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Abstract 
We developed a rapid aging method for Ni/Al2O3 methanation catalysts mimicking the real aging in the actual application. 
The method is based on hydrothermal deactivation of the catalyst at 600 or 700 °C, which leads to a catalyst with nearly 
constant conversion after a much shorter time period compared to normal aging. The hydrothermally aged catalysts are 
characterized by N2 adsorption, X-ray powder diffraction, temperature-programmed reduction and H2 chemisorption. The 
catalytic performance of the aged catalysts is comparable to the one of a catalyst deactivated in a long-term measurement 
with up to 720 h on stream. The time needed for reaching a stable conversion can be diminished by rapid aging by a factor 
of 10. The investigations also showed that the long-term deactivation is caused by Ni particle sintering and that the support 
pores limit the Ni particle size.
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1  Introduction

Within the last 20 years, the interest in CO2 methanation has 
increased tremendously. The main reason for this increased 
interest is that the CO2 methanation can be used for surplus 
electrical energy storage via the “Power to Gas” (PtG) pro-
cess [1–4]. The heterogeneously catalyzed CO2 methanation 
was first described in 1902 by Sabatier und Senderens [5], 
and many reviews on CO2 methanation catalysts have been 
published since then [6–13]. For an industrial application, a 
catalyst in the PtG process has to meet certain requirements. 

For instance, deactivation is an important phenomenon, 
which has to be considered for the evaluation of industrial 
catalysts. The reactor design has to be in line with the time 
constant of the catalyst deactivation. With respect to labora-
tory catalyst investigations, deactivation complicates kinetic 
measurements and scale-up. Especially for catalysts with 
very long lifetimes as in the automotive sector, the investiga-
tion of the reasons for the catalyst deactivation with actual 
on-road experiments is time-consuming and expensive. 
Therefore, it is helpful to develop a method for rapid aging 
of the catalyst in the laboratory, which mimics the real aging 
in the actual application or in engine benches in a shorter 
time frame. For realistic conditions, besides adjusting the 
aging time and temperature, catalyst poisons in the feed, e.g., 
sulfur compounds, should also be considered [14]. Rapid 
aging procedures have, to the best of our knowledge, so far 
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mainly been described for automotive emission catalysts, 
i.e., for the three-way catalyst [15, 16], for diesel oxidation 
catalysts [14, 16], for lean NOx trap catalysts [17] or for 
methane combustion catalysts in lean-operating natural gas 
engines [16, 18] and for PEM fuel cells [19]. For other appli-
cations, there are only a few reports on rapid aging, e.g., 
for Cu catalysts for methanol synthesis, where sintering is 
responsible for deactivation [20].

For developing an appropriate rapid aging method, it 
is important to know the reasons of the catalyst deactiva-
tion, which are in most cases coking, poisoning or sintering 
[21–23]. There are different investigations that deal with 
the deactivation of Ni catalysts under CO2 methanation 
conditions [24–27]. In our previous work on highly loaded 
Ni/Al2O3 catalysts for the CO2 methanation [24], we also 
investigated the deactivation of the different catalysts. Since 
carbonaceous deposits are not thermodynamically favored in 
the CO2 methanation [28] and occur to a lesser extent [29, 
30], we assumed that the decrease of the Ni surface area due 
to sintering is the most likely cause for the deactivation. Dur-
ing sintering of metal particles, usually a constant Ni parti-
cle diameter or a constant metal surface is reached after an 
initial phase [24, 31–35]. Thus, the question is after which 
time period the catalysts reach a constant Ni surface and 
thereby a constant conversion. Koschany et al. [36] observed 
on a co-precipitated catalyst (nNi/nAl = 1) only after 320 h 
at 380 °C a constant conversion, and Abelló et al. [37] on 
another co-precipitated catalyst (nNi/nAl = 5) only after 400 h 
at 400 °C. Dew et al. [38] obtained after aging for 2000 h 
under different reaction conditions on a commercial Ni/kie-
selguhr catalyst a constant conversion. In order to avoid this 
time-consuming and expensive aging, we developed in this 
work a method for rapid aging of Ni/Al2O3 catalysts applied 
for CO2 methanation. Our investigations are based on the 
assumption that the sintering of the Ni particles and of the 
support is the main cause of deactivation on the long time 
scale and that carbonaceous deposits are assumed to occur to 
a lesser extent. Thus, a homogeneous and rapid aging proce-
dure is possible under aggravated hydrothermal conditions.

2 � Experimental Section

2.1 � Catalyst Preparation

In the present work, a supported catalyst (20 wt% Ni on 
γ-Al2O3) was synthesized via the deposition precipitation 
technique and labeled with 20DP. The Ni mass fraction 
is referred to the dry mass of the catalyst in the reduced 
and passivated state. The catalyst preparation details are 
described in Beierlein et al. [24]. According to this refer-
ence, a suspension of 540 mL of demineralized water and 
20 g of γ-Al2O3 (Saint-Gobain, 99.90%) was prepared. Next, 

27.3 g of Ni(NO3)2 6H2O (Alfa Aesar, 98.3%) was dissolved 
in 78.6 mL of 1 M HNO3. This solution was added to the 
suspension (final pH ≤ 1). Then, a solution of 5 M NaOH 
(pH ≥ 14) was dosed to the suspension. A flow rate of 500 µL 
min−1 was adjusted via a micrometering pump, and the addi-
tion of the alkaline solution was stopped when a pH value of 
10 was obtained. After an aging period of 19 h, the suspen-
sion was filtered. The filter cake was washed with 200 mL of 
demineralized water, dried at 150 °C for 12 h and calcined 
at 400 °C for 3 h. The calcined material was pressed and 
sieved to a fraction of particles with sizes between 0.200 and 
0.315 mm. Finally, a reduction step in a quartz glass reac-
tor at 600 °C for 1 h in 30 vol% hydrogen in nitrogen was 
conducted and followed by a passivation step in synthetic 
air. Before the passivation, the catalyst was cooled down 
to < 30 °C, and the reactor was flushed with nitrogen. Then, 
oxygen was added, whereby the oxygen content was raised 
from 0.1 to 1 vol%. Details of the reduction and passivation 
method can be found in [24, 39].

2.2 � Catalyst Characterization

The elemental composition of the reduced and passivated 
catalyst was investigated via optical emission spectroscopy 
with inductively coupled plasma (Varian; Vista-MPX CCD 
17). The specific surface area, pore volume and pore size 
distribution were determined by N2 physisorption. Powder 
X-ray diffraction analysis was performed with CuKα radia-
tion (30 mA, 40 kV, Bruker AXS, D8 Advance). The mean 
crystallite size dc was determined from the full width at half 
maximum of the Ni(200) reflections and corrected using the 
Warren equation (reference: LaB6). A Quantachrome Auto-
sorb-iQ apparatus was employed to measure temperature-
programmed reduction (TPR). The static H2 chemisorption 
method with Quantachrome AUTOSORB-1C was used for 
the determination of the mean particle size dp , the dispersion 
D and the Ni surface area S(Ni). Details on TPR and chem-
isorption measurements and the other methods are reported 
in [24].

2.3 � Experimental Setup

For the rapid aging experiments, 0.5 mm quartz wool and 
0.7 g of the reduced and passivated catalyst were placed on 
the quartz glass frit of a quartz glass reactor. The catalyst 
was covered with more quartz glass wool, and a thermo-
couple was placed directly in the middle of the catalyst bed. 
Great care was taken that the catalyst bed was placed in the 
isothermal zone of the used tube furnace. The isothermal 
zone was determined by measuring the temperature gradi-
ent of the furnace with a movable thermocouple. The cata-
lyst was heated in 300 mL min−1 H2 to 600 °C or 700 °C 
(5 °C min−1). When the temperature was constant, doubly 
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distilled water was added with a syringe pump (Harvard 
Instruments), and the water vapor percentage was adjusted to 
15 vol% in H2 (absolute pressure pabs = 100 kPa, τmod = cata-
lyst mass/total volumetric flow (STP) = 120 kg s m−3, V̇

total
 

= 350 mL min−1). After cooling, the catalyst was passivated 
(see above).

The catalytic investigation was performed with an auto-
mated lab-scale test unit. A detailed description of the test 
unit can be found in Beierlein et al. [24, 39]. A stainless-
steel tube reactor with a diameter of 5 mm was used. The 
reactor was isothermally heated by an aluminum block, and 
the temperature was measured with a thermocouple in the 
first quarter of the fixed bed. For each experiment, 75 mg 
passivated catalyst was mixed with SiC particles of the same 
size. A catalyst-SiC dilution ratio of 1/20 was chosen for 
avoiding hotspots. The blind conversion of SiC was checked 
at 400 °C and 1.6 MPa. It was proven that the conversion 
on reactor steel and pure SiC can be neglected (conversions 
smaller than 1%).

At the beginning of the catalytic tests, the passivated cata-
lysts were re-reduced in 30 vol% H2/N2 for 1 h at 400 °C and 
0.1 MPa. After reduction, the catalyst was cooled down to 
room temperature, and a gas mixture of H2:CO2:Ar (molar 
ratio of 76:19:5) was adjusted (modified residence time �

mod
 

of 25 kg s m−3). The experiments were conducted at tem-
peratures of 350 and 400 °C at a pressure p of 1.6 MPa. 
Next, a bypass measurement for determining the accurate 
gas composition was performed. For the gas analytics, an 
NDIR detector (URAS26, ABB 3020) and a gas chromato-
graph (GC, HP 6890) were used. The NDIR detector has the 
advantage that the concentrations of CO2, CO and CH4 can 
be measured continuously. However, for checking the forma-
tion of hydrocarbon byproducts the gas chromatograph was 
used. Besides CO, only traces of ethane were recognized. 
The equations for calculating the conversions on the basis of 
NDIR and GC analytics are described in [24, 39].

3 � Results and Discussion

3.1 � Long‑Term Stability of the Catalyst

For this work, we chose a catalyst prepared by deposi-
tion precipitation with a relatively stable time-on-stream 
behavior (the most stable catalyst 20DP of our previous 
work [24]), since the long-term behavior of coprecipitated 
catalysts has already been investigated by Abelló et al. [37] 
and Koschany et al. [36]. Generally, the highest reaction 
temperature and pressure in the power-to-gas process are 
400 °C and 1.6 MPa [40], which is why we chose these 
demanding reaction conditions for our long-term meas-
urement. At 400 °C and 1.6 MPa, even at very low modi-
fied residence times (τmod = 25 kg s m−3), the equilibrium 
conversion is reached already at the beginning of the 
experiment. At the equilibrium conversion, the deactiva-
tion is concealed by the thermodynamic limitation, and 
the deactivation cannot be tracked. For an investigation 
of the deactivation, intermediate reference measurements 
are performed for 6 h at 350 °C, where the conversion 
is below the equilibrium conversion. Figure 1 shows the 
mean conversions X(CO2) and mean selectivities S of the 
reference measurements at 350 °C over 6 h in dependence 
of the reaction time of the catalyst at the actual reaction 
temperature of 400 °C, which leads to the deactivation of 
the catalyst. Obviously, the catalyst deactivates consider-
ably, especially at the beginning of the measurement. X
(CO2) decreases within the first 10 h at 400 °C from 79 to 
69%. After 550 h at 400 °C, a constant conversion of 27% 
is reached. With decreasing X(CO2), a slight increase of S
(CO) can be observed.

Deactivation during catalytic measurements can lead 
to difficulties and wrong conclusions. If deactivation is 
not recognized during kinetic measurements, the kinetic 

Fig. 1   Mean conversions X
(CO2) and mean selectivities S 
of the reference measurements 
at 350 °C over 6 h in depend-
ence of the reaction time of the 
catalyst Ni/γ-Al2O3 at the actual 
reaction temperature of 400 °C 
(reaction conditions: molar 
ratio of H2:CO2:Ar = 76:19:5, 
τmod = 25 kg s m−3, p = 1.6 MPa)
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parameters are inaccurate, since they are not only affected 
by the reaction conditions, but also by the deactivation. 
However, in kinetic investigations of the CO2 methana-
tion, deactivation is rarely considered. Koschany et al. 
[36] explain this with the fact that kinetics are mainly 
analyzed in the differential regime of the reactor and that 
deactivation is, under these conditions, usually slow. In 
order to avoid an influence of the deactivation, meaningful 
kinetic investigations employ a previously aged catalyst 
[36, 38]. The aging leads to a constant conversion, so that 
the influence of the reaction conditions can be observed 
without errors caused by deactivation. Up to now, it has 
not been considered, though, that also the aging leads to 
difficulties because the determined kinetics are only valid 
for the performance of the specifically aged catalyst. If a 
fresh catalyst is loaded into an industrial reactor, the sig-
nificantly higher initial activity of the catalyst can lead to 
problems with the reactor design (reactor material, cooling 
system…) and the reliability of its operation. Another seri-
ous problem is that the pseudo steady state with constant 
conversion depends on the specific setup used for aging the 
catalyst. It will be difficult to transfer these conditions to 
other systems, since there are, even under the same reac-
tion conditions, inhomogeneities of the concentrations and 
the temperature in the catalyst bed during aging, since the 
conversion increases from the beginning to the end of the 
reactor (Fig. 2). In addition, the temperature and concen-
tration profiles depend on the reactor geometry and the 
dilution of the catalyst. Especially if the aging temperature 
is higher than the reaction temperature, where the equi-
librium conversion is reached, the reactants are mainly 
converted in the front part of the reactor. We previously 
showed that there is a significant temperature gradient in 
the front part of the reactor, even at dilution of the cata-
lyst with high mSiC/mcatalyst ratios [39]. Thus, we have to 
assume that the deactivation depends on the position in 
the catalyst bed and that the catalyst will be inhomoge-
neously deactivated over the catalyst bed. Therefore, the 
transfer of the kinetics of an inhomogeneously aged cata-
lyst between different laboratory reactors, pilot plant and 
industrial reactors can lead to significant errors, since it 

is improbable that the catalyst can be aged to an identical 
stage.

The problems discussed above can be avoided if the cata-
lyst is not aged by normal deactivation during the reaction, 
but in a homogeneous aging procedure before its use in the 
actual reaction. Therefore, the aim of this study is to develop 
a rapid aging method with which the catalyst can be aged 
fast and homogeneously. Since sintering of the Ni particles 
is presumably the main reason for the deactivation of the 
catalyst, a method should be found to accelerate the sinter-
ing. It is known that a high temperature and the presence 
of steam favor the sintering of Ni particles [21, 31, 32, 41]. 
Even 3 vol% steam (3 kPa H2O) substantially accelerates 
sintering of Ni particles [31, 34]. However, at high tempera-
ture the H2O to H2 ratio should be not too high since this can 
result in the oxidation of Ni particles to NiO which retards 
sintering (due to the higher Tamman temperature of NiO). 
We decided to age the catalyst at 600 °C and 700 °C in H2 
with 15 vol% steam at 100 kPa (15 kPa H2O). The charac-
terization of the catalysts aged in this manner are discussed 
in the next chapter.

3.2 � Characterization of the Aged Catalyst Samples

First of all, the influence of the aging on the catalyst texture 
was investigated by N2 physisorption. Figure 3 shows that 
the aging leads to a decrease of the BET surface S(BET). 
The decrease of the BET surface is higher at an aging tem-
perature of 700 °C than at 600 °C. The time dependence of 
the decrease of S(BET) is at both aging temperatures similar: 
In the first 4 h, S(BET) decreases considerably. Afterwards, 
the BET surface does not decrease any more at 600 °C and 
only slightly at 700 °C. The pore volume stays nearly con-
stant for all aged samples (Fig. 3, top). The pore size dis-
tributions of the aged catalysts and pure support samples 
were determined and compared to the fresh samples (Fig. 3, 
bottom). A shift of the pore size distribution to larger pore 
diameters with increasing aging temperature can be observed 
for the catalyst samples as well as for the support samples. It 
appears, that the pore size distributions of the pure support 
samples are located at larger diameters. We assume that this 
is a consequence of the high Ni loading (Ni mass fraction of 
20%): the Ni particles, which are located inside the pores, 
obviously lead to a pore narrowing effect. In addition, it can 
be speculated, that the Ni particles stabilize the pore struc-
ture of the support. At the same aging temperature, the pore 
size distributions are very similar. Aging for more than 4 h 
has no further influence on the texture.

For comparison with the deactivation in methanation feed 
gas, it would be useful to characterize the spent catalysts 
after the long-term operation depicted in Fig. 1. Unfortu-
nately, this is not possible. The reasons which do not allow 
to measure chemisorption after the catalytic experiment are: 

Fig. 2   Scheme of the temperature and concentration gradients during 
aging under typical reaction conditions of the CO2 methanation in a 
fixed-bed reactor
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(1) for assuring an isothermal fixed bed, the catalyst has to 
be diluted with large amounts of SiC. Afterwards, the cata-
lyst cannot be separated from SiC. A separation would only 
be possible if SiC particles larger than the catalyst particles 
were used, which is not reasonable since this would lead 
to bypass streams and channeling. (2) Due to the exother-
micity of the reaction, we use only < 75 mg of catalyst. For 
meaningful characterization with different methods, a higher 
catalyst mass is needed.

High temperatures and steam can lead to a change of 
the modification of the �-Al2O3 support [42, 43]. However, 
a comparison of the X-ray powder diffraction patterns in 
Fig. 4 of the pure support before aging and the different 
aged samples does not give any indication that the support 
changes during the thermal treatment. The Al2O3 reflections 
are shifted to higher diffraction angles than the value of the 
reference data base (JCPDS 00-010-0425). This is in accord-
ance with the XRD pattern of the pure Al2O3 support. Thus, 
it can be assumed that this is caused by the Al2O3 modifica-
tion of the specific support used in this work.

Only Ni reflections and no NiO reflections can be seen. 
The Ni reflections of the aged samples are significantly 
narrower than the Ni reflections of the fresh sample. After 
aging at 700 °C, the Ni reflections are slightly narrower 
than after aging at 600  °C. Therefore, a higher aging 

temperature leads to larger Ni crystallites, whereas the 
aging time (longer than 4 h) has no influence on the crys-
tallite size.

XRD analysis is a powerful tool for identifying the crys-
talline bulk phase composition of a catalyst. However, the 
formation of amorphous phases or surface compounds are 
not visible in the XRD patterns. A well-known method to 
investigate oxidic Ni surface compounds, like Ni surface 
aluminates, is the temperature-programmed reduction (TPR) 
technique. The reducibility of Ni2+ ions in solid-state reac-
tions depends on the specific coordination environment. 
Thus, the TPR method is a surface-sensitive method suitable 
for identifying different Ni species according to their differ-
ent reduction temperatures. With the adjusted TPR condi-
tions, pure nickel oxide (NiO) is reduced between 200 and 
400 °C [24]. The Ni species with an interaction between the 
Ni2+ ions and the Al2O3 support (likely non-stoichiometric 
and stoichiometric Ni aluminates NiAl2O4) show higher 
reduction temperatures [24]. With our samples, even after 
the longest aging time of 18 h at the highest aging tempera-
ture of 700 °C, no difficulties to reduce Ni species can be 
observed (Fig. 5). A comparison with the calcined sample 
shows that the aged samples bear only easily reducible NiO 
(passivation layer). Thus, the formation of surface Ni alu-
minates in the aged samples can be excluded.

Fig. 3   BET surfaces S(BET), 
pore volumes (VP) related to the 
dry total mass of the samples 
(top) and pore size distributions 
determined from the adsorp-
tion branch (bottom) of the 
fresh catalyst Ni/γ-Al2O3 and 
the catalysts aged at different 
temperatures and aging times t 
and the aged support γ-Al2O3 
(aging conditions: 15 vol% 
steam in H2, pabs = 100 kPa, 
τmod = 120 kg s m−3, V̇total = 
350 mL min−1)
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Fig. 4   X-ray powder diffraction 
patterns of the fresh and the 
aged catalysts Ni/γ-Al2O3 in the 
passivated state compared to 
the calcined γ-Al2O3 support. 
Ni (JCPDS 00–001-1258) and �
-Al2O3 (JCPDS 00–010-0425) 
are indicated with vertical lines 
(aging conditions: 15 vol% 
steam in H2, pabs = 100 kPa, 
τmod = 120 kg s m−3, V̇total = 
350 mL min−1)

Fig. 5   Temperature-pro-
grammed reduction profile of 
the calcined catalyst Ni/γ-Al2O3 
and the reduced and passivated 
catalyst before and after aging 
(aging conditions: 15 vol% 
steam in H2, pabs = 100 kPa, 
τmod = 120 kg s m−3, V̇total = 
350 mL min−1)
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The Ni surface area is determined with H2 chemisorption. 
Figure 6 shows that the metal surface decreases strongly 
within the first 4 h of the aging. Stabilization of the sur-
face is achieved after 4 h (600 °C) and after 10 h (700 °C). 
After aging at 700 °C, the metal surface decreases more 
strongly than after aging at 600 °C. It is also noticeable that 
the decrease of the metal surface is more significant than the 
decrease of the BET surface.

Bartholomew et al. [22] explain the decrease of the metal 
and the BET surface of a Ni/Al2O3 catalyst in a steam-con-
taining atmosphere with a blocking of the pores caused by 
sintering metal particles. Due to the blocking of the pores, 
a part of the metal particles and of the BET surface is not 
accessible any more. The assumption is based on the obser-
vation that the pore volume decreases whereas the pore 
diameter stays constant. In contrast to Bartholomew et al. 
[22], the pore volume in this work stays constant, whereas 
the pore diameter increases (Fig. 3). A constant pore volume 
with decreasing BET surface and increasing pore diameter is 
characteristic of the sintering of �-Al2O3 [24]. Our previous 

work also showed that the Ni particles are stabilized as soon 
as the size of the metal particles reaches the pore diameter 
[24]. The pore size distributions in Fig. 3 show that the pore 
diameters increase during aging. Therefore, the metal par-
ticles should become mobile and sinter until the particle 
size and the pore diameter match again. And actually, after 
aging at 600 °C, the mean pore diameter of the �-Al2O3 sup-
port agrees with the mean Ni particle size of the stable state 
(Fig. 3 dPore(�-Al2O3) = 14 nm, Fig. 7: d

P
(Ni) = 15 nm).

After aging at 700 °C, the particle diameter of the sta-
ble state is somewhat larger than the mean pore diameter. 
This can be explained with the fact that the support is only 
aged for 6 h at 700 °C. Figure 3 shows that the BET surface 
decreases during aging at 700 °C also further between 4 
and 10 h. Thus, the pore diameter of the support could be 
larger after aging for 10 h. And indeed, the mean Ni particle 
size after aging for 4 h agrees quite well with the mean pore 
diameter of the support after aging for 6 h (Fig. 3: dPore(�-
Al2O3) = 18 nm, Fig. 7: d

P
(Ni) = 21 nm). With the stabilizing 

effect of the support, the coupling between the metal and the 

Fig. 6   Metal surfaces S(Ni) of 
the aged catalysts Ni/γ-Al2O3 in 
dependence of the aging time t 
as determined by H2 chemisorp-
tion (aging conditions: 15 vol% 
steam in H2, pabs = 100 kPa, 
τmod = 120 kg s m−3, V̇total = 
350 mL min−1)

Fig. 7   Mean particle sizes dp
(Ni) determined by H2 chem-
isorption and mean crystallite 
sizes dc(Ni) of the catalysts 
Ni/γ-Al2O3 determined by XRD 
(aging conditions: 15 vol% 
steam in H2, pabs = 100 kPa, 
τmod = 120 kg s m−3, V̇total = 
350 mL min−1)
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BET surface can be understood: During the initial decrease 
of the BET surface, a significant decrease of the metal sur-
face can be observed. When the BET surface and the support 
texture (pore diameter) are stabilized (more than 4 h aging at 
600 °C; more than 10 h aging at 700 °C), the metal surface 
stays constant. The mean Ni crystallite sizes are significantly 
smaller than the mean Ni particle sizes and increase only lit-
tle with increasing aging time. The difference is presumably 
due to the fact that the Ni crystallites agglomerate to larger 
particles consisting of several crystallites [41].

TEM measurements could additionally prove this assump-
tion. However, it is known that the contrast between the �
-Al2O3 support and the Ni particles is very weak and that Ni 
particles cannot be clearly distinguished from the support 
[41, 44–46]. Thus, particle size measurements of Ni parti-
cles on �-Al2O3 can reliably only be conducted with special 
techniques like microdiffraction [46] or HAADF [41]. With 
common TEM measurements, the question whether the Ni 
particles are located inside the pores of �-Al2O3 can usually 
not be answered.

The discussion shows that the stabilizing effect of the 
mesopores can explain why the metal surface reaches a 
pseudo-steady-state value when the texture of the support 
is stabilized and the particle diameter agrees with the pore 
diameter of the support. Other suggested explanations such 
as the attachment to convex regions [21, 47] are less plausi-
ble and do not explain the difference between the catalysts 
after aging at 600 °C and 700 °C satisfactorily. With differ-
ent pore diameters, the difference between the steady states 
of different aging temperatures can be clearly clarified: The 
pseudo steady state of the particle size is different because 
the pore diameter varies with the aging temperature.

Ruckenstein and Pulvermacher [48] investigated as early 
as 1975 the influence of the support texture on the sintering 
of metal particles. They hypothesize that the pore diameter 
limits the particle size during sintering of metal particles. 
This hypothesis was rejected in known publications on the 

sintering of Ni on various supports [32, 41, 49]. In these 
publications, the BET surface and the support only have 
a small influence on the sintering of metal particles. In 
addition, the more recently published kinetic laws for the 
description of the sintering of Ni particles hint at a small 
effect of the support [49]. In a newer review on CO2 metha-
nation, some of this older work is cited as a basis for the 
understanding of the catalyst deactivation [50]. However, 
it is ignored that these publications investigate the sinter-
ing of Ni on supports with a small BET surface of 20 to 50 
m2 g−1 and no pronounced porosity [32, 41, 49]. During 
the derivation of the kinetic laws, the pore structure is not 
involved so that the stabilizing effect of the texture is not 
considered. However, the results and the discussion in this 
work demonstrate a significant influence of the support tex-
ture which supports the pioneering work of Ruckenstein and 
Pulvermacher [48] which should be given more attention.

3.3 � Catalytic Performance of the Aged Catalyst 
Samples

The time-on-stream behavior of the catalysts aged at 600 to 
700 °C for 10 to 18 h in H2 with 15 vol% steam is shown in 
Fig. 8. First, the conversion is determined at 350 °C for 6 h. 
Afterwards, it is alternately measured at 400 °C for 10 h and 
at 350 °C for 6 h. On the catalyst aged at 600 °C for 18 h, 
an initial conversion of 83% is observed at 350 °C, which 
decreases significantly with increasing time on stream. The 
catalysts aged at 700 °C reach a significantly lower initial 
conversion. Our previous work [24] showed that the conver-
sion correlates linearly with the metal surface. Therefore, 
we can assume that the difference in the initial conversion 
is proportional to the metal surface of the catalysts. Actu-
ally, the relative difference between the conversions of the 
catalyst aged at 700 °C for 18 h and the one aged at 600 °C 
for 18 h agree pretty well with the relative difference of 
the metal surfaces ( ΔX(CO2)t=0 = 39 rel.%; ΔS(Ni)

t=0 = 47 
rel.%). The small conversion difference between the catalysts 

Fig. 8   Time-on-stream behav-
ior of the fresh and chosen 
aged Ni/γ-Al2O3 catalysts at 
T = 350 °C (small conversions) 
and 400 °C (higher conversions) 
(reaction conditions: molar ratio 
of H2:CO2:Ar = 76:19:5, �mod 
= 25 kg s m−3, p = 1.6 MPa; 
aging conditions: 15 vol% 
steam in H2, pabs = 100 kPa, 
τmod = 120 kg s m−3, V̇total = 
350 mL min−1)



2916	 D. Beierlein et al.

1 3

aged at 700 °C for 10 h and the ones aged at 700 °C for 18 h 
can be explained with the similar metal surfaces (S(Ni) = 4.2 
m2 g−1 (10 h), S(Ni) = 4.3 m2 g−1 (18 h)) of these catalysts.

The measurement of the fresh catalyst did not start 
with a measurement at 350 °C, but with a slow tempera-
ture ramp (not shown here), whereupon the conversion at 
400 °C is measured. Afterwards, the temperature is lowered 
to 350 °C. The fresh sample reaches a higher conversion 
at 350 °C compared with the aged samples. This indicates 
the smaller extent of deactivation for the fresh sample. This 
sample reaches the equilibrium conversion in the following 
measurements at 400 °C, and hence, no deactivation can be 
observed.

It is noticeable that the catalysts undergo a different 
decrease of the conversion, which follows, at a reaction 
temperature of 350 °C, the trend between 2 and 8 h on 
stream: aged at 700 °C for 18 h (− 3.0% per h) > aged at 
600 °C for 18 h (− 2.3% per h) > aged at 700 °C for 10 h 
(− 1.4% per h). The strong deactivation during the first 8 h 
on stream at 350 °C when conducting the CO2 methanation 
is unexpected, and it is very unlikely that Ni sintering is the 
reason because—as discussed in the section on characteri-
zation—the Ni sintering during rapid aging already reached 
a maximum particle size dictated by the pore size. Sinter-
ing is very temperature-sensitive [32] which suggests that a 
distinct deactivation at 350 °C after 18 h at 700 °C may not 
be caused by sintering although the H2O partial pressure 
is higher. Thus, we speculate that it is much more likely 
that (1) the Ni surface is restructured or (2) blocked by the 
accumulation of surface species such as formates or carbon-
ates, (3) formation of hydroxide species occurs (Ni(OH)2/
Al(OH)3) or that (4) the support surface is changed by a loss 
of acidic/basic sites. However, for determining this addi-
tional cause of deactivation further surface-sensitive inves-
tigations are needed like in situ XPS.

When switching to a reaction temperature of 400 °C, the 
catalyst aged at 600 °C for 18 h reaches the equilibrium con-
version. The catalyst aged at 700 °C for 10 h starts with the 

equilibrium conversion, but the conversion decreases with 
increasing time on stream. On the catalyst aged at 700 °C for 
18 h, the conversion reached at 400 °C is, due to the strong 
deactivation at 350 °C, smaller than on the catalyst aged at 
700 °C for 10 h. Both catalysts aged at 700 °C have a simi-
lar conversion decrease at a reaction temperature of 400 °C 
(≈ − 0.5% per h). After the second measurement at 400 °C, 
no deactivation at 350 °C can be perceived any more, and 
further deactivation can only be observed during the reac-
tion at 400 °C. This shows that the catalyst deactivates more 
strongly at 400 °C than at 350 °C. Therefore, the temperature 
and the partial pressure of steam should have the strongest 
influence on the deactivation. However, if the equilibrium 
conversion is reached (as at 400 °C in Fig. 1), a decreasing 
residence time should also cause a faster deactivation: At 
the equilibrium conversion, the catalyst is kinetically able to 
convert more reactants, but is thermodynamically limited. 
If more reactants are supplied due to a decreasing residence 
time, then more reactants can be converted at the front part 
of the fixed bed. This should cause a higher heat release with 
a higher hot spot temperature [39], leading to a faster deacti-
vation rate. With further decreasing residence time, a point 
should be reached at which the catalyst is not able any more 
to convert all reactants up to the extent of the equilibrium 
conversion. Hence, a lower conversion should result caus-
ing a lower partial pressure of the reaction product steam. 
The higher flow rate of the lower residence time should also 
decrease the hot spot temperature due to higher convective 
heat transport. Thus, a lower deactivation rate is expected 
with a further decreasing residence time.

For a comparison of the conversion of the aged catalysts 
with the constant conversion of the long-term measurement, 
the mean conversions at 350 °C are plotted versus the reac-
tion time at 400 °C (Fig. 9). The deactivation during the 
measurement at 350 °C is given as indication bar. The top 
of the indication bar states the conversion at the beginning 
of the 350 °C measurement. During the measurement at 
constant temperature, the conversion decreases. At the end 

Fig. 9   Mean conversions X(CO2) (left) and mean selectivities S(CO) 
(right) of chosen aged Ni/γ-Al2O3 catalysts of the reference meas-
urements at 350  °C over 6  h in dependence of the reaction time of 
the catalyst at 400  °C. The indication bar indicates the decrease of 
X(CO2) and the increase of S(CO) at 350 °C. The dotted horizontal 

lines give the constant conversion and selectivity to CO of the long-
term experiment after 720  h in Fig.  1 (reaction conditions: molar 
ratio of H2:CO2:Ar = 76:19:5, �mod = 25 kg s m−3, p = 1.6 MPa; aging 
conditions: 15 vol% steam in H2, pabs = 100 kPa, τmod = 120 kg s m−3, 
V̇total = 350 mL min−1)
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of the measurement, the conversion reaches the lower limit 
of the indication bar. The mean conversion of the catalyst 
aged at 600 °C for 18 h is even after 30 h reaction at 400 °C 
significantly larger than the constant conversion of the long-
term measurement plotted as dotted horizontal line. The 
mean conversion decrease of the catalyst aged at 700 °C for 
10 h is within the first 20 h comparable to the catalyst aged 
at 700 °C for 18 h. Thus, we assume that the catalyst aged 
at 700 °C for 10 h should also, after a reaction time of 20 
to 50 h at 400 °C, show a comparable conversion decrease. 
After 50 h at 400 °C, the conversion of the catalyst aged at 
700 °C for 18 h approaches a constant value which should 
also be the case for the catalyst aged at 700 °C for 10 h. This 
value should agree with the value of the long-term meas-
urement. Therefore, we suggest the following rapid aging 
method: First, the catalyst is hydrothermally aged for 10 h at 
700 °C in 15 vol% steam in H2. Then, the catalyst is further 
stabilized during methanation at 400 °C and 1.6 MPa for 
50 h. As compared to the long-term measurement under the 
same harsh methanation conditions, where a constant con-
version is only reached after 550 h on stream, this means that 
the time needed for reaching a constant conversion can be 
diminished by a factor of 10 by implementing the suggested 
rapid aging method.

Finally, we want to have a look at the selectivity to CO 
(Fig. 9 right): the CO selectivity increases with increasing 
time on stream at 400 °C. During the first measurement at 
350 °C, the selectivity to CO increases (indication bars in 
Fig. 9: at the beginning of the 350 °C measurement, the CO 
selectivity is stated by the lower end of the indication bar. 
After 6 h at 350 °C, the CO selectivity reaches the higher 
end of the indication bar). Since the conversion changes and 
S(CO) depends on the conversion (S(CO) X(CO2) coupling), 
Fig. 9 does not show whether the conversion decrease is the 
reason for the increase of S(CO) or whether the deactivation 

has a direct influence on S(CO). To separate the influence 
of the conversion decrease from the influence of the deac-
tivation on S(CO), the mean conversions and the mean CO 
selectivities at 350 °C of the fresh catalyst (first measured 
point of Fig. 1) are plotted in an S-X diagram and compared 
to the values of the aged catalyst samples (Fig. 10). The 
indication bars indicate the decrease of the conversion and 
the increase of S(CO) during the measurement at 350 °C. It 
can be seen that the initial S-X values at the beginning of the 
measurements with the aged catalysts agree with the values 
of the fresh catalyst (right corner at the bottom of the squares 
which is spanned by the indication bars).

The S-X-values of fresh catalyst, aged catalysts and the 
limit of the long-term measurement after 720 h (Fig. 1) lie 
on a trajectory. This indicates that the CO selectivity is not 
influenced by an aging effect other than conversion decay, 
neither by the short-term deactivation (conditioning) nor by 
the long-term deactivation. It is assumed that the change 
in CO selectivity is only due to the conversion decrease. 
The CO selectivity is, therefore, not a descriptor for the 
deactivation.

4 � Conclusions and Outlook

The physical characterization of the aged catalyst reveals a 
distinct increase of the Ni particle size and a decrease of the 
Ni surface area. It was shown that the support texture has a 
significant influence on the sintering: The pore diameter of 
the support varies with the aging temperature, and a constant 
particle size is only obtained when Ni particles reach the 
same diameter as the pores.

A short-term deactivation (conditioning) and a long-term 
deactivation were observed. The short-term deactivation is 

Fig. 10   Mean CO selectivities 
S(CO) in dependence of the 
mean conversions X(CO2) 
of chosen aged Ni/γ-Al2O3 
catalysts of the reference 
measurements at 350 °C over 
6 h. The indication bars indicate 
the decrease of X(CO2) and the 
increase of S(CO) at 350 °C 
(reaction conditions: molar ratio 
of H2:CO2:Ar = 76:19:5, �mod 
= 25 kg s m−3, p = 1.6 MPa; 
aging conditions: 15 vol% 
steam in H2, pabs = 100 kPa, 
τmod = 120 kg s m−3, V̇total = 
350 mL min−1)
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presumably a result of restructured or oxidized Ni surface 
and/or the accumulation of surface species such as for-
mates or carbonates. Long-term deactivation is caused by 
Ni particle sintering. Since both kinds of deactivation have 
an important influence on the performance of the catalyst, 
we suggest the following rapid aging method for Ni/Al2O3 
methanation catalysts: First, the catalyst is hydrothermally 
aged for 10 h at 700 °C in 15 vol% steam in H2. Then, the 
catalyst is further stabilized during methanation at 400 °C 
and 1.6 MPa for 50 h. In this way, the aging time to reach 
a pseudo-steady-state conversion can be diminished by a 
factor of 10.

However, we can not exclude an inhomogeneous deac-
tivation of the catalyst bed in the second step, since the 
conversion of CO2 results in concentration and tempera-
ture gradients during the reaction. A possibility for a fully 
homogeneous deactivation could be the following: First, the 
above-described rapid aging method is employed to reach a 
homogeneous deactivation due to sintering. Afterwards, the 
aged catalysts are further deactivated at small conversions 
and small residence times (large volumetric flow rates). Due 
to the small conversions and the high flow rates, the con-
centration and temperature profiles in the catalyst should be 
small, similar to the situation in the differential regime of 
a reactor. If this method is not possible, there are different 
alternatives: (i) Accepting the uncertainty for the transfer 
of the kinetics of specifically aged catalysts; (ii) laborious 
determination of the deactivation kinetics; (iii) empirical 
investigations in pilot plants under nearly identical condi-
tions of the envisaged commercial plant; (iv) development 
of a catalyst which does not deactivate under the targeted 
reaction conditions.
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