
of BFMs for CO2 capture and methanation represent 
a promising avenue to advance carbon–neutral 
fuel technologies. By elucidating their mechanisms 
and optimizing the material composition, a further 
contribution to mitigating the effects of climate change 
can be achieved.

From an industrial perspective, this system can be 
implemented in any setting where a waste gas stream 

containing a sufficient concentration of carbon dioxide 
is available (e.g., flue gases from fossil fuel or biofuel 
combustion), along with a source of hydrogen production 
(e.g., electrolyzers utilizing surplus electricity from 
power grids). The methane produced in such a system 
can serve as a dispatchable energy source, particularly 
in situations where the electricity demand exceeds the 
supply and additional generation is required. Therefore, 
the system can be viewed as a backup method for 
electricity production without introducing additional 
CO2 emissions into the environment. An important 
advantage of this concept lies in its product flexibility, 
as the system can be tuned to deliver different outputs. 
The first potential product is captured carbon dioxide, 
which can be stored underground in gaseous, liquid, or 
supercritical form [40]. The second product is methane, 
which is often used for short–term peak electricity 
generation because of its favorable combustion 
characteristics and rapid response capabilities.

To enable the production of methane from CO2, a 
sufficient supply of green hydrogen, produced through 
water electrolysis powered by renewable energy sources, 
is required. In recent years, the Czech Republic has 
seen the first installations of electrolyzers designed to 
utilize surplus electricity generated during periods of 
overproduction of renewables. This excess electricity 
is often available at negative market prices, which has 
a significant impact on the overall cost of hydrogen 
production [41-47].

However, surplus electricity in power grids is 
typically available only for relatively short periods 
(currently amounting to several hundred h per year 
in the Czech Republic), which limits the operational 
time window for hydrogen production. In this context, 
methane storage offers several advantages over hydrogen 
storage. Methane possesses an approximately three 
times higher volumetric energy density than hydrogen, 
meaning that only about one third of the storage 
volume is required to store the same amount of energy. 
Safety considerations also play a critical role: methane 
exhibits significantly narrower explosion limits, making 
it considerably less prone to explosion hazards than 
hydrogen. Furthermore, gas engines or turbines powered 
by methane combustion generally achieve higher 
thermodynamic efficiency than equivalent systems 
powered by hydrogen combustion products [48].

Methanation of Carbon Dioxide with Hydrogen 
Using Adsorbed Carbon Dioxide

The catalytic conversion of carbon dioxide to 
methane via its reaction with hydrogen was first 
discovered in 1902 by the French chemist Paul Sabatier; 
accordingly, this process is often referred to as the 
Sabatier reaction after its discoverer. For this discovery, 
P. Sabatier was awarded the Nobel Prize in Chemistry 
in 1912. 

This process can be simply represented by the 
following equation:
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	 CO2(g) + 4H2(g) ↔ CH4(g) + 2H2O(g) 

	 ΔH298.15 = ‒165.0 kJ mol-1	 (1)

This is an exothermic reaction that releases a 
significant amount of heat into the surroundings. In the 
technological process, this heat can be used to heat the 
adsorbent saturated with CO2 to the reaction temperature 
required for methanation.

The actual mechanism of this reaction is relatively 
complex, and various theories regarding the formation 
of methane through hydrogenation of carbon dioxide are 
reported in the scientific literature. One theory proposes 
that CO2 is first converted to CO, which is subsequently 
methanated to CH4. Another theory assumes a direct 
hydrogenation of CO2 to CH4 without the formation of 
CO as an intermediate [49].

In his early experiments, P. Sabatier used nickel as 
the catalyst. The reaction temperature required when 
using a nickel catalyst typically starts at approximately 
125ºC. Various porous materials have been tested as 
catalyst supports, such as γ–Al2O3, TiO2, SiO2, ZrO2, 
and CeO2 [50, 51].

Other metals have also been tested as catalysts, 
including Ru, Rh, Co, Fe, and Mo. Among the most 
active catalysts are nickel, ruthenium, and rhodium. 
However, the latter two metals are significantly more 
expensive than nickel [50].

Nickel stands out among all catalysts due to its high 
selectivity for converting CO2 to CH4, whereas other 
catalysts tend to produce significant amounts of higher 
hydrocarbons. The share of these hydrocarbons is 
influenced by reaction conditions, mainly the residence 
time of the reactants in the catalytic reactor; longer 
residence times increase the proportion of higher 
hydrocarbons among reaction products [51-53].

By investigating variations in reaction rate and 
activity across temperature, pressure, and reaction time 
parameters, optimal reaction conditions can be identified 
to improve both reaction efficiency and economic 
viability [53-56].

Research indicated that the rate of CO2 methanation 
is more influenced by the partial pressure of H2 than that 
of CO2, particularly at lower levels of CO2 conversion. 
In a study by Champon et al. [57], the relationship 
between the rate of CO2 methanation and the partial 
pressures of reactants and products was delineated 
at varying temperatures using the Ni/Al2O3 catalyst 
dispersed in SiC. Their findings underscored a strong 
dependence of CH4 formation on H2 concentration 
at a CO2 partial pressure of 22 kPa while indicating a 
lesser impact of CO2 (at 55 kPa H2) and CH4 pressures.  
The partial pressure of water showed an obvious 
inhibitory effect.

Exceeding the upper temperature limit (700ºC)  
of the recommended range significantly affects the 
methane yield due to the thermodynamic equilibrium  
of the reaction and the fact that methanation catalysts  
at high temperatures catalyze the reverse reaction of 

methane with steam, producing CO and hydrogen. 
This process is used industrially to produce synthesis 
gas from natural gas. Higher reaction pressures have a 
favorable effect on CO2 methanation (five volumes of 
reactants produce three volumes of products) [51].

The Sabatier reaction requires a large excess of 
hydrogen (for complete conversion of one volume 
of CO2, four volumes of hydrogen are needed).  
From an economic perspective, it is therefore important 
that the hydrogen used in the reaction has the lowest 
possible cost, since only half of it is converted into 
the desired product (methane). The other half of  
the hydrogen used in the reaction is converted into 
water.

The low temperatures required to initiate the 
Sabatier reaction led us to the idea of methanation of 
CO2 adsorbed from waste gases on the surface of a 
suitable adsorbent if a sufficient amount of hydrogen 
is supplied nearby. CO2 is retained within the porous 
structure of the adsorbent through physical adsorption. 
This process is influenced by the specific conditions 
under which it takes place. As temperature increases 
and partial pressure decreases, the CO2 adsorption 
capacity of the adsorbent decreases. Methane is also 
retained within the porous structure of the adsorbent by 
a similar mechanism.

However, the adsorbent must contain a suitable 
catalytic element on its surface, preferably Ni. After 
saturating the adsorbent with CO2 and subsequently 
filling the adsorber with hydrogen, it is possible to heat 
the adsorber/reactor to the desired reaction temperature 
appropriately. Once the methanation reaction starts, the 
adsorbent continues to heat up as a result of the released 
reaction heat, which is not removed from the reactor. 
In the case of a significant temperature increase in the 
reactor, the generated reaction heat can be removed by 
means of a suitable heat transfer medium to another 
reactor, thereby heating its contents to the required 
reaction temperature. During system startup, an 
external energy source, such as steam with appropriate 
parameters, will be needed to heat the reactor to the 
desired temperature.

After completion of the methanation reaction, when 
the reactor temperature no longer rises and the pressure 
in the reactor no longer decreases, it is necessary to cool 
down the catalytic bed and the products contained in 
the reactor and then discharge them from the reactor. 
Upon reaching the temperature required to start the next 
operating cycle, the reactor can be reused to capture 
another amount of CO2 and subsequently perform 
another methanation step.

Materials and Methods

The possibility of methanizing CO2 adsorbed on the 
surface of a suitable adsorbent in a batch reactor using 
hydrogen was investigated in a laboratory experimental 
setup. To more thoroughly assess the methanation 
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of CO2, a series of experiments was conducted using 
model gases (CO2 and H2). The results obtained allowed 
evaluation of the proposed principle of this methodology 
and determination of the specific operating conditions 
of the apparatus (optimal catalyst type, required 
temperatures, reaction times, and partial pressures of the 
gases used) to achieve the highest possible efficiency in 
converting CO2 to methane. The aim of the experiments 
was to identify the specific reaction conditions under 
which the methanation reaction proceeds with the 
highest possible efficiency. Additionally, the results 
served as a basis for conducting the next testing phase of 
the proposed technology using a larger pilot unit and real 
gases (flue gases from coal and biomass combustion). 
Experiments using this unit are planned to investigate 
the long-term stability of the adsorbents/catalysts under 
real flue gas conditions, as impurities present in these 
gases may lead to their deactivation.

Preparation of Adsorbent/Catalysts

Two types of adsorbent/catalysts were prepared for 
experimental testing. Nickel (Ni) was chosen as the 
catalyst, as it demonstrated the best catalytic activity 
among all active elements tested in previous experiments 
[51] conducted using a flow catalytic reactor.

The selection of suitable adsorbents, which also 
served as supports for the catalytically active element 
(Ni), was based on the following criteria:
	– Minimum specific surface area: 150 m2 g-1

	– Minimum adsorption pore volume: 0.2 ml g-1

	– Minimum adsorption capacity of the material for 
carbon dioxide at atmospheric pressure and room 
temperature: 10%

	– Minimum average mechanical strength of particles 
under pressure: 90 N per particle

Material Based on γ–Alumina 
Impregnated with Nickel

For testing, boehmite in the form of hollow cylinders 
with a length of 6 mm and a diameter of 5 mm was used. 
It was calcined in a muffle furnace at a temperature 
of 500ºC for 3  h (heating rate was 5ºC  min-1). During 
calcination, boehmite recrystallized into γ–alumina. 
Subsequently, the γ–alumina was impregnated with  
a 20% solution of nickel nitrate, with a soaking time of 
1 hour. After impregnation, the γ–alumina was filtered 
from the solution and placed into a muffle furnace 
preheated to 500ºC (heating rate 5ºC min-1 and soaking 
time 3  h). At this temperature, the impregnated nickel 
nitrate decomposed into nickel oxide and nitrogen 
oxides. This impregnation with a 20% nickel nitrate 
solution was repeated 5  times in total. This procedure 
ensured a uniform distribution of NiO without  
the formation of large surface agglomerates, and 
repeating this process increased the metal loading on 
the material.

Material Based on Envisorb B+ 
Impregnated with Nickel

The Envisorb B+ adsorbent, containing 
approximately 85% SiO2 and approximately 15% 
activated carbon, was supplied by Engelhard Process 
GmbH in the form of black spheres with a diameter 
of 2-5  mm. Envisorb B+ was impregnated with  
a 20% nickel nitrate solution in the same manner as the  
γ–alumina–based material.

Before using these materials in methanation 
experiments, it was necessary to activate the catalyst 
by reducing the catalytically inactive NiO to the 
catalytically active Ni form. The reduction was carried 
out directly in the methanation reactor under a pure 
hydrogen atmosphere at a pressure of 1 MPa and  
a temperature of 500ºC for 3 h.

Determination of the Elemental 
Composition of Adsorbent/Catalysts

The carbon, nitrogen, hydrogen, and sulfur contents 
in the adsorbent/catalyst were determined by elemental 
analysis using a Flash 1112 instrument (Thermo 
Scientific). The elemental composition of the analyzed 
samples was calculated from the composition of gases 
produced by combustion of the sample in an oxygen 
stream at high temperature. The main components of 
the gases were separated on a chromatographic column 
and subsequently detected by a thermal conductivity 
detector. Quantitative determination of components 
was performed by burning a standard with a precisely 
known composition under the same conditions as the 
analyzed samples.

Determination of Nickel Content

The nickel content in the adsorbent/catalyst was 
determined by X–ray fluorescence analysis (XRF) 
using a PANalytical instrument. The dried sample was 
ground and irradiated using an X–ray tube (Rh 60 kV) 
with variable-wavelength radiation and the fluorescence 
spectrum was recorded. The intensity of lines with 
precisely defined wavelengths was proportional to the 
concentration of the respective element in the analyzed 
sample.

Determination of Specific Surface 
Area and Pore Volume

The specific surface area of the samples was 
measured using a Coulter SA 3100 analyzer (Beckman 
Coulter). The method is based on the physical adsorption 
of nitrogen on the internal surface of the sample at 77 K. 
The samples were degassed under high vacuum at 150ºC 
for 240 min prior to measurement. The degassed sample 
was immersed in liquid nitrogen, and precise volumes 
of gaseous nitrogen were dosed into the measuring cell 
in steps. After equilibrium was reached at each step, 
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of 11.4 cm, a length of 18.5 cm and a wall thickness of 
3 mm). Heating/cooling of the reactor was ensured by 
a flow of hot/cold air introduced between the protective 
housing and the adsorber/reactor.

The reactor was connected to gas cylinders 
containing test gases (He, CO2, H2) through a gas-
tight system of stainless-steel tubing with a diameter 
of 4 mm and an electronic pressure regulator.  
The system upstream of the adsorber/reactor was 
equipped with a manometer and a safety pressure valve 
(7 MPa). After the experiment, the resulting reaction 
gases were discharged from the adsorber/reactor through 
a shut–off valve followed by a needle control valve and 
a condenser into a RESTEK gas sampling bag intended 
for gas mixture collection.

The adsorber/reactor was equipped with a 
thermocouple to measure the temperature of the 
adsorption/reaction bed. Thermocouple data were 
recorded 2 times per second.

A schematic diagram of the methanation apparatus is 
shown in Fig. 2.

Methanation Experiment Procedure

Sample loading: 35 g
Gas specification: He 4.8 (99.998%, SIAD), H2 3.0 

(99.90%, SIAD), CO2 4.0 (99.990%, SIAD)
The methanation experiments were carried out 

according to the following procedure. First, the reactor 
was filled with the tested adsorbent/catalyst and 
placed in the testing apparatus. The entire system was 
then purged with helium for 30 min and subsequently 
pressurized with helium to an overpressure of 3  MPa. 
After this step, all gas inlet and outlet shutoff valves 
connected to the adsorber/reactor were closed. During 
the next 3 h, pressure drops were monitored to identify 
potential leaks, and if detected, they were located and 
sealed. Once the system was confirmed to be leak–tight, 
helium was released and the apparatus was purged with 
pure carbon dioxide for 10 min.

The adsorber/reactor was then closed at the outlet 
and pressurized with pure CO2 to an overpressure of 
2 MPa, after which the inlet was also closed. Once the 
temperature and pressure stabilized within the adsorber/
reactor, the outlet valve was opened to release the gas 

the equilibrium pressure was measured, and the amount 
of adsorbed nitrogen was calculated. From these data,  
an adsorption isotherm (relative pressures from 0  
to 0.99 at 77 K) and a desorption isotherm were 
constructed. The specific surface area of the sample 
was calculated based on the BET equation (Brunauer–
Emmet–Teller). The total pore volume was determined 
on the basis of the amount of adsorbed nitrogen at  
a relative pressure close to one.

Determination of the CO₂ Sorption 
Capacity of the Samples

The sorption capacity of the samples for carbon 
dioxide was determined using a Quantachrome ASiQ 
instrument. The samples were tested at temperatures of 
40ºC, 60ºC, 80ºC, and 100ºC. The sample weight for the 
measurement was approximately 0.5 g. The activation 
of the samples in the measuring cells was carried out 
by heating to a temperature of 150ºC (10ºC min-1) for  
120 min in a nitrogen stream, followed by the evacuation 
of the measuring cells for an additional 120 min. After 
activation, weight loss was determined gravimetrically. 
During measurement, known volumes of a gas mixture 
containing carbon dioxide (15% CO2 in N2) were 
dosed into the cell with the activated sample at the test 
temperature. After equilibrium pressure was reached 
following each dose, the adsorbed amount of CO2 was 
calculated. After the adsorption step, regeneration of the 
sample was carried out in the same way as its activation 
prior to adsorption (150ºC for 2 h in nitrogen, followed 
by evacuation for 2 h). The adsorption–regeneration 
cycle was repeated 3 times.

Description of the Static Methanation Apparatus

The core of the laboratory–scale static methanation 
apparatus was a high–pressure adsorber/reactor made 
of stainless steel, cylindrical in shape, with a length 
of 150  mm, an internal diameter of 30  mm (volume  
106 ml), and a wall thickness of 4 mm. The reactor (see 
Fig. 1) was designed for a maximum pressure of 10 MPa 
and was sealed at both ends with threaded end caps.

The adsorber/reactor was placed inside a protective 
stainless–steel housing (protective tube with a diameter 

Fig. 1. Photograph of the adsorber/reactor.
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until the desired CO2 overpressure remained in the 
reactor (0.02 or 0.05 MPa). Subsequently, the system was 
pressurized with hydrogen to the required overpressure 
(1 or 1.5  MPa), and the adsorber/reactor was sealed. 
After stabilization of both temperature and pressure 
inside the reactor, heating with hot air was initiated 
and the increase in temperature and pressure of the gas 
mixture was continuously monitored.

When the target temperature was reached, the 
heating was adjusted to maintain a constant temperature 
in the reactor for the selected methanation duration, 
which ranged from 0 to 21 h (where 0 h indicates that 
the heating was switched off immediately after reaching 
the desired temperature). After the chosen methanation 
time had elapsed, the reactor was cooled with cold air 
(50ºC). Once the reactor temperature fell below 200ºC, 
the needle valve at the gas mixture outlet was opened, 

allowing the reaction gases to pass through a water 
vapor condenser into a gas sampling bag. The collected 
gas sample was analyzed by gas chromatography  
(GC–TCD/FID) to determine its composition. The next 
test began with flushing the reactor with helium.

Analysis of Gases from Methanation

The analysis of gaseous mixtures from methanation 
experiments was carried out using a Hewlett Packard 
6890 gas chromatograph equipped with a flame 
ionization detector (FID) and a thermal conductivity 
detector (TCD).

The TCD channel was used for the determination 
of permanent gases, including hydrogen. A Haysep Q  
pre–column was installed at the beginning of the TCD 
channel to provide a coarse separation of permanent 

Fig. 2: Diagram of the static methanation apparatus. 1 – gas cylinders; 2 – shut–off valves; 3 – electronic pressure regulator; 4 – safety 
valve; 5 – manometer; 6 – thermocouple for measuring temperature inside the reactor; 7 – adsorber/reactor with protective housing and 
indirect heating; 8 – needle control valve; 9 – cooler/condenser; 10 – sampling line for connection to gas sampling bag; 11 – condensate 
drain.
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gases and methane from heavier hydrocarbons (which 
are retained on the column). This channel also included 
a Poraplot Q column (30 m in length, 530 μm inner 
diameter, 50 μm film thickness), used for the separation 
of CO2 from a mixture of O2, N2, CH4 and CO. A capillary 
column with the Poraplot 5A molecular sieve (30 m 
length, 530 μm in diameter, 50 μm in film thickness) was 
used to separate permanent gases from methane.

Hydrocarbons (from methane to heptane) were 
analyzed on the FID channel, equipped with a Restek 
RT–Alumina BOND/MPD capillary column (30  m 
length, 0.320 μm inner diameter, 5 μm film thickness).

The split injection ratio was 1:20. The temperature 
program for the analysis was as follows: i) 70ºC for 7 min; 
ii) ramp at 10ºC min-1 to 90ºC; iii) ramp at 20ºC min-1 to 
220ºC; iv) hold at 220ºC for 7 min. Helium was used as 
the carrier gas in both channels.

For qualitative and quantitative chromatographic 
determination of individual components, several 
certified reference gas mixtures were used. These 
contained hydrogen, methane, nitrogen, oxygen, carbon 
monoxide, carbon dioxide, ethane, ethene, propane, and 
other hydrocarbons in known concentrations.

Results and Discussion

Properties of Adsorbent/Catalysts

Elemental Analysis

The composition of selected adsorbents before 
impregnation and adsorbent/catalysts after impregnation 
is given in Table 1.

Elemental analysis showed a significant decrease 
in the carbon content of the Envisorb B+ material 

after its impregnation and the subsequent conversion  
of the impregnating agent to NiO. This corresponds  
to the fact that during the impregnation process,  
black dust of activated carbon was released while the 
Envisorb B+ adsorbent was mixed with the impregnating 
solution.

During the activation of Envisorb B+ impregnated 
with Ni(NO3)2 (heating to 400ºC), a reaction also 
occurred between the carbon present in the adsorbent 
and NO2 released during the thermal decomposition of 
nickel nitrate, leading to the removal of a portion of the 
carbon from the porous structure of the adsorbent. This 
reaction already proceeds according to the following 
equation at temperatures above 100ºC [52, 53]:

	 2 NO2 + 4 C → N2 + 4 CO	 (2)

Nickel Content and Properties of the Porous 
Structure of the Materials

The nickel content in the adsorbent/catalyst samples 
was determined according to the procedure described 
in the section Determination of nickel content. The 
BET surface areas and adsorption pore volumes were 
determined using the method described in the section 
Determination of BET surface area and pore volume. 
The specific values characterizing the catalytic and 
adsorption properties of the tested adsorbents before 
impregnation and of the adsorbent/catalysts after 
impregnation are given in Table 2.

In the case of the adsorbent/catalyst based on  
γ–alumina, a significantly higher Ni concentration 
was achieved compared to the material based on  
the Envisorb B+ sorbent. We believe this to be because 
during the subsequent calcination of the material  

Table 1. Elemental composition of adsorbents and adsorbent/catalysts.

Table 2. Adsorption properties of adsorbents and adsorbent/catalysts.

adsorbent
Mass fraction (%)

N2 C H2 S

γ–alumina <0.01 0.14 0.49 <0.01

γ–alumina + NiO <0.01 0.18 0.48 <0.01

Envisorb B+ 0.04 15.09 0.78 0.04

Envisorb B+ + NiO 0.02 0.12 0.35 0.03

adsorbent NiO content (%) BET surface area (m2 g-1) Adsorption pore volume (ml g-1)

γ–alumina – 225 0.462

γ–alumina + NiO 32.4 131 0.250

Envisorb B+ – 565 0.761

Envisorb B+ + NiO 4.2 613 0.742
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in a muffle furnace, Ni reacted with the carbon contained 
in the sorbent, forming volatile nickel tetracarbonyl.

Impregnation of the sorbents with the catalytically 
active element led to changes in the porous structure of 
the carriers used. The distribution of pore sizes in the 
γ–alumina adsorbent before and after impregnation with 
NiO is shown in Fig. 3, and for the adsorbent based on 
the Envisorb B+ material in Fig. 4.

It is evident that impregnation of the adsorbents with 
NiO leads to a significant decrease in both the BET 
surface area and the pore volume for the γ–alumina–
based adsorbent. In the case of the Envisorb B+ 
adsorbent, no noticeable reduction in these parameters 
was observed. During impregnation and subsequent 
thermal treatment, this material experienced a substantial 
decrease in carbon content and the release of additional 

pores within its porous structure. This compensated for 
the pore losses caused by the incorporation of Ni into 
the porous framework of the adsorbent.

The deposition of nickel particles within the porous 
structure of the adsorbent leads to a reduction in pore 
volume, in which CO2 adsorption takes place. At the 
same time, nickel enables the methanization of adsorbed 
CO2 directly within the pores of the adsorbent/catalyst.

The adsorption capacities of the adsorbent/catalysts 
for CO2 at various temperatures were determined 
according to the procedure described in the section 
Determination of CO2 Sorption Capacity. The adsorption 
capacities of the adsorbent/catalysts are summarized in 
Table 3.

Fig. 4. Pore size distribution of Envisorb B+ before and after NiO impregnation.

Fig. 3. Pore size distribution of γ–Al2O3 before and after NiO impregnation.
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The results clearly show that with increasing 
adsorption temperature, the CO2 adsorption capacity 
of both adsorbent/catalysts decreased. Both adsorbents 
capture CO2 under the given conditions based on the 
principle of physical adsorption, which allows their 
regeneration by increasing the temperature through 
thermal desorption (TSA). It is also evident that despite 
their different compositions (polarity) and differing 
porous structure properties, their CO2 adsorption 
capacities under the same conditions are similar.

Methanation

Methanation of CO2 in static reactors remains a 
relatively underexplored area; therefore, it was necessary 
to test a wide range of reaction conditions (temperature, 
reaction time) to achieve the highest possible conversion 
of carbon dioxide to methane. Methanation tests with 
the adsorbent/catalyst based on γ–Al2O3 were conducted 
under the conditions listed in Table 4.

According to the concentration of methane in the 
outlet gases after the methanation tests using a γ–Al2O3–
based adsorbent/catalyst, it is evident that methanation 
took place in tests at temperatures ranging from 500ºC 
to 330ºC (310ºC only very weakly), while a higher 
temperature and a long reaction time (21 h) had negative 
effects on the methane content in the gas. However, at 
330ºC, the methane content in the gas increased with a 
longer reaction time.

Methanation tests with the Envisorb B+–based 
adsorbent/catalyst were performed only after the 
methanation experiments were completed with  
the γ–Al2O3–based adsorbent/catalyst. Therefore, 
the reaction conditions for these tests were adjusted 
based on the results obtained from the γ–Al2O3–based 
system. The specific conditions of the methanation tests 
using the Envisorb B+–based adsorbent/catalyst are 
summarized in Table 5.

Table 3. Adsorption capacities of the adsorbent/catalysts for CO2.

Adsorption capacity for CO2 (g CO2 per 100 g of adsorbent/catalyst)

t = 40ºC t = 60ºC t = 80ºC t = 100ºC

γ–alumina + NiO 0.34 0.28 0.18 0.15

Envisorb B+ + NiO 0.36 0.23 0.18 0.12

Table 4. Conditions of methanation tests with the adsorbent/catalyst based on γ–Al2O3.

Methanation 
Temperature (ºC)

Heating time at 
target temperature

Before heating Composition of the gas sample taken after 
methanation

p (CO2) (MPa) p (H2) (MPa) x (CH4) (%) x (CO2) (%) x (H2) (%)

500 0 h* 0.02 1.01 28.6 21.7 46.8

500 0 h* 0.05 1.05 16.6 21.3 55.4

500 21 h 0.02 1.05 1.0 57.3 40.5

470 0 h* 0.02 1.01 27.4 2.9 68.3

450 0 h* 0.02 1.01 25.0 3.9 69.1

430 0 h* 0.05 1.01 25.3 10.4 62.3

410 0 h* 0.05 1.02 21.7 8.6 68.0

390 0 h* 0.05 1.01 19.1 10.4 68.7

370 0 h* 0.05 1.01 12.6 11.8 74.2

350 0 h* 0.05 1.01 13.7 14.7 70.2

330 0 h* 0.05 1.01 12.1 13.3 73.2

310 0 h* 0.05 1.01 5.1 14.8 79.8

330 3 h 0.05 1.01 38.7 4.7 54.8

330 6 h 0.05 1.01 41.3 3.4 54.3

330 12 h 0.05 1.01 48.5 3.5 46.4

Note: * The reactor heating was turned off immediately after reaching the desired methanation temperature.
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The results show that the methanation reaction in 
the Envisorb B+ adsorbent/catalyst proceeds efficiently 
at temperatures between 330ºC and 350ºC. At higher 
temperatures, the efficiency of methanation decreases, 
probably due to the reverse reaction leading to the 
decomposition of methane in the presence of water 
vapor. At temperatures below 330ºC, the methanation 
rate is low, resulting in low methane yields.

Based on the determined concentrations of the main 
gaseous components (CH4, CO2 and H2) in the gas 
samples collected after the methanation experiments, 
the conversion of CO2 to methane was calculated using 
the following equation:

	 YCO2 = 100 × xCH4 / (xCH4 + xCO2)	 (3)

where:
YCO2 – conversion of CO2 to CH4 (%)

xCH4 – methane fraction in the gas mixture after 
methanation (%)
xCO2 – carbon dioxide fraction in the gas mixture after 
methanation (%)

The conversion of CO2 to CH4 in the produced 
gas mixture as a function of reactor temperature in 
experiments where the reactor heating was switched 
off immediately after reaching the target temperature is 
shown in Fig. 5.

The effect of the reaction time on the conversion of 
CO2 to methane at 330ºC for the γ–Al2O3–based material 
is shown in the Fig. 6.

It is evident that the reaction time also significantly 
affects the conversion of CO2 to CH4. To achieve 
operationally acceptable CO2–to–CH4 conversions 
with the Ni catalyst supported on γ–Al2O3 in a batch 
reactor, a reaction time of at least 3 h is required.  
At short reaction times – when the reactor heating 

Table 5. Conditions of methanation tests with the adsorbent/catalyst based on Envisorb B+.

Methanation 
Temperature/ºC

Heating time at 
target temperature

Before heating Composition of the gas sample taken after methanation

p (CO2)/MPa p (H2)/MPa x (CH4)/% x (CO2)/% x (H2)/%

490 0 h 0.05 1.01 0.0 22.7 76.8

470 16 h 0.05 1.01 0.5 23.3 75.7

410 0 h 0.05 1.01 0.0 36.8 63.0

350 3 h 0.05 1.00 24.2 52.3 22.7

330 0 h 0.05 1.03 detected 26.6 72.5

350 3 h 0.02 1.51 29.2 20.2 49.6

350 6 h 0.02 1.51 39.2 21.2 38.0

350 12 h 0.02 1.50 46.1 23.5 29.2

350 14 h 0.02 1.51 29.6 1.0 68.4

345 3 h 0.05 1.51 14.0 28.0 55.9

340 6 h 0.02 1.50 22.6 22.1 53.9

330 3 h 0.03 1.50 9.5 21.4 68.2

Fig. 5. Effect of reaction temperature on the conversion of carbon dioxide to methane (γ–Al2O3, heating switched off when the target 
temperature was reached).
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is turned off immediately after reaching the target 
methanation temperature and the gas mixture is 
released from the reactor – the CO2 conversion to CH4 
is approximately half that observed at longer reaction 
times.

Methanation experiments conducted with the 
Envisorb B+–based material did not yield such clear 

results. The effect of temperature on CO2–to–CH4 
conversion over this catalyst is shown in Fig. 7.

The effect of reaction time on the conversion of 
CO2 to CH4 on the Envisorb B+–based catalyst at a 
temperature of 350ºC is shown in the Fig. 8.

Table 6 presents the properties of the materials tested 
before and after the methanation experiments.

Fig. 6. Effect of reaction time on the conversion of carbon dioxide to methane (γ–Al2O3, heating time at target temperature: 330ºC).

Fig. 7. Effect of reaction temperature on the conversion of carbon dioxide to methane (Envisorb B+, 3 h of heating at the target 
temperature).

Fig. 8. Effect of reaction time on the conversion of carbon dioxide to methane (Envisorb B+, heating time at target temperature: 350ºC).
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Analyses of the adsorbents/catalysts after the 
experiments, compared with measurements of the same 
parameters before the tests, showed a slight carbon 
deposition within the porous structure of both materials. 
This resulted in a decrease in the specific surface 
area by approximately 30%. The deactivation of both 
catalysts likely contributed to the observed decline in 
their reactivity [54, 55].

The observed conversion of CO2 to methane may 
be partly attributed to the relatively large noncatalytic 
gas volume of the reaction system. Due to the small 
dimensions of the laboratory reactor, a considerable 
fraction of the total gas volume is located outside  
the heated catalytic bed, including connecting tubing, 
the pressure gauge, and the safety valve. These parts of 
the apparatus are not filled with the catalyst/adsorbent 
and are not heated to the reaction temperature.

Since no forced gas flow was present in the static 
reactor, gas exchange between these nonheated dead 
volumes and the heated catalytic bed is expected to be 
limited by mass transfer. As a result, part of the gas may 
be exchanged only slowly with the catalytic zone during 
the experiment. At the end of the experiment, however, 

the gas from the entire system, including both the reactor 
and the non-reactor volumes, was released into the 
collection vessel and analyzed together. This may lead 
to an underestimation of the conversion achieved within 
the heated catalytic bed itself. The volume distribution 
of the reaction system is summarized in Table 7.

The gas-filled volume of the system containing 
the catalyst/adsorbent represents only part of the total 
reaction system volume, while a substantial fraction 
corresponds to non-catalytic dead volume (39%). This 
limitation is mainly related to the small scale of the 
laboratory apparatus and is expected to become less 
significant in larger-scale reactors, where the ratio 
between the catalytic bed volume and the external dead 
volume is more favorable.

The results presented in this article were compared 
with similar findings reported in the scientific literature, 
and a high degree of agreement with the literature data 
was found. The negative effect of water formed during 
the methanation reaction on the reaction equilibrium 
at higher temperatures appears to be particularly 
significant [58-60].

Table 6. Properties of the adsorbent/catalyst materials before and after the methanation tests.

γ–Al2O3 + NiO Envisorb B+ + NiO 

NiO content – before the experiments (%) 32.4 4.2

NiO content – after the experiments (%) 33.3 9.8 

Specific surface area – before the experiments (m2 g-1) 131 613

Specific surface area – after the experiments (m2 g-1) 90 425

Pore volume – before experiments (ml g-1) 0.250 0.742

Pore volume – after experiments (ml g-1) 0.256 0.700

Elemental composition 
– before experiments 

(% wt.)

N < 0.01 0.02

C 0.18 0.12

H 0.48 0.35

S < 0.01 0.03

Elemental composition  
– after experiments 

(% wt.)

N < 0.01 < 0.01

C 0.19 0.16

H 0.39 0.31

S < 0.01 0.07

Table 7. Volume distribution of the laboratory static methanation system and contribution of non-catalytic dead volume.

Reaction system volume determined using He 147.7 ml 

Reaction system volume filled with Envisorb B+ 131.2 ml

Geometric reactor volume (from dimensions: diameter 30 mm, length 150 mm) 106 ml

Geometric volume of the reactor reduced by the volume of the adsorbent 89.5 ml

Reactor contribution to the total volume of the reaction system 61 %

Contribution of non–reactor spaces 39 %
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Conclusions

Experimental tests of catalytic methanation of 
carbon dioxide with hydrogen in a batch laboratory 
reactor using catalysts based on γ–Al2O3 or Envisorb B+ 
confirmed the suitability of this technology for capturing 
CO2 from gas mixtures and subsequently converting it 
to methane in a single reactor using one material.

The results obtained during the testing of both 
catalytically active materials clearly show that, unlike 
methanation in a flow reactor, where the residence 
time of the gas mixture is only a few seconds, CO2 
methanation in a batch reactor proceeds significantly 
more slowly. The methanation rate in this case is likely 
influenced by the diffusivity of the reacting components 
in the static reactor, where no gas flow occurs. Under 
short reaction times and low reactor temperatures, 
only moderate levels of CO2–to–CH4 conversion 
ranging from 26 to 65 % were achieved, using γ–Al2O3 
impregnated with Ni. Higher conversion levels were 
obtained at elevated reaction temperatures, where the 
methanation reaction proceeds more rapidly (up to a 
maximum of 90% at 470ºC). At low reactor temperatures 
(330ºC), the CO2 to CH4 conversion can be increased by 
extending the reaction time. A CO2 conversion of 93% 
was achieved at a reactor temperature of 330ºC with a 
reaction time of 12 h. Similar results were also observed 
during the testing of Envisorb B+. This suggests that 
in the static reactor, all processes affecting the rate of 
the methanation reaction proceed significantly more 
slowly than in a flow-through reactor. The likely cause 
is the slow diffusion of gas components in the static 
environment with high pressure (high gas density).

The apparent carbon dioxide conversion in the 
laboratory static reactor was likely affected by the 
relatively large non-heated and non-catalytic dead 
volume of the reaction system. The limitation of the 
apparatus may have slowed gas exchange with the 
heated catalytic bed and contributed to a lower apparent 
conversion calculated from the final gas composition. 
In larger-scale reactors, this effect is expected to be less 
pronounced due to a more favorable ratio between the 
catalytic bed volume and the external dead volume.
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