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A B S T R A C T   

The utilization of biomass and bio-waste, particularly through hydrothermal processes, has shown promise as a 
technology for converting these materials into valuable products. While most research has traditionally focused 
on the solid and liquid byproducts of these hydrothermal treatments, the gaseous phase has often been over
looked. This study specifically investigates the conversion of off-gases produced during hydrothermal carbon
ation (HTC) into synthetic natural gas, offering a readily marketable product with economic potential. Although 
the methanation of conventional flue gases has been extensively studied, dealing with non-standard off-gases 
from processes like HTC presents challenges due to the presence of minor impurities like CO and CH4. This novel 
research seeks to experimentally evaluate the methanation of HTC off-gases using nickel-based catalysts and 
analyze how these impurities affect the catalytic performance. The studied catalysts include nickel supported by 
ceria and alumina, as well as alumina supported nickel-cobalt systems. The results demonstrate that these cat
alysts exhibit high CO2 conversion and CH4 selectivity under ideal gas conditions. However, when real gas 
compositions with impurities are considered, CO2 conversion decreases at lower temperatures (ca. 20% lower 
conversion for real gas vs. ideal), probably due to side reactions such as CH4 cracking. This difference becomes 
less pronounced at higher temperatures. Nevertheless, the catalysts perform satisfactorily, especially at tem
peratures exceeding 350 ◦C. In conclusion, this study sheds light on the methanation of HTC off-gases and un
derscores the significance of understanding how impurities in real gases impact the process, providing potential 
directions for future research.   

1. Introduction 

1.1. Background 

The continuous growth of the global population has led to an in
crease in energy demand, making it difficult for economies to maintain 
an equilibrium between energy demand and supply [1]. As fossil fuels 
become depleted, the transition to cleaner, renewable energy sources 
becomes crucial [2]. Biomass and bio-waste valorization have gained 
momentum as green sources to produce high-value products and 
renewable energy carriers [3,4]. Hydrothermal treatments are prom
ising methods for transforming biomass and waste into valuable prod
ucts [5]. Hydrothermal carbonization (HTC) leads to solid carbonaceous 

material, while hydrothermal liquefaction (HTL) and hydrothermal 
gasification (HTG) produce liquid and gaseous products, respectively 
[6]. Hydrochars obtained via HTC have a wide range of industrial ap
plications, such as acting as a fossil coal substitute, adsorbent for toxic 
chemicals, energy storage material, and support of catalysts, among 
other purposes [6,7]. The liquid fraction of HTC can be used as 
co-substrate in anaerobic digestion or as fertilizer [8], while the gaseous 
phase has not been fully explored, despite its potential [9]. Previous 
studies showed that valorizing the HTC gaseous phase via the Reverse 
Water Gas Shift (RWGS) reaction is possible, producing a valuable 
syngas stream [10,11]. However, even with the market value of the 
produced syngas, the HTC route remains unprofitable [12]. Synthetic 
natural gas (SNG) offers an alternative ready-to-use product that can 
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turn the process economic balance toward profitable scenarios [13]. The 
off-gas from HTC can be converted into methane via the methanation 
reaction, making it a proper feedstock for SNG. Even though the use of 
methanation for standard flue gases (composition of ca. 10–20% CO2 
and 80–90% N2) is very well studied, the methanation of non-standards 
off-gases is still a challenge (i.e., how the minor impurities of the gas 
affect the overall catalytic performance) [14–16]. In this line, our team 
has previously performed an economic estimation to explore the prof
itability of combining HTC and methanation for SNG production [17]. 
One of the main conclusions of this work was that a technical 
improvement to improve cost performance is needed to reach profitable 
scenarios. In this sense, improving the utilization of off-gases coming 
from renewable-based processes is pivotal. Therefore, in this work an 
experimental evaluation of the performance of methanation of HTC 
off-gases is proposed. To this end, first an overview of methanation re
action is given, followed by a section in which the aim and scope is 
shown in order to understand the importance of this work. 

1.2. Brief overview of methanation 

Methanation is a chemical process that involves the conversion of 
CO2 and H2 into CH4, following the reaction given in Eq. (1). Overall, the 
methanation process not only facilitates the production of methane but 
also represents a pivotal avenue for addressing key challenges associated 
with renewable energy storage and carbon dioxide emissions mitigation 
having the potential to play an important role in the transition to a low- 
carbon economy [18]. Methanation offers a unique solution by allowing 
to convert excess electricity generated during peak renewable energy 
production periods into methane, serving as a form of energy storage. 
This stored methane can later be utilized during periods of high energy 
demand or when renewable sources are less productive, thereby 
contributing to the overall stability and reliability of the energy grid 
[19]. Nonetheless, if carbon-based traditional fuels are to be used with 
less intensity over time, alternatives and renewable CO2 sources will be 
needed (i.e., biogas or HTC off-gas). The integration of these alternative 
and renewable CO2 sources into methanation processes aligns with the 
broader objective of achieving carbon neutrality and sustainability in 
energy systems. 

CO2 + 4H2 ↔ CH4 + 2H2O (1) 

Methanation, a process pioneered by Sabatier and Senderens in 1902 
[20], has undergone extensive investigation with various catalysts, 
including nickel-based, cobalt-based, ruthenium-based, and iron-based 
catalysts [21,22]. Among these, nickel-based catalysts have emerged 
as the most commercially utilized owing to their superior catalytic ac
tivity in methanation and cost-effective performance [21]. Given their 
prominence, much of the research in this domain has centered around 
nickel-based catalysts. This focus is driven by their demonstrated effi
cacy and potential to enhance the cost performance of targeted metha
nation processes. 

The maximum yield of CH4 occurs at a relatively low-temperature 
range of 300–400 ◦C (depending on reaction conditions), which re
sults in less structural degradation of nickel-based catalysts compared to 
other reactions like methane dry reforming [23]. The choice of metal 
oxide support is also crucial in the performance of nickel-based cata
lysts, with Ni/CeO2 catalysts exhibiting higher activity than Ni/Al2O3 or 
Ni/SiO2 catalysts [23]. This is mainly attributed to ceria’s unique redox 
and oxygen defect chemistry, which facilitates oxygen species and ion 
vacancy transportation throughout its lattice [24]. Ceria serves as a 
highly effective support material for nickel-based catalysts in CO2 
methanation, primarily due to its higher basicity. This characteristic 
enhances the chemisorption and activation of CO2 molecules, crucial for 
efficient conversion to methane. Furthermore, the strong metal-support 
interaction (SMSI) of ceria ensures a stable catalyst structure, preventing 
sintering of nickel particles and promoting a high dispersion of active 
sites. These attributes collectively contribute to the superior catalytic 

performance, prolonged catalyst life, and enhanced efficiency of 
ceria-supported catalysts in the methanation process, making them a 
preferred choice for CO2 conversion to methane [25]. 

Incorporating a second metal as a promoter into nickel-based cata
lysts is a viable method for achieving desirable catalytic performance 
[26]. The introduction of a second metal may lead to the formation of an 
alloy structure with nickel, thereby modifying the geometric and elec
tronic properties of the nickel-based catalysts. Literature suggests that 
potential promoters include alkaline earth oxides, noble metals, 
rare-earth metals, and other transition metals and non-metallic ele
ments, see for example references [27–33]. The promoters can impact 
the dispersion of nickel active sites, the acid-base properties of the 
support, the nickel-support interaction, and ultimately the catalytic 
activity and stability of the catalyst [34]. Among active metal pro
moters, cobalt shows good manufacturing costs and technical perfor
mance [32,35]. In fact, nickel-cobalt catalysts have been deeply studied 
for CO2 methanation [36]. 

Researchers have traditionally focused their efforts on the catalyst 
configurations to maximize catalytic activity and stability. This includes 
the design of multifunctional catalysts, core-shell structures, and cata
lysts with tailored surface properties to optimize the distribution of 
active sites and improve resistance to deactivation [37,38]. However, 
the exploration of emerging trends in methanation research encom
passes a spectrum of innovative approaches, from advanced reactor 
designs and computational modeling to real-time monitoring and inte
gration with renewable feedstocks, collectively advancing the field to
wards more sustainable and efficient methane production. In this sense, 
researchers are actively exploring novel reactor designs to enhance the 
efficiency of methanation processes. This includes the investigation of 
advanced reactor configurations, such as membrane reactors, fluidized 
bed reactors, and microreactors [39–41]. These designs aim to optimize 
mass and heat transfer, providing better control over reaction conditions 
and improving overall performance. Similarly, techniques such as 
microwave-assisted methanation and plasma-assisted catalysis are 
gaining attention for their potential to enhance reaction rates and 
selectivity [42–45]. These strategies offer opportunities to streamline 
methanation processes and make them more energy efficient. 

The utilization of advanced computational modeling tools is also 
becoming increasingly prevalent in methanation research. Computa
tional approaches, including machine learning techniques, aid in pre
dicting catalyst behavior, optimizing reaction conditions, and 
accelerating the discovery of new catalytic materials [46,47]. This trend 
holds promise for accelerating the development of efficient methanation 
processes. 

1.3. Aim and scope 

The trend of integrating methanation with renewable feedstocks is 
booming. Investigating the use of biomass-derived syngas, biogas, and 
other renewable sources as feedstocks for methanation is currently 
gaining momentum [48–50]. This approach aligns with the broader goal 
of utilizing sustainable resources for methane production, contributing 
to the overall decarbonization of the process. In line with these chal
lenges, in this work an experimental investigation into the methanation 
of HTC off-gases is proposed. The novelty of this work lies in this 
experimental study. We aim to evaluate the catalytic performance of this 
process considering the impact of impurities present in the off-gases.  
Fig. 1 shows a scheme of the process idea. The focus on methanation of 
HTC off-gases is innovative, as it addresses a challenging aspect of the 
process, particularly in understanding how the minor impurities affect 
catalytic performance. Impact of impurities is often disregarded in ac
ademic studies but essential for real-world applications. Hence, this 
work contributes to the broader goal of developing economically viable 
synthetic natural gas (SNG) production from HTC off-gases, offering 
valuable insights into the optimization of catalytic processes for 
renewable energy generation. The selection of two specific nickel-based 
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catalysts: (1) nickel supported over ceria and alumina (Ni/CeAl from 
now on); and (2) nickel-cobalt supported over alumina (NiCo/Al from 
now on), adds further novelty to the research, allowing for a compara
tive study on the influence of the active phase and support in the cata
lytic conversion of HTC off-gases. In addition, this research aims to 
maximize the value derived from the entire HTC process, including the 
gaseous byproducts, making it more sustainable and economically 
viable. 

The paper is structured as follows: first a description of the materials 
and methods, including physicochemical characterization of the cata
lysts is shown. Then investigation on the impact of impurities on cata
lytic activity by comparing "ideal gas" (typical standard flue gas) and 
"real gas" (representing common minor impurities found in HTC off- 
gases (CO and CH4) [10]) is presented. The catalytic activity is 
assessed through conversion and selectivity measurements, and poten
tial reaction mechanisms are discussed. Finally, conclusions and sug
gestions for future research are presented. 

2. Materials and methods 

2.1. Catalyst preparation 

The co-impregnation method was utilized to synthesize the catalysts. 
For the NiCo/Al catalyst, to obtain a 15 wt% of Ni and 3.5 wt% of Co on 
commercial Al2O3 SASOL (Alumina Puralox Scca 30/200), the required 
amount of Ni(NO3)2-6 H2O and Co(NO3)2 6 H2O was added. For the Ni/ 
CeAl, the exact amount of Ni(NO3)2-6 H2O was added to the commercial 
CeO2/Al2O3 support (Puralox SCFA 160/ Ce 20 Sasol CeO2/Al2O3) to 
obtain a 15 wt% of Ni. Following the impregnation, the excess solvent 
was evaporated, and the samples were dried overnight at 110 ◦C. 
Finally, both samples were calcinated at a rate of 5 ◦C/min, reaching 
400 ◦C for 4 h. 

2.2. Characterization techniques 

X-ray diffraction (XRD) analysis was performed over the calcined 
samples to verify the formation of oxides. X-ray diffraction measure
ments were performed using an X′Pert Pro PANalytic instrument with 
Cu-Kα radiation (λ = 0.154 nm) at 40 mA and 45 kV. The diffraction 
patterns were recorded in a range of 10 to 90◦ using a step size of 0.05◦

and a step time of 300 s 
Temperature-programmed reduction (TPR) measurements were 

conducted using a conventional U-shaped quartz reactor connected to a 

thermal conductivity detector (TCD). A flow of 50 mL/min of 5% H2 
diluted in Ar and approximately 50 mg of each catalyst were used for the 
TPR measurements. The heating rate was 10 ◦C/min from room tem
perature to 900 ◦C. To remove the water formed during the procedure, a 
mixture of acetone and dry ice was used as a cold trap. 

X-ray photoelectron spectroscopy (XPS) experiments were conduct
ed using a SPECS photoelectron spectrometer, which was equipped with 
a PHOIBOS 150 MCD analyzer. The analyzer operated with a constant 
pass energy of 40 eV and a resolution of 1.0 eV. For the X-ray radiation 
source, we utilized the Kα emission generated by bombarding an 
aluminum target with electrons, resulting in X-rays with an energy of hν 
= 1486.6 eV and a bandwidth of 0.85 eV. This source operated at 250 W 
and maintained a potential of 12.5 kV. The analysis chamber operated in 
an ultra-high vacuum environment, maintaining a pressure of 10− 10 

mbar. 

2.3. Catalytic activity tests 

The catalytic activity was assessed in a fixed-bed continuous-flow 
reactor, as described in reference [51]. For each run, 200 mg of undi
luted catalyst was loaded and in situ reduced in a flow of 10% H2 and 
90% N2 at 650 ◦C for 1 h before the reaction. The WHSV (Weight Hourly 
Space Velocity) was maintained at 30 L/gcat⋅h. For the ideal gas tests, 
gas mixtures were created with a composition of 15% CO2, 60% H2, and 
N2 balanced. For real gas coming from HTC, the feed stream was pre
pared with a composition of 15% CO2, 60% H2, 1% CO, and 1% CH4 (N2 
balanced), replicating the gaseous product generated in the HTC thermal 
process, as per the results obtained in a previous study [52]. To achieve 
this composition, we made necessary adjustments to the gas supply. 
Given that we followed the methanation reaction (Eq. (1)) and based on 
the stoichiometry of the reaction, a CO2/H2 ratio of 4 was chosen. As 
such, CO and CH4 were set at 1%, considering the limitations of mass 
flow controllers. With these settings, CO2 corresponded to approxi
mately 15% of the total gas composition. It is important to note that the 
H2 produced during the HTC process, as abovementioned, was in trace 
amounts, necessitating an external hydrogen supply. Hence, we supplied 
60% H2, in accordance with the CO2/H2 ratio mentioned earlier. The 
composition of the inlet and outlet gas flows was measured with an ABB 
analyzer equipped with Caldos 25 and Uras 36 housing units. The re
action was evaluated at a temperature range of 200–450 ◦C, in agree
ment with previous studies for methanation [41,53–55]. It is important 
to emphasize that the testing duration at each temperature point, which 
was approximately 40 min, was subject to slight variations to ensure the 

Fig. 1. Process idea scheme.  
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achievement of a stable and consistent operating condition. This varia
tion in testing time was necessary to guarantee the reliability and ac
curacy of the experimental results by allowing the process to reach a 
steady state. The catalytic results (CO2 conversion and CH4 selectivity) 
were expressed according to Eqs. (2)–(3): 

CO2 conversion =
CO2,in − CO2,out

CO2,in
x100 (2)  

CH4 selectivity =
CH4,out

CO2,in − CO2,out
x100 (3)  

3. Results and discussion 

The first step was the characterization of the catalysts prepared. Even 
though the focus of the paper is to analyze the impact of minor impu
rities (e.g., CO and CH4) on the methanation activity, a minor physico
chemical characterization is needed to verify the formation of the oxides 
in the catalysts and to know the reduction temperature needed for the 
reaction. XRD technique was used to analyze the structure of both pre
pared catalysts. The samples were analyzed after calcination at 400 ◦C 
(Fig. 2). As shown in the figure, all samples exhibited the characteristic 
diffraction lines of the Al2O3 phase (00–004-0858), see for example 
peaks at ca. 37◦ and 66◦ [51]. The spinel-like peaks of the NiAl2O4 
(00–010-0339) and CoAl2O4 (00–038-0814) phases can also be observed 
in the diffractogram, indicating a strong interaction of the active phases 
within the support [56–58]. NiO peaks (00–047-1049) were also found 
[51,59], verifying the formation of the oxide species. The characteristics 
peaks of CeO2 (00–004-0593) can be seen in the diffractogram of the 
Ni/CeAl catalyst [60]. 

Fig. 3 shows the H2-TPR profiles displayed by the catalysts used. The 
profile for the NiCo/Al catalyst shows a reduction peak at 278 ºC, which 
is associated with the reduction of Co3O4 into CoO [61]. Moreover, a 
broad band with two shoulders at about 466 and 552 ºC appears. These 
shoulders can be attributed to the reduction of CoO into metallic Co0 and 
to the reduction of NiO, respectively [62]. Certainly, in several studies it 
was proposed that the reducibility of Ni and Co species was enhanced 
simultaneously in supported NiCo catalysts [63]. The small shoulder at 
ca. 780 ºC shows the presence of hardly reducible species of Ni attributed 
to the presence of the spinel NiAl2O4 [64]. Concerning the Ni/CeAl 
catalysts, NiO reduction is observed at ca. 306 ºC which is assigned to the 
reduction of superficial NiO. This relatively lower reduction tempera
ture is the result of the interaction with the CeO2 support [65]. The 
broad band which appears between 400–700 ºC reveals two peaks (407 
and 520 ºC) associated with the reduction of NiO and with the reduction 
of superficial ceria promoted by the metallic nickel formed, respectively 
[66]. Furthermore, as in the NiCo/Al, a small peak is observed at 786 ºC 
related with the reduction of the NiAl2O4 spinel [67]. 

The surface chemistry assessment of the prepared materials, both 
prior to and after the reduction treatment, was conducted through XPS 

to elucidate the impact of this process on the materials under investi
gation. Examination of the Ni 2p spectrum (Fig. 4) reveals the emer
gence of two principal peaks at 850.5 eV and 854.4 eV, corresponding to 
Ni0 and Ni2+, respectively [68]. As anticipated, a substantial reduction 
in the quantity of Ni2+ is evident post-reduction, indicative of a 
considerable conversion to metallic Ni. The atomic composition of the 
surface, as determined by XPS and presented in Table 1, illustrates a 
noteworthy decrease in surface Ni content following the reduction 
treatment. This phenomenon suggests potential sintering of metallic 
particles, leading to a diminished presence of Ni on the surface, 
corroborated by an augmented concentration of Al on the surface. 

In the case of the catalyst incorporating Ce, the sintering effect is 
accompanied by a potential Strong Metal-Support Interaction (SMSI) 
phenomenon, wherein a portion of the Ni nanoparticles becomes coated 
by migrating Ce from the support, as evidenced by a substantial decrease 

Fig. 2. XRD diffractograms exhibited by calcined catalysts.  

Fig. 3. H2-TPR profiles for the calcined catalysts.  

Fig. 4. Ni 2p XPS spectrum for the Ni/CeAl and the NiCo/Al catalysts before, 
and after reduction (R). 
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in surface Ni content [69,70]. Notably, the peak corresponding to 
metallic Ni in the Ce-containing sample shifts to higher binding energies 
(851 eV), indicating a reduced electron density, possibly attributed to 
Ce-induced electron density reduction. This inference is supported by an 
elevated Ce concentration on the catalyst surface, increasing from 2.5 to 
4.1 at. percent. The Ce 3d spectrum (Fig. 5) exhibits characteristic peaks 
associated with CeO2, with the fresh sample displaying distinct Ce4+

peaks (V1, V2, V3, V4, V5, and V6). However, post-reduction treatment, 
a reduction of Ce4+ to Ce3+ is observed, evidenced by the diminished 
Ce4+ peaks and the emergence of two new peaks (U1 and U2) corre
sponding to Ce3+ [71]. 

Analysis of the Co 2p spectrum (Fig. 6) prior to reduction reveals a 
singular peak at 780.1 eV, indicative of Co2+ presence. Subsequent to 
the reduction treatment, a new peak emerges at 776.7 eV, correspond
ing to Co0, signifying the reduction of a portion of Co. Importantly, the 
reduction treatment does not impact the overall quantity of Co, sug
gesting that there is no discernible sintering of Co particles, which 
remain strongly bound to the support. 

Fig. 7 depicts the catalytic activity shown by NiCo/Al as a function of 
temperature. This evaluation is carried out for both ideal and real gas 
conditions. This comparison allows us to discern and evaluate the spe
cific impact of these trace impurities on the catalyst’s deactivation right 
from the reaction kick-off. While side reactions leading to the produc
tion of CO and CH4 may occur at higher temperatures, understanding 
the initial impact of these impurities is fundamental for a comprehensive 

assessment of the catalyst’s performance and durability. By studying the 
catalyst’s behavior in an idealized environment, we establish a baseline 
for its expected performance. Beginning with the results obtained at 
ideal conditions, the performance of our catalyst falls into the range of 
conversions obtained in previous works for nickel- and cobalt-based 
catalysts [35,72–75]. Although it might be surprising to find a CO2 
conversion value of 70–80% at 250–350 ◦C, this result is in line with 
previous works for medium-high loads of metal in the catalyst [35,72]. 
In fact, the presence of cobalt seems to highly favor the conversion [35]. 
The comparison between our catalysts and previous similar works for 
ideal conditions can be seen in Table 2. Nevertheless, the CO2 conver
sion obtained drops dramatically at low temperatures (250–300 ◦C) in 
the case of real gas composition, as expected by thermodynamics when 
including minor impurities (CO and CH4), and for the kinetics of the 
reaction at these temperatures. For example, there was a loss of ca. 20% 
conversion at 250 ◦C. This difference gets lower at higher temperatures, 
having the minimum at 450 ◦C (69% ideal gas vs. 63% real gas). The 
reason behind this fact is a combination of side reactions caused by 
minor impurities. At relatively low temperatures (250–300 ◦C), there is 
a possibility of CH4 cracking (Eq. (4)) or the water-gas shift (WGS) (Eq. 
(5)) reactions occurring to some degree [76,77]. While methane 
cracking is inherently endothermic, it has been observed to occur within 
the specified operating range, as documented elsewhere [78]. Addi
tionally, within this temperature range, there is a potential for the 
reconversion of carbon to CO2 through the utilization of water generated 
in the methanation reaction (Eq. (6)). This reaction plays a crucial role 
in gasifying any potential carbon deposits resulting from methane 
cracking, thereby preventing deactivation [79]. This reaction results in 
the formation of C and H2. The presence of C can potentially obstruct the 
active sites of the NiCo/Al catalyst, leading to a decrease in the con
version of CO2. However, at elevated temperatures, the formed C may 
undergo oxidation in the presence of a catalyst, resulting in the pro
duction of more CO or CO2. These byproducts can then participate in 

Table 1 
Atomic composition of the surface for both catalysts before and after reduction 
(RED).  

% at C O Al Al/O Ni Co Ce 

NiCo/Al 4.0 57.2 34.1 0.60 4.6 0.16 - 
Ni/CeAl 6.1 55.8 29.5 0.53 6.1 - 2.5 
Ni/CoAl RED 0.9 59.8 37.4 0.62 1.8 0.16 - 
Ni/CeAl RED 0.5 59.4 33.2 0.56 2.8 - 4.1  

Fig. 5. Ce 3d spectrum for the Ni/CeAl catalyst before and after reduction (R).  

Fig. 6. Co 2p XPS spectrum for both Ni/CeAl and NiCo/Al catalysts before, and 
after reduction (R). 
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further reactions, sustaining the production of CH4. This observation 
clarifies the smaller discrepancy observed at higher temperatures be
tween the behavior of ideal gases and real gases. In any case, the results 
obtained from 350 ◦C are fairly close to equilibrium, displaying a quite 
acceptable performance even for real conditions with minor impurities. 

CH4 ↔ C+ 2H2 (4)  

CO + H2O ↔ CO2 +H2 (5)  

C + 2H2O ↔ CO2 + 2H2 (6) 

Concerning CH4 selectivity, the results obtained for ideal gas are 

always higher than 90% and very close to 100% in most of the cases, 
revealing a high selectivity of NiCo/Al towards CH4 and minimizing CO 
production. At the highest temperature tested, CH4 selectivity slightly 
drops which can be a symptom of the presence of the reverse water gas 
shift (RWGS) reaction (Eq. (7)) [80]. As for the real gas composition, an 
analogous behavior is observed for CH4 selectivity except for the first 
point of the temperature series. This might be caused by the rather low 
CO methanation at low temperatures [81,82], entailing a higher CO 
presence at the outlet and hence a lower CH4 selectivity result. 

CO+H2O ↔ CO2 +H2 (7) 

This assumption can also be explained because at temperatures 
below 400–450 ◦C, the reduction of CO2 through Eq. (8) does not occur. 
However, at elevated temperatures (above 450 ◦C), this reduction might 
take place as methane selectivity decreases, leading to an increased 
preference for CO [79]. 

CO2 +C ↔ 2CO (8) 

An additional reaction that could impact the results is the Boudouard 
reaction, resulting from the production of CO and potentially leading to 
carbon deposition on the catalyst. Nevertheless, given the complexity of 
the various reactions that may occur in this context, we cannot confirm 
the presence of the Boudouard reaction. We acknowledge the imperative 
for future research endeavors to delve deeper into the exploration of 
potential side reactions. Validating the presence of side reactions is 
beyond the scope of this paper which is conceived as a proof-of-concept 
for the methanation reaction under surrogate HTC off-gases. Future 
works should aim to bridge the gaps left by our constraints, contributing 
to a deeper exploration of side reactions in the context of the metha
nation of HTC off-gases. 

The results presented clearly demonstrate that the presence of these 
impurities does affect the overall performance of the reaction, despite 
their common occurrence in methanation. The reduction in performance 
when a simulated real gas stream is used underscores the importance of 
considering these impurities in practical applications. This insight is 
invaluable for the design and optimization of catalysts in real-world 
scenarios, where gas streams may not be as pure as in idealized labo
ratory conditions. 

Fig. 8 showcases the results obtained for the catalytic activity of Ni/ 
CeAl for different temperatures. In this case, the CO2 conversion is quite 
high even at 200 ◦C (ca. 50% for both ideal and real conditions). This is a 
remarkable result since working at 200 ◦C would entail considerable 
energy and economic savings. On the other hand, separation costs would 
increase since there would be a higher share of unreacted raw gases in 
the gas outlet. This would require a full technical optimization and 
economic analysis, as proposed elsewhere [17]. But let’s focus now on 
the high CO2 conversion obtained. The reason behind is the remarkable 
impact of the ceria for methanation at low temperatures. Indeed, this 
fact has been previously studied in some works [83–86]. This high effect 
of ceria for Ni/Al2O3 catalyst seems to be that ceria addition favors the 
dispersion of NiO species and increases the metal-support interaction 
[83]. Furthermore, by incorporating CeO2 into the catalyst formulation, 
the acidity of the Al2O3 support is diminished, and the oxygen mobility 
is enhanced. These two factors play a crucial role in preventing the 
deposition of carbon. Oxidation and/or gasification of the carbonaceous 
species is favored due to the redox properties of ceria [67,87]. Likewise, 
the addition of ceria seems to improve the reducibility of the catalyst 
[88]. This is confirmed in our TPR analysis shown in Fig. 3. All in all, it 
seems reasonable to conclude that the use of ceria is advisable for low 
temperature methanation even for real gas compositions. As for the rest 
of the temperatures shown in Fig. 8, the trend is very similar to the one 
shown by NiCo/Al2O3 catalysts with slightly lower impact from the real 
gas conditions, hence equivalent conclusions can be drawn. Regarding 
CH4 selectivity, the result obtained is very high as in the previous 
catalyst tested. This result is also in line with previous works which used 
ceria as a promoter for alumina catalysts [83]. 

Fig. 7. Catalytic activity exhibited by NiCo/Al: (A) CO2 conversion; (B) CH4 
selectivity. 

Table 2 
Comparison of NiCo/Al vs. previous works with relatively similar conditions for 
ideal gas composition (i.e., without minor impurities).  

Catalyst H2/ 
CO2 

ratio 

WHSW 
(L/g•h) 

Temperature 
(◦C) 

Specific rate 
CO2 (L/g⋅h) 
* 

Reference 

25% Ni/ 
Al2O3 

4 11.4 300 0.912 [35] 

15% Co/ 
Al2O3 

4 11.4 300 1.824 [35] 

15% Ni – 
5% Co/ 
Al2O3 

4 13 300 2.002 [72] 

15% Ni/ 
Al2O3 

4 13 300 2.158 [72] 

15% Ni – 
3.5% Co/ 
Al2O3 

4 30 300 4.740 This work  

* Calculated considering 20% CO2 and 80% H2. 
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Digging a bit more into the results obtained for both catalysts, Fig. 9 
shows a comparison of the CO2 conversion for real gas compositions. 
The first and most evident conclusion is that we can strongly suggest the 
use of ceria instead of cobalt for the low-temperature range 
(200–250 ◦C), while at higher temperatures the conversions are similar. 
The reason for this might be related to the explanation given above for 
CH4 cracking and the positive effect of ceria avoiding carbon deposition 
due to the acidity reduction of the support. In the case of the Ce- 
supported catalyst the conversion under real gas conditions might be 
higher because Ce reduces quite well at low temperatures. This reduc
tion provokes a faster oxidation of the C formed by Eq. (4), with a 
consequent CH4 formation. This hypothesis would also agree with the 
results obtained at higher temperatures for the same explanation given 

before. 
The last step was the characterization of the catalysts used to check 

the potential differences in the XRD between ideal and real conditions. 
The results obtained are represented in Figs. 10 and 11 for the NiCo/Al 
and Ni/CeAl catalysts, respectively. As shown, and in contrast with the 
catalytic activity results, there are no differences between ideal and real 
conditions, meaning that the minor impurities of HTC off-gases do not 
affect the overall crystallinity of the catalysts. In comparison with the 
pre-used catalyst diffractogram, in the used ones we can see metallic 
nickel (Figs. 10 and 11), which agrees with the methanation reaction 
since hydrogen consumption reduces oxides. In the NiCo/Al catalyst, a 
Ni-Co alloy is formed, shifting the metallic Ni peaks to higher angles. 

4. Conclusions 

This study focused on the experimental evaluation of HTC off-gases 
methanation using nickel-based catalysts. The aim of this work was to 
investigate the effect of impurities on the catalytic activity by comparing 
two catalysts, NiCo/Al and Ni/CeAl. The XRD analysis confirmed the 
formation of the desired oxide species in the catalysts, while the TPR 
profiles provided insights into the reduction behavior of the catalysts. 
Catalytic activity tests were conducted using a fixed-bed continuous- 
flow reactor. The catalytic performance was evaluated under ideal gas 
conditions and real gas conditions, simulating the composition of HTC 
off-gases with minor impurities. The catalytic activity results revealed 
significant differences among ideal and real gas conditions. NiCo/Al 
exhibited high CO2 conversion and CH4 selectivity under ideal condi
tions, aligning with previous works for similar bimetallic catalysts. 
However, when subjected to real gas conditions, a notable reduction in 
CO2 conversion was observed at lower temperatures (ca. 20% lower 
conversion for real gas vs. ideal), attributed to side reactions, particu
larly CH4 cracking. Despite this, the catalyst demonstrated acceptable 
performance at higher temperatures, emphasizing its resilience to real 
gas compositions. Ni/CeAl, on the other hand, displayed remarkable 
CO2 conversion even at 200 ◦C, suggesting the potential for energy and 
economic savings. The high impact of ceria on methanation at low 
temperatures was evident, attributed to its ability to enhance metal 
dispersion, reduce acidity, and improve catalyst reducibility. The CH4 
selectivity results were consistently high, in line with the positive in
fluence of ceria as a promoter. Comparative analysis between the two 
catalysts for real gas conditions indicated a strong recommendation for 
the use of ceria instead of cobalt at low temperatures (200–250 ◦C), with 
comparable performance at higher temperatures. Further XRD charac
terization demonstrated no significant differences between ideal and 
real gas conditions, indicating that minor impurities in HTC off-gases did 
not affect the overall crystalline structure of the catalysts. 

The study provides valuable insights into the methanation of HTC 
off-gases and highlights the challenges associated with the presence of 
minor impurities. There are shreds of evidence that the minor impurities 
affect considerably the overall performance. Moreover, the results 

Fig. 8. Catalytic activity exhibited by Ni/CeAl: (A) CO2 conversion; (B) CH4 
selectivity. 

Fig. 9. Comparison between Ni/CeAl vs. NiCo/Al for real gas composition.  Fig. 10. XRD diffractograms exhibited by the used NiCo/Al catalysts.  
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contribute to the understanding of catalytic reactions in the context of 
renewable energy and offer possibilities for further improvements in the 
utilization of off-gases from renewable-based processes. Future research 
directions may include exploring alternative catalyst formulations, 
optimizing reaction conditions, and investigating the mechanism of side 
reactions to enhance the performance and economic viability of the 
methanation process for SNG production. The findings underscore the 
potential of renewable CO2 sources and provide valuable insights for the 
development of efficient and cost-effective processes for SNG 
production. 
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T.R. Reina, Hydrochar and synthetic natural gas co-production for a full circular 
economy implementation via hydrothermal carbonization and methanation: an 
economic approach, J. Environ. Sci. (2023), https://doi.org/10.1016/J. 
JES.2023.04.019. 
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