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Abstract
The current work determines the maximum concentrations of pollutants that inter-
fere significantly in the process, mainly in the catalyst. With this, the study tested the 
impact of oxygen, sulfur dioxide and nitrogen monoxide on NiO/SiO2 commercial 
catalyst more used in this process. Besides this, from reactions with and without 
contaminants, the catalyst was characterized through TGA, FESEM and TEM in 
order to evaluate the impact of each element on its morphology. Experiments with 
the presence of the oxygen showed that the  O2 consumes the hydrogen and produces 
more water, reducing the  CO2 conversion and  CH4 formation. Sulfur showed a sig-
nificant impact at the reducing of its activity catalyst in concentrations above 5 ppm. 
Nitrogen monoxide, which is a major component of NOx showed to be little harmful 
to the catalyst, changing the reaction stability at the  CO2 conversion. Both NO and 
 SO2 changed the catalyst morphology and ripped apart the nickel particles from the 
support, decreasing the catalyst activity over time.
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Introduction

The high human-caused  CO2 emissions increase the concentration of this gas in the 
atmosphere, turning the natural process of the greenhouse effect into a very cur-
rent and harmful environmental problem [1–3]. Nowadays, about 85% of the world’s 
energy sources are yet substantially based on fossil fuels [4] and the burning process 
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of fossil fuels results in a mixture of gases containing  CO2,  NOx,  SOx,  H2,  N2 and 
numerous other compounds harmful to the atmosphere, called flue gas. Currently, 
flue gas is one of the major sources of  CO2 to the atmosphere, leading to the need to 
develop new technologies that can capture and storage (or transform) this gas to mit-
igate its environmental effects [5, 6]. Processes aiming the chemical conversion of 
 CO2 are the most common options to reduce the emission of this pollutant and still 
obtain a product with higher market value. Among several chemical process options, 
methanation is a promising alternative for using  CO2 from the flue gas, since it pro-
duces pure methane that can be stored, burned for thermal or electrical purpose and 
even used as fuel for transport [7].

Methanation research dates for over 100 years, first being observed by the French 
chemist Paul Sabatier in 1902 working with CO-methanation [8]. As environmental 
issue became more and more important, the same principals of monoxide reaction 
were applied to study methanation (or hydrogenation) of carbon dioxide, which con-
sists on its conversion into methane and water, as shown in Eq. 1 [9].

In order to achieve acceptable values of conversion and selectivity towards meth-
ane, carbon dioxide methanation requires the use of a catalyst due to the kinetic 
limitations. A promisor catalyst to an industrial application needs been easy to syn-
thesize and recyclable. Although metals such as Ru, Rh, Pd, among others, exhibit 
excellent low-temperature activity toward  CO2 methanation, they cannot be applica-
ble for the industry because of the high price [10]. Other metals such as Co and Fe 
are relatively suitable for low-temperature  CO2 methanation, they usually performed 
low  CH4 selectivity [11]. In this context, nickel-based catalysts are a greater option 
because it is a cheapest active compound, and beside these, adsorbs hydrogen, lead-
ing to higher reaction yields and is highly selective for methane formation [12].

Besides the catalyst choice, operating temperature and pressure, reactor design, 
bed shape and gas feed mixture (e.g. presence of pollutants) directly influence the 
selectivity and conversion of  CO2 to  CH4 [8]. Due to the reaction kinetics, the oper-
ating temperature is usually kept between 250 and 550 °C, varying for isothermal 
and adiabatic process, while higher reaction pressures can enhance the  CO2 con-
version, reason why most reactors operate from 5 to 30 bar [9, 13–15]. Regarding 
the reactor and bed design there is a wide variety of options, from which the most 
applied in industrial scale is the adiabatic fixed bed reactor. At last, the ideal gas 
feed mixture would be a clean mixture of carbon dioxide and hydrogen, on a ratio of 
1:4, since any other component can easily change the reaction efficiency (e.g. oxy-
gen). However, in industrial scale, achieving a mixture of  CO2 and  H2 without any 
other component is extremely hard and costly, especially when the reactants sources 
originally contain poisoning elements for the catalyst, such as sulfur or chlorine [8].

In order to better understand the possibility of using flue gas as  CO2 source for 
methanation, recent studies have been analyzing the effect of contaminants in the 
feed gas to the catalyst activity. The average composition of flue gas from a power 
plant based on coal is 65.2% (v/v) of  N2, 18.8%  H2O, 11.6%  CO2, 4%  O2, 0.35%  SOx 
and 0.05%  NOx [7]. Some studies showed that the presence of sulfur in the feed gas 

(1)CO2(g) + 4H2(g) → CH4(g) + 2H2O(g)ΔH
◦

298K
= −165 kJ∕mol
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causes considerable loss of the catalyst activity, being limited to less than 10 ppbv in 
order to guarantee an acceptable catalyst lifetime [16–18]. Concerning  NOx effects 
on the catalyst activity, different studies tested  NO2 influence on the methanation 
reaction and found no negative effect [19, 20]. At the same time, oxygen presence on 
the feed gas can be considered pollutant, since the oxygen consumes the hydrogen 
that was supposed to form methane and produces water, which decreases the equi-
librium conversion of the reaction [7].

Due to the high number of parameters that can affect the reaction performance, 
thinking on  CO2 direct methanation becomes a challenge. The absence of more com-
plete works studying the effect of different pollutants concentration over the metha-
nation reaction and its effect to the catalyst activity results in an opportunity for new 
research. Therefore, this work aims to perform methanation reactions investigating 
the influence of most important pollutants found in flue gas streams. Besides that, 
the study has the objective of better understanding, through different characteriza-
tion techniques, the impact of these elements to the catalyst morphology.

Materials and methods

Reaction system

Hydrogenation reactions of carbon dioxide to methane were performed using a gas 
phase reaction system developed by the authors based in previous works presented 
in the literature [16, 21–23]. Fig. S1 presents a schematic of the methanation reac-
tion apparatus. This system can be divided into three different sections. The first 
one is the gas handling part, responsible for controlling and adjusting the reactant 
gases operational conditions. The six different gases used for the reactions are: car-
bon dioxide (Air Products 5.0), hydrogen (Air Products 5.0), nitrogen (Air Products 
4.0), oxygen (Air Products 4.0), nitrogen oxide mixture (Linde 375  ppm NO/N2) 
and sulfur dioxide mixture (Linde 125 ppm  SO2/N2). The four main gases have their 
inlet pressure controlled by independent pressure regulators (Rotarex) and their flow 
adjusted as necessary for each experiment using independent mass flow controllers 
from Alborg and Omega. The two mixtures (NO and  SO2) are used alternatively 
in each experiment, since they share the same pressure and mass flow controllers. 
After the volumetric ratio of each gas is controlled by their mass flow controllers, 
the gases are sent to a mixer which has the aim of delivering a homogeneous mix-
ture to the reactor. The mixture composition is confirmed using a sampling appara-
tus which allows to sample the gas with a syringe and analyze it in a gas chromato-
graph. At the end of this gas handling section, the mixture inlet pressure is indicated 
by a pressure transducer (Novus 520 Series) located just before the reactor inlet.

The reaction apparatus section is composed of a stainless steel (Swagelok 
316/316L steel) tubular reactor set inside a horizontal tubular furnace (Sanchis). The 
reactor has an internal diameter of 1/2 pol and a total length of 30 cm, with a con-
nection in the middle of its length. This connection is used to easy the process of 
organizing the catalyst bed inside the reactor, besides being responsible for separat-
ing the reactor into two zones. The first one is the reactant heating zone, where glass 
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spheres are used to increase the heat exchange inside the reactor and heat up the 
reactants to the desired reaction temperature, before getting in contact with the cata-
lyst. After these spheres, a quartz wool is used to hold the catalyst and separate it 
from heating section of gas. In this part of the reactor, a thermocouple (Novus type 
J) is used to control the temperature at the beginning of the catalyst bed, reducing 
the chances of hot spots formation.

Since the aim of this study was to understand the effect of the different com-
pounds found in flue gas streams, a commercial catalyst (Sigma-Aldrich) was used 
for these methanation reactions. Nickel oxide supported on silica catalyst (60 wt% 
NiO) was selected with an average grain size of 0.15 to 0.25 mm. In order to avoid 
hot spot formation, this catalyst was distributed in a bed of silica gel (Vetec) with 
the same grain size of the catalyst using a catalyst/silica weight ratio of 1/15. After 
the catalyst, another quartz wool is set to keep the bed at a fixed position inside the 
reactor.

The last part of the system is the product handling section, where the gaseous 
product pressure is controlled in order to keep the reaction at a constant pressure. 
After that, a sampling system similar from the reactants one is used to sample the 
products in order to analyze its composition.

Experimental parameters

According to the literature, the gas hourly space velocity (GHSV), one of the most 
important parameters on a gas phase catalytic reaction, can range largely from 
one study to another. In studies similar to the one developed by the authors, it was 
found that the GSHV for bench scale experiments is usually kept between 500 and 
25,000  mL   h−1   g−1 [24–28]. Since the objective of the study was to analyze the 
impact of different pollutant concentration over the catalyst structure, not aiming for 
kinetic mechanism determination, a GHSV of 15,000 mL  h−1  g−1 was chosen for all 
reactions, making sure that the reactions were able to achieve high conversion when 
using pure reactants.

Thus, a total bed weight of 7.0 g was used for all the experiments, from which 
6.5625  g was silica gel and 0.4375  g were catalyst (NiO/SiO2, corresponding to 
60% NiO), resulting in 3.51 mmols of NiO. Before starting the methanation reac-
tion, the catalyst bed was reduced under a hydrogen atmosphere using 20 mL  min−1 
of pure hydrogen at a constant temperature of 400 °C. Methanation reactions were 
done according to the experiment planning presented on Table 1. In all scenarios the 
reaction temperature was kept constant at 350 °C, because according to Muller et al. 
[7], this ideal temperature, demonstrates that the NiO/SiO2 catalyst, under atmos-
pheric conditions, provides a greater yield and greater selectivity in the formation of 
methanation.

The difference between one experiment and the other was the volumetric ratio 
of each gas in the gaseous stream, even though always applying the same GHSV 
(total volumetric flow constant at 100 mL   min−1). While  H2/CO2/N2 volumetric 
ratio was always kept at 4/1/5, the oxygen and pollutants flows were manipulated 



747

1 3

Reaction Kinetics, Mechanisms and Catalysis (2021) 134:743–757 

to simulate usual concentration of these elements in flue gas streams. The experi-
mental parameters are summarized in Table 1.

According to published methodologies [7, 29] and in order to better under-
stand the effect of  SO2 presence on a flue gas direct methanation system, different 
concentrations of this gas were tested in experiments times of 120 min. The  SO2 
concentration range used of 5–100 ppm (entries 3A-3E in Table 1) was chosen 
based on the usual concentration of this gas on flue gas streams [30, 31].

After verifying the efficient stability of the system, several reaction sets were 
carried out using different pollutants  (O2—entry 2A-D,  SO2—entry 3A-G, NO—
entry 4A-E). The 2A-D experiments were carried out for 120 min. with  O2 con-
centration between 2 and 8%, while the  SO2 experiments were carried out for 
120 min. with concentrations between 5 and 100 ppm (3A–E), chosen to compare 
the results with data from the literature. In addition, to verify the efficiency of the 
catalyst in a longer exposure time with  SO2, the experiment was carried in the 
presence of 5 and 20 ppm, during 300 min in each concentration (3F and 3G), 
verifying that at 20 ppm the system already demonstrates a great decrease in effi-
ciency. Besides that, the efficiency of the catalyst is tested with the pollutant NO 
(4A-D) for 120 min with each concentration (ranging between 25 and 200 ppm) 
and for 600 min at 100 ppm to check the behavior of the catalyst in longer times.

Table 1  Operational parameters used in methanation reactions performed with 0.4375  g of catalyst at 
350 °C and with a  H2/CO2/N2 volumetric ratio of 4/1/5

* Concentration in dry basis related to flue gas stream, in this case represented only by  N2 and  CO2

Entry Time (min) Description* Volumetric flow (mL  min−1)

N2 CO2 H2 O2 SO2 NO

1A 1530 Stability test 50.0 10.0 40.0 – – –
2A 120 2% Oxygen 49.4 9.9 39.5 1.2 – –
2B 120 4% Oxygen 48.8 9.8 39.0 2.4 – –
2C 120 6% Oxygen 48.2 9.6 38.5 3.7 – –
2D 120 8% Oxygen 47.5 9.5 38.0 5.0 – –
3A 120 5 ppm  SO2 50.0 10.0 40.0 – 0.0003 –
3B 120 10 ppm  SO2 50.0 10.0 40.0 – 0.0006 –
3C 120 20 ppm  SO2 50.0 10.0 40.0 – 0.0012 –
3D 120 50 ppm  SO2 50.0 10.0 40.0 – 0.0030 –
3E 120 100 ppm  SO2 50.0 10.0 40.0 – 0.0060 –
3F 300 5 ppm  SO2 50.0 10.0 40.0 – 0.0003 –
3G 300 20 ppm  SO2 50.0 10.0 40.0 – 0.0012 –
4A 120 25 ppm NO 50.0 10.0 40.0 – – 0.0015
4B 120 50 ppm NO 50.0 10.0 40.0 – – 0.003
4C 120 100 ppm NO 50.0 10.0 40.0 – – 0.006
4D 120 200 ppm NO 50.0 10.0 40.0 – – 0.012
4E 720 100 ppm NO 50.0 10.0 40.0 – – 0.006
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Product sampling and analysis

Reaction products were sampled using a simple system composed of a three-way 
valve and a septum. Common syringe and needle were used to sample the product 
gas mixture through the septum and then store it in glass vials designed for gas 
storage (Exetainer—Labco). Vacuum was previously made in the vials to ensure 
no sample contamination with air. These samples were analyzed in a gas chro-
matograph (Perkin Elmer–Clarus 580) with a flame ionization detector (FID) to 
detect the product composition in order to calculate the  CO2 conversion of each 
reaction. The capillary column used was the Elite Plot Q with 0.53 mm internal, 
20  µm polystyrene-divinylbenzene stationary phase film thickness and 30  m in 
length. The temperature used in the oven was 50  °C (isothermal method). The 
injector and detector temperatures were 200 and 350 °C, respectively, and helium 
was used as the carrier gas with a flow rate of 10 mL   min−1. Product sampling 
was performed after every 30 min.

Data from product GC analysis were used to calculate carbon dioxide conver-
sion and methane yield through Eqs. 2 and 3, respectively.

Here  XCO2 is the carbon dioxide conversion,  YCH4 is the methane yield and 
 [CH4]f,  [CO]f and  [CO2]f are the concentrations of each element at the product 
stream obtained from GC analysis.

Catalyst characterization

Spent catalyst was characterized by thermogravimetric analysis (TGA, TA Instru-
ments Q600, from room temperature to 1000 °C at a heating rate of 20 °C  min−1, 
under synthetic air atmosphere), field emission scanning electron microscopy 
(FESEM, FEI Inspect F50 in secondary electron beam), and transmission electron 
microscopy (TEM, FEI Tecnai G2T20) in order to evaluate the influence of the 
poisoning compounds about the same.

(2)XCO2 = 1 −
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Results and discussion

Methanation reactions

The first set of methanation reactions was performed in order to evaluate the sta-
bility of reaction system and methods, being the results compared with literature. 
These first tests (Fig. 1, entries 1A and 1B) showed that the system is extremely 
stable for methanation since high  CO2 conversion (maintained at approximately 
92%) was kept over 1530 min (or 25.5 h). These reactions were performed with 
proportions 4/1/5, corresponding to  H2/CO2/N2, simulating the average concen-
tration of carbon dioxide in a flue gas stream. Thus, it can be claimed that inert 
gas does not present a negative effect over the catalyst described in the literature 
[32–34].

The second stage of reactions is focused on assessing the impact of pollutants 
 (O2,  NOx e  SOx) on the result of  CO2 conversion and selectivity in  CH4. Besides 
nitrogen and carbon dioxide, the oxygen is usually found at high concentration on 
flue gas streams. This parameter can have wide variations, but the usual values of 
oxygen in the flue gas vary from 2 to 8%, according to the fuel and operational 
parameters used [7]. According Müller et al. [7], in methanation systems, the oxygen 
reacts with hydrogen and causes water production, reducing the amount of hydro-
gen available in the system. In order to verify the influence of water formed from 
the existing  O2 concentration in the reaction gas stream, theoretical calculations and 
experiments with different amounts of  O2 were carried out in order to predict how 
the variation of the methanation reaction occurs. These theoretical calculations were 
done using Aspen Hysys (Aspentech) simulation software and experimental data are 
in the Table 1 (entries 2A-2D) and Fig. 2.

However, determining the amount of water formed during the reaction is quite 
complicated. Like this, in order to increase the proof of experimental results, the 
comparison made between the experimental results of the methanation reaction and 

Fig. 1  Results of the reaction system stability.  CO2 Conversion obtained from methanation reaction per-
formed at 350 °C and volumetric ratio  H2/CO2/N2 of 4/1/5
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the theoretical results of the methanation reaction under the same experimental reac-
tion conditions.

In the graph shown in Fig. 2, there are three plotted results. The grey and black 
dotted lines corresponds to the theoretical simulation of the methanation reaction 
with and without water removal and the red dots correspond to the experimental 
methanation reaction with water removal. The experimental data showed a higher 
similarity with the theoretical results in the methanation system with water removal, 
showing that theoretical calculations can be used as a parameter to predict the con-
version of  CO2 in the reaction system.

The results showed that, in the reaction system studied, a decrease in the  CO2 
conversion was seen with the increase in the oxygen concentration. Another aspect 
that corroborates with the obtained results is that the reaction of hydrogen and oxy-
gen is even more exothermic than the formation of methane, − 572 kJ/mol against 
− 165 kJ     mol−1. Due to high amount of energy released, the presence of oxygen 
makes it harder to control the temperature increase inside the reactor, enhancing the 
changes of hot spot formation and catalyst sintering. Besides that, another problem 
related to the presence of oxygen in the system is the possibility of oxygen to react 
with the materials that make up the methanation system (e.g. metallic tubes (Cr–Ni 
alloy)) [7].

Together with these three main components of the flue gas  (N2,  CO2 and  O2), the 
pollutants  H2S,  SOx and  NOx form a group of elements extremely important at the 
direct methanation. In this way, the variation of the methanation reaction with pol-
lutants  SO2 and NO will be shown.

Methanation reaction with  SO2

In general, sulfur is a critical element to any catalyst applied in methanation reac-
tions, essentially due to formation of strong bound sulfur-metal [16–18]. Sulfur con-
tamination generally occurs from the presence of  H2S or  SOx, being the  SOx the 
sulfured component most commonly found in flue gas flows, especially the sulfur 
dioxide  (SO2). Although the presence of  H2S is far more aggressive to the catalyst 
than  SO2, the impact of sulfur dioxide over the methanation reaction is similar to 

Fig. 2  CO2 Conversion obtained 
from methanation reaction with 
different concentration of  O2 
in flue gas (catalyst = 0.4375 g, 
T = 350 °C, volumetric ratio 
 H2/CO2/N2 = 4/1/5, reaction 
time = 120 min) Comparison 
between experimental data and 
the equilibrium data with and 
without water removal from the 
system
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 H2S, mostly because the first step of this reaction mechanism is the hydrogenation 
of  SOx to obtain the  H2S and posteriorly the attack to the catalyst, resulting in the 
formation of strong bounds sulfur-metal [16].

In all methanation tests (Fig. 3a), the reactions were initially carried out without 
 SO2 to prove the efficiency of the system, as well as serving as parameters for the 
results to be compared and the variation was insignificant, presenting 90% of  CO2 
conversion, proving stability of the system described. With a concentration of 5 ppm 
 SO2, a decrease of less than 1% in the conversion of  CO2 was observed in 120 min., 
while in the tests carried out with 10 ppm, the variation was of 1.7%. At the con-
centration of 20 ppm, a 5% decrease was observed, corresponding to 85% of  CO2 
conversion. This reduction in the conversion is a value considered high as the yield 
would be low if used in a continuous process for several hours. The following reac-
tion carried out in concentration of 50 ppm showed another considerable decrease 
in the conversion (10%, that corresponding to 80% of  CO2 conversion), according to 
Fig. 3a.

The concentration of 100 ppm was the most critical for the reaction system. In 
the previous concentration (5, 10, 20 and 50 ppm of  SO2), although was observed a 
decrease in the  CO2 conversion, this conversion remained stable during the 120 min 
of each test, however, when an amount of 100  ppm  SO2 was added, the reaction 
system showed a wide variation at the  CO2 conversion, 80 to 71% (first 30 min.) and 
after 120 min to 57%. In terms of  CH4 selectivity, it remained higher than 99% for 
concentrations of 0, 5, 10 and 20 ppm of  SO2. However, a decrease to 80% and 65%, 
respectively, were observed when 50 ppm and 100 ppm of  SO2 was introduced in the 
system. Müller et al. [7] carried out methanation reactions in the same proportions 
as  H2/CO2/N2 (4:1:5), temperature of 350 °C, using 512 ppm  SO2 (effective 86 ppm 
 SO2) for 12.5 h and found that over this time the  CO2 conversion rate declined 17% 
(average decay rate of 1.36%/h). However, our experiments demonstrated that the 
influence of  SO2 can be even greater, since using lower  SO2 concentrations (20 and 
50 ppm) the reduction in  CO2 conversion was higher than the reference, 5% and 10% 

Fig. 3  CO2 Conversion obtained from methanation reaction with different concentration of  SO2 in flue 
gas. a Short run experiments result with different  SO2 concentration (5, 10, 20, 50 and 100 ppm), show-
ing the impact over the methanation reaction and b long run experiments results simulating reactions 
with 5 and 20 ppm of  SO2
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respectively for 2 h reaction. Compering with the experiment using 100 ppm, the 
average decay rate found was even higher, reaching 27% decrease after 2 h.

In order to verify what the maximum concentration of  SO2 tolerable to obtain 
a good  CO2 conversion is for a longer experiment time, the methanation reaction 
was carried out for 6 h (Fig. 3b). The results confirmed that for 20 ppm and 6 h, the 
decay was 26% (a much higher value when compared to the literature [7], consider-
ing that the experiment occurred with half the reaction time). Thus, it was found 
that the concentration of 20 ppm  SO2 is not a viable value, because of the fast decay 
in catalyst efficiency. On the other hand, when the methanation reaction was car-
ried out with 5 ppm  SO2 for 6 h, an excellent result was observed, because for 6 h 
the yield decay was only 3%, demonstrating that this value would be the maximum 
tolerable  SO2 for the methanation reaction in these conditions. This way, it is possi-
ble to propose the best working conditions in the methanation process regarding the 
maximum tolerable amount of  SO2 in the gas stream, without having to interrupt the 
process periodically, due to the low  CO2 conversion rate. The results showed that the 
proposed methanation reaction with 5 ppm of  SO2 has a great possibility of being 
applied. The 20 ppm scenario showed a reduction of 26% of the  CO2 conversion, 
proving that operating with a concentration as high as this would be completely 
impracticable.

Methanation reaction in the presence of NO

Another critical pollutant group found in flue gas streams is the  NOx. Nitrogen 
oxides have a significant impact on the environment when released to the atmos-
phere. Throughout the years, different studies tested the influence of  NO2 (used as 
representative substance for the  NOx group) and found no negative effect over meth-
anation reaction [7]. However, the compositions of flue gas analyzed in previous 
works show that approximately only 10% of the  NOx is  NO2 and the highest amount 
is nitrogen monoxide (NO), close to 90% [30, 35]. At the same time, no study was 
found analyzing the impact of nitrogen monoxide on  CO2 methanation reaction. 

Fig. 4  CO2 Conversion obtained from methanation reaction with different concentration of NO in flue 
gas. a Short run experiments result with different NO concentration (25, 50, 100 and 200 ppm) and b 
long run experiments results simulating reactions with 100 ppm of NO
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Thus, this section of the study was dedicated to better understanding the impacts of 
NO presence on methanation reaction. The results of the short and long run experi-
ments are presented on Fig. 4.

As observed in the results, the presence of the nitrogen monoxide, in all con-
centration, generate interferences in the reaction, which resulted in instability of the 
 CO2 conversion (Fig. 4a). Just in the 100 and 200 ppm concentrations, it is observed 
a small decrease in the  CO2 conversion (1% approximately).

Due to the reaction system showing small fluctuations in reaction yield for dif-
ferent concentrations of NO, it was decided to carry out a test for 12 h (720 min) 
with the highest concentration (100 ppm) in order to check if there is a significant 
influence of NO for a longer exposure time (Fig. 4b). The result shows an oscillatory 
profile with a decrease of up to 4.5% in methanation process yield. However, this 
decay was not constant. The oscillations show that the yield decreased and increased 
back again during the 12-h run. In the end, only a short decrease in global yield was 
noticed, indicating that this decay was a reversible process.

Spent catalyst

In order to evaluate the effect of poisoning compounds in the catalyst morphology 
and, consequently, in its catalytic activity, TEM and SEM–EDS analysis were per-
formed. The pristine catalyst presents a clustered morphology, with larger particles 
related to the support  (SiO2) and smaller nickel particles (Fig. 5a). It was observed 
that morphology of spent catalyst (Fig.  5b) was not change when compared with 
pristine sample after the methanation reaction without poisoner compounds  (SO2 
and NO), which led to a high and stable catalytic activity during all the tests (Fig. 1). 
However, after methanation reactions with poisoning compounds, as  SO2 (Fig.  3) 
and NO (Fig. 4) present on flue gas, a clear morphology change in spent catalyst 
can be noticed. The contaminant can lead to sintering of nickel particles [36] and, 
as observed by TEM images, these particles were separated from the support. These 
results go along with the catalytic activity drop found during the methanation tests 
observed in Fig. 3, and the oscillation observed in Fig. 4.

In order to analyze the surface composition of the catalyst, SEM–EDS analysis 
were performed. The Ni-SiO2 catalyst before and after the reaction with no poison-
ing element (Figs. S2a and S2b), as found previously through TEM, presented a 

Fig. 5  Micrographs obtained by TEM of: a pristine catalyst, b spent catalyst, after use without contami-
nants in the flue gas, c spent catalyst with  SO2 as contaminant in the flue gas and d spent catalyst with 
NO as contaminant in the flue gas
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similar behavior, with only a difference of small carbon formation after the experi-
ment (Fig. 5b). In this case the carbon found in the catalyst surface is spread in a 
homogeneous way. On the other hand, results from catalyst after a reaction with NO 
showed, as seen through TEM, that the Ni particles are separated from the support. 
This separation results in an agglomeration process of Ni particles which enhances 
the carbon formation. Through the scanning shown in Fig. S2c it is possible to 
notice a higher carbon concentration on these agglomerated pure Ni particles.

The reactions with  SO2 as pollutant, although presented a similar result to reac-
tion with NO on TEM analysis, when studied through SEM differences could be 
found. The damage caused to the catalyst was superior when exposed to  SO2 envi-
ronment, ripping apart the Ni particles from the support. Fig. S3d shows the sup-
port areas with pure Si, characteristic element of the support. Fig. S3e, on the other 
hand, shows a structure of pure agglomerated Ni, as shown through the EDS scan-
ning image.

Sulfur presence, even in small concentrations (10 ppm or less) may be enough to 
poison a nickel catalyst [37]. Sulfur interact with nickel surface covering the parti-
cles which will led to the deactivation [38]. In our work, its observed that this inter-
action its associated with a geometric effect more than an electronic effect, where 
the surface sites active are blocked by sulfur poisoning, according with literature 
[39]. The results obtained in long run experiments (Fig.  3b) showed that when 
20 ppm of  SO2 is introduced, it observed a significative decrease in the  CH4 yield 
which can attributed to the crucial point of the deactivation. The interaction of sul-
fur and Ni particles causes the sintering [40], forming  NiSx species that, as showed 
by SEM–EDS analysis, will lead to the ripping of Ni particles.

TGA analysis of the spent catalyst, i.e. without contaminant, with  SO2 and with 
NO are presented in Fig. S4. As observed, the three catalysts profile in tempera-
tures below 200  °C presented a slight weight loss that can be related to the loss 
of adsorbed gas and surface water [41], being higher to catalyst with contaminants 
 (SO2 and NO ≈ 5%). The higher weight loss between 200 and 400 °C can be related 
to the oxidation of Ni° to NiO [42]. Above 600  °C, a weight loss was observed, 
which was ascribed to the oxidation of deposited inert carbon [43]. In EDS analysis, 
carbon deposition was not observed when  SO2 was used, however, by TGA its clear 
that, in the presence of this contaminant, there is a deposition of carbon and it is 
higher than reactions with NO.

Conclusions

The stability tests of methanation reaction with  N2:CO2:H2 presented similar 
results to the literature, validating the system developed for carbon dioxide cata-
lytic conversion. Although nitrogen did not present a negative impact over metha-
nation reaction, experiments with the presence of the oxygen showed that the  O2 
consumes the hydrogen and produces more water, reducing the  CO2 conversion 
and  CH4 formation. On the same side, the sulfur dioxide  (SO2) also had a nega-
tive impact on the reaction performance. Different from the oxygen, this pollutant 
attacked the catalyst surface separating the nickel particles from the support and 
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changing the catalyst morphology. The results of this work show that the metha-
nation process can be carried out with a maximum of 5 ppm  SO2, without obtain-
ing significant losses in the conversion rate from  CO2 to methane.

Although the NO can be considered poisoning elements to the catalyst, its 
presence did not present a significant decay on catalyst efficiency as  SO2. On the 
other hand, the presence of nitric oxide showed an anomalous behaviour of the 
catalyst, requiring more studies on the mechanism that could explain the interac-
tion of this gas with the catalyst surface.

SEM analysis showed that the catalyst deactivation could be related to changes 
in its morphology. Nitric oxide presence, which showed a smaller reduction on 
catalytic activity, resulted in Ni particle agglomeration followed by carbon depo-
sition over these clusters. More harmful to the reaction than NO, the presence of 
 SO2 in the feed stream ripped off the nickel particles from the support resulting 
in the accelerated decrease in catalytic activity. TGA analysis showed that the 
carbon formation is more significant in experiments with  SO2 as poisoning agent.

Supplementary Information The online version contains supplementary material available at https:// doi. 
org/ 10. 1007/ s11144- 021- 02092-8.
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