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In the context of using renewable energies and recycling climate-changing gases, methanation of CO2 provides one possi-

bility. However, volatile availability of renewable energies for hydrogen production and fluctuating CO2 streams from dif-

ferent sources lead to enhanced demand in investigating the influence of dynamic process operation on the catalyst perfor-

mance, including detailed kinetic characterization. Reliable kinetic measurements require isothermal temperature control

and absence of macrokinetic diffusion limitations. Both were investigated in this work while the determination of steady-

state kinetic parameters is part of ongoing studies. Furthermore, a detailed analysis with respect to the long-term-stability

of the nickel-based catalyst was performed.
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1 Introduction

Global consumption of fossil resources related to anthropo-
genic activities led to increased CO2 emissions in the atmo-
sphere [1]. Today, the use of renewable energies and recy-
cling of climate-changing gases are of increasing
importance. In this context, methanation of CO2 with elec-
trolytically produced hydrogen from renewables enables
chemical energy storage in a cycle (Power-to-Gas) [2] and
contributes to the reduction of CO2 emissions [2–4]. The
production of synthetic natural gas (SNG) is of increased
interest since it can easily be stored and transported in the
already existing gas infrastructure, while being reused for
energy generation on demand. Coupling this technology to
small, decentralized CO2 sources such as biogas plants
raises new research challenges regarding fluctuating process
conditions and feed gas impurities [5]. This leads to specific
requirements with respect to the applied catalyst and the
overall process design. Future research activities at the Uni-
versity of Applied Sciences in Düsseldorf will contribute to
this topic by investigating the catalytic CO2 methanation
under dynamic operation conditions using a nickel-based
catalyst. For this purpose, a kinetic characterization over a
wide range of conditions from differential conversions to
thermodynamic equilibrium is required. Moreover, for pre-
cise kinetic measurements, various boundary conditions
must be met. Thus, explicit measurements were carried out
in order to ensure isothermal conditions and absence of
macrokinetic diffusion limitations.

The catalytic hydrogenation of CO2 to methane (Eq. (1))
was first reported by Sabatier and Senderens in 1902 [6–8].
CO2 methanation, the so-called Sabatier reaction, is revers-

ible, exothermic, and thermodynamically favorable [9, 10].
According to Le Chatelier’s principle, the reaction is favored
at low temperatures and increased pressure due to volume
contracting. However, significant kinetic limitations exist
and therefore, a catalyst is required in order to achieve
acceptable rates and selectivities [10, 11]. Depending on cat-
alyst and reaction conditions, catalytic methanation is oper-
ated at temperatures above 250 �C and pressures between
1–30 bar, predominantly in fixed bed reactors [12, 13].

CO2 þ 4H2 Ð CH4 þ 2H2O DH298K ¼ �165 kJ mol�1

(1)

Research on methanation of CO2 focuses on different cat-
alyst systems. Up to now, noble metal catalysts provide the
highest performance, with ruthenium considered the most
active metal for CO2 methanation [11, 12]. However, cata-
lyst systems based on non-noble metals, e.g., nickel as a
well-known representative of this group, are significantly
more cost-effective. In most cases, the catalytically active
metals are deposited on a support and combined with var-
ious promoters to achieve higher activity and long-term
stability. Al2O3 is the most widely studied support material
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as it provides a large specific surface area leading to high
and homogeneous metal dispersion. [13]

A detailed review on Nickel-based catalyst systems, the
mechanism of the methanation reaction as well as typical
effects for catalyst deactivation applied under steady-state
conditions was recently published [14].

2 Experimental

2.1 Experimental Setup

Investigations were conducted in a lab-scale flow setup that
allows testing of heterogeneous catalysts in a tubular reactor
under various reaction conditions. The process flow chart
of the facility is shown in Fig. 1. The setup provides gas sup-
ply and mixing, a reactor section as well as online gas analy-
sis. Gases are dosed by mass flow controllers (MFC) and
water can be added by a saturator before entering the reac-
tor section. The reactor section consists of a horizontal
quartz glass tubular reactor in a high-temperature oven.
Ni/Al2O3 diluted with g-Al2O3 as inert material was used as
benchmark catalyst. The catalyst bed was fixed with quartz
wool in the reactor. The oven temperature, the temperature
on the outside of the reactor as well as the temperature of
the catalyst bed can be measured by individual thermocou-
ples. To prevent condensing, all tubing is heated. The prod-
uct gas finally reaches the online gas analyzer behind a gas
cooler, which is equipped with three infrared and one ther-
mal conductivity detector.

2.2 Catalyst Synthesis

Nickel catalysts with a Ni-loading of 20 wt % were prepared
by wet impregnation method adopted from Le et al. [15].
The support material g-Al2O3 (> 99.9 % Merck,

SBET = 140 m2g–1) was fractionated prior to impregnation to
achieve a particle size of 0.5–0.8 mm. 10 g of the support
material were added to the aqueous solution obtained by
dissolving a defined amount of nickel nitrate hexahydrate
(> 99 % Acros Organics) in 30 mL deionized water. The
resulting mixture was heated at 95 �C and the excess water
was slowly removed at reduced pressure using a rotary
evaporator. The fraction was dried in an oven at 105 �C for
16 h followed by calcination in flowing air at 450 �C for 2 h.
For reduction, the catalyst was heated up in the reactor to
450 �C by 10 �C min–1 in a 10 vol % H2 in N2 flow and kept
for 45 min.

2.3 Isothermal Temperature Control

In order to meet the first boundary condition of isothermal
temperature control, various temperature tests under kineti-
cally relevant conditions were performed. By altering the
horizontal position of the thermocouple in the fixed bed, a
temperature profile of the oven was determined. For this
purpose, two inert beds of different lengths were installed in
the reactor and the temperature was measured at different
positions in various distances. After the bed temperature
was constant in each case, the data point was averaged over
one minute. The reactor was flowed through with
200 mLN min–1 N2.

Since the reaction is strongly exothermic, the oven tem-
perature does not reflect the actual temperature in the cata-
lyst bed. Therefore, the bed temperature was recorded over
time while setting different oven temperatures in order to
determine a correlation of the oven and catalyst bed tem-
perature. Here, steady-state operating points were estab-
lished for 60 min at 250 �C, 270 �C, 290 �C, and 310 �C,
respectively, under the same reaction conditions as in the
long-term stability test.
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Figure 1. Process flow chart of the laboratory flow setup.
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2.4 Macrokinetic Diffusion Limitations

The presence or absence of the influence of external diffu-
sion on the reaction rate can be investigated flow rate while
keeping the overall contact time constant. The contact time
is defined as the ratio of catalyst mass and feed volume flow.
If external diffusion has a limiting influence, CO2 conver-
sion would increase with an increasing flow rate. [16] The
influence of external diffusion was investigated by simulta-
neously varying the catalyst mass between 18 mg, 24 mg,
and 30 mg (fraction of 500–800 mm) keeping the overall
contact time constant at 6 s kgcatm

–3.
The presence or absence of the influence of internal diffu-

sion on the reaction rate can also be investigated experi-
mentally. For this purpose, CO2 conversion can be deter-
mined by varying the particle size of the catalyst under
otherwise identical conditions. If pore diffusion has a limit-
ing influence, CO2 conversion would increase as the catalyst
particles become smaller [16]. Therefore, the catalyst parti-
cle size was varied applying fractions of 160–355 mm, 355–
500 mm, 500–710 mm, and 500–800 mm, respectively. The
catalyst mass was constant at 24 mg providing a constant
contact time of 6 s kgcatm

–3.
For both investigations, steady-state operating points

were established at 250 �C, 270 �C, 290 �C, and 310 �C,
respectively. The catalyst mass was diluted with a dilution
ratio of catalyst mass to inert material of 1:4 for these inves-
tigations. To ensure steady state conditions and reproduc-
ibility, the catalyst was first exposed to the particular condi-
tions for 60 min and the data points were averaged over one
minute.

2.5 Long term stability

In order to ensure constant activity during parameter
variation for the subsequent investigation of the CO2

methanation microkinetic, a long-term test was performed.
As the activity of catalysts can decrease significantly with
increasing reaction time, parameter variation
should only be carried out after a possible initial
deactivation phase. Potential deactivation mech-
anisms for methanation catalysts, known mainly
from CO methanation, are poisoning and ther-
mal degradation [17]. Therefore, a detailed anal-
ysis with respect to the long-term-stability of the
catalyst was performed. In this investigation,
24 mg of the Ni-catalyst diluted with 96 mg
g-Al2O3 were examined under steady-state
reaction conditions at a temperature of 290 �C
for 700 h. The contact time was kept constant at
6 s kgcatm

–3 applying a gas composition of
H2/CO2/N2 = 4:1:3.

3 Results and Discussion

3.1 Isothermal Temperature Control

To obtain the temperature profile of the oven, the position
of the temperature sensor was varied horizontal along the
reactor. In Fig. 2, the set temperature and measured oven
temperature as well as the fixed bed temperature over the
position of the thermocouples are shown. Here, the oven
position 0 mm corresponds to the center of the fixed bed as
well as the center of the oven, and the reactor is flowed
through from the left.

On average, the measured oven temperature was approxi-
mately 2 �C above the set temperature. Depending on the
length of the bed, temperature gradients between the set
temperature and the bed temperature have occurred. In the
center of the bed, the difference between oven and fixed bed
temperature was the lowest. These results indicate a limited
isothermal zone in the middle of the oven. Thus, the bed
should be as small as possible and centered.

Since the reaction is strongly exothermic, the oven tem-
perature does not reflect the temperature in the catalyst
bed. To determine temperature-related effects of the exo-
thermic reaction, the temperature of the oven as well as the
bed temperature were recorded while the reaction was tak-
ing place. Fig. 3 shows the bed and oven temperature for
different set values (250 �C, 270 �C, 290 �C, 310 �C) over
time on stream (TOS).

Initially, reaction heat was generated, and the bed temper-
ature increased. In principle, the difference between oven
and bed temperature became more significant as the set
temperature increases. However, isothermal measurement
conditions can be guaranteed by an indirect temperature
control based on this experimentally derived correlation of
the oven and catalyst bed temperature. Considering the
strong exothermic temperature increase for a set tempera-
ture of 310 �C, future kinetic measurements will be carried
out at temperatures below 300 �C.

Chem. Ing. Tech. 2023, 95, No. 5, 749–753 ª 2023 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH www.cit-journal.com

Figure 2. Horizontal temperature profile of two inert fixed beds of different
length in the reactor.
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3.2 Macrokinetic Diffusion Limitations

The influence of external diffusion was investigated by
simultaneously varying the catalyst mass and flow rate
keeping the overall contact time constant. Fig. 4 shows CO2

conversion over the catalyst bed temperature. The overall
CO2 conversion remained almost constant when the cata-
lyst mass and flow rate were varied. In addition, experi-
ments with the highest flow rate have not shown the highest
CO2 conversion and experiments with the lowest flow rate
have not shown the lowest CO2 conversion. These results
indicate that external diffusion limitations can be excluded
within the considered conditions.

In order to investigate internal diffusion limitations, the
catalyst particle size was varied applying fractions of 160–
355 mm, 355–500 mm, 500–710 mm, and 500–800 mm,
respectively. Fig. 5 shows the CO2 conversion over the cata-
lyst bed temperature for the internal diffusion investiga-
tions. The overall CO2 conversion remained almost con-
stant when the catalyst particle size was varied. In addition,
experiments with the largest particles have not shown the
lowest CO2 conversion and experiments with the smallest
particles have not shown the highest CO2 conversion. This
led to the conclusion that internal diffusion limitations can
also be excluded within the considered conditions.

As shown in Figs. 4 and 5, CO2 conversion reached values
above 10 % for a set temperature of 310 �C. Since these data
points were outside the kinetic range, they were not consid-
ered for the investigation of macrokinetic diffusion limita-
tions. To determine the reaction mechanism, it is necessary
to ensure that only microkinetic effects (adsorption, surface
reaction and desorption) are rate-determining. The results
clearly indicate that within the chosen boundary conditions
kinetic parameters can be determined with the presented
set-up in the future.

3.3 Long-Term Stability

In order to ensure constant performance during subsequent
parameter variation as part of the ongoing kinetic investiga-
tions, a detailed analysis with respect to the long-term sta-
bility of the catalyst was performed. For this purpose, 24 mg
of the Ni-catalyst diluted with 96 mg g-Al2O3 were investi-
gated under steady-state reaction conditions at 290 �C for
700 h. The relative activity over the time on stream achieved
is shown in Fig. 6.

Here, a relative activity of 100 % corresponds to 10.2 %
CO2 conversion. A significant drop in activity was detected
within the first 8 h TOS, as shown in Fig. 6. The activity of

www.cit-journal.com ª 2023 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH Chem. Ing. Tech. 2023, 95, No. 5, 749–753

Figure 3. Oven temperature and catalyst bed temperature over
time on stream.

Figure 4. CO2 conversion over the catalyst bed temperature for
the varied catalyst mass at a constant contact time of 6 s kgcatm

–3.

Figure 5. CO2 conversion over the catalyst bed temperature for
the varied catalyst particle sizes.

Figure 6. Relative activity over 700 h time on stream.
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the Ni-catalyst has finally decreased to 88 % after 700 h
TOS. The deactivation behavior of the catalysts is approxi-
mated in Fig. 6 applying a linear model between 10–700 h
TOS.

Previous insights with respect to deactivation were usu-
ally generated under steady-state conditions. However, the
need for dynamic operation due to fluctuating gas streams
is of increasing importance, both technically and academi-
cally. In this context, it is important to reveal the influence
of dynamic operation on the long-term performance of the
catalyst and to clearly distinct these additional effects from
steady deactivation. As a conclusion, future Investigations
will be carried out after an aging time of 10 h TOS.

4 Conclusion

Reliable and reproducible kinetic measurements in hetero-
geneous catalysis require isothermal temperature control as
well as absence of macrokinetic diffusion limitations. Both
were successfully achieved in this work. Furthermore, a
detailed analysis with respect to the long-term-stability of
the catalyst was performed. Due to the observed strong ini-
tial deactivation future investigations will include an aging
time of 10 h TOS prior to kinetic measurements. Addition-
ally, these measurements will be carried out at temperatures
below 300 �C. Thus, steady-state kinetic parameters will be
determined and used for modeling the Ni-catalyzed CO2

methanation. Based on these investigations, the influence of
dynamic process conditions on the performance of the cata-
lyst will be subject of future studies.
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