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A B S T R A C T   

The mechanism and kinetic of CO2 methanation reaction of 9.5 % Ni/Al2O3 catalyst is analysed under a wide 
range of operating conditions. Once the catalyst activity is stabilized, the influence of temperature, total pressure 
and space velocity is studied for kinetic characterisation. A data set comprising of 153 experimental runs has 
been used to develop a kinetic model capable to accurately predict the reaction rate. Ni/Al2O3 catalyst shows an 
apparent activation energy of 80.1 kJ mol− 1 in CO2 hydrogenation. Data obtained under differential mode adjust 
quite precisely to a power-law model with H2O inhibition, with a water adsorption constant of 3.1 atm− 1 and 
apparent orders of 0.24 and 0.27 for H2 and CO2, respectively. Based on DRIFTS results, we propose for the first 
time the H-assisted CO formation route, which is compared with the more conventionally reported carbonyl 
route, and describe the corresponding reaction rate LHHW equation, resulting in notable improvement for mean 
deviation (D) of 7.0 % in our model related to that based on the carbonyl route (D = 20.1 %) usually suggested 
for catalysts with higher Ni loads around 20 %. The H-assisted CO formation route considers the formate species 
decomposition into carbonyls via H-assisted CO formation mechanism and further carbonyls hydrogenation into 
CHO as the rate determining step. Thus, the LHHW mechanism, in which carbonyls as well as formate species 
participate in CO2 methanation, is capable to reflect the kinetics of lowly-loaded Ni/Al2O 3 catalyst with high 
accuracy under relevant process conditions (315− 430 ◦C, 1− 6 bar, H2 to CO2 molar ratios between 1–16 and, 
different reagents and products partial pressures).   

1. Introduction 

The last century has been characterized by exponential increase in 
energy consumption coupled with rapid population growth, which has 
led to a dramatic increment in the emission of greenhouse gases (GHG), 
such as CO2 [1]. The concentration of CO2 in the atmosphere has 
increased by 40 % since the mid-nineteenth century, aggravating the 
effects of climate change [2]. Thus, the efforts have been focused on 
coming up a sustainable development model that guarantees a 
compromise between economic growth and the population’s quality of 
life [3]. 

In this context, different strategies or technologies for minimizing 

this problem are being investigated. Power to gas (PtG) technology 
emerges as a promising technological alternative, since is considered an 
efficient way of storing renewable energy in form of so-called chemical 
energy carriers and, in particular, in form of methane (CH4) or synthetic 
natural gas (SNG). The later process, known as power to methane 
technology (PtM), uses CO2 as a raw material in a carbon neutral cycle, 
which contributes to the reduction of GHG. Specifically, it converts CO2 
into CH4 by Sabatier catalytic reaction (Eq. (1)) [4], using renewable H2, 
which is produced by water electrolysis [5]. Furthermore, this techno-
logical alternative allows the energy integration of the electricity 
network in the natural gas grid. In this way, fluctuations in the supply of 
renewable energies are mitigated, increasing the installed capacity and 
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facilitating the decarbonisation of the electricity sector [6]. 

CO2 + 4H2⇄CH4 + 2H2O Δ298 K = – 165 kJ mol-1 (1) 

CO2 methanation is a very exothermic reaction with a high equilib-
rium conversion within the temperature range from 25 ◦C to 400 ◦C and 
is favoured at low temperatures and high pressures [7]. In the presence 
of efficient catalysts, CO2 methanation can be completed with a high 
value of selectivity towards CH4 [8]. Transition metals, such as Ru, Rh, 
Pt, Pd, Ni and Co [9–15], are usually used as active phases. Among them, 
nickel is widely implemented due to its low cost, good activity and 
selectivity towards CH4. These metals are usually supported on high 
surface area materials, such as Al2O3, CeO2, SiO2, ZrO2, TiO2 and zeo-
lites [16–19]. The low price and additional promoter characteristics of 
Al2O3 and CeO2 respectively, motivate their widespread implementation 
as CO2 methanation supports. Thus, Ni/Al2O3 and Ni/CeO2 formulations 
are the most commercialised catalyst at industrial level. 

Although many formulations have been extensively characterized 
and catalytically tested, there is still controversy with regard to reaction 
mechanism and corresponding rate determining step (RDS). The first 
investigation about the kinetics of the methanation reaction was pub-
lished in 1955 with pelletized Ni-Kieselguhr catalyst [20]. However, the 
proposed models at that time were limited to conditions of initial re-
action rates, leading to preliminary kinetic models. Following studies 
were based on simple power-law mechanisms [21–23]. The first detailed 
mechanistic model was proposed 30 years later by Weatherbee et al. 
[24] for a 3% Ni/SiO2 catalyst operating under differential reactions 
conditions at highly diluted gas streams. In their study, they assumed the 
dissociative adsorption of H2 and CO2 in form of [H], [CO] and [O]. The 
adsorbed [CO] dissociates again to [C] and [O]. Then, in later stages, the 
carbon is hydrogenated to [CH] as reaction intermediate in the methane 
formation, whereas the oxygen is hydrogenated to hydroxyl groups 
[OH] and, finally, to water. Kai et al. [25] achieved further progress on 
kinetic study with 17 wt.% Ni-La2O3/Al2O3 catalyst under differential 
and integral reaction conditions. In their study, kinetics was described in 
terms of Langmuir-Hinshelwood-HougenWatson (LHHW) mechanistic 
equation, based on that proposed by Weatherbee et al. [24], but 
assuming the hydrogenation of carbon as the rate limiting step, instead 
of CO dissociation. 

These studies were followed by others based on different catalyst 
formulations or reactions mechanisms. In general, two widely accepted 
mechanisms have been proposed, based on IR characterization tech-
niques: the so-called dissociative and associative mechanisms [26,27]. 
The former assumes the dissociative adsorption of CO2 into adsorbed CO 
or carbonyl, followed by its hydrogenation into CH4 [28,29], as previ-
ously proposed by Weatherbee et al. [24]. In the latter, by contrast, CO2 
is molecularly adsorbed in form of carbonates or bicarbonates, which 
are progressively reduced by H+ spillover into formate, formyl, methoxy 
species and, finally, methane [30–32]. So, knowledge of adsorbed spe-
cies that are formed during CO2 methanation on catalyst surface by 
operando FTIR or in situ DRIFTS could be of great help when proposing 
kinetic models for precise fitting to experimental kinetic data and 
determining the RDS on a specific catalyst. 

Only few works in recent literature have focused on the kinetics of 
CO2 methanation on Ni-based [16,33–35] and Ru-based [36–38] cata-
lysts. Among them, commercial or co-precipitated Ni/Al2O3-type 
formulation with high metal content (> 15 % of Ni) has been the most 
studied, since it is in turn the most used in industry for methanation 
processes [39–43]. Table S1 gives an overview of published models. 
However, to the best of the author’s knowledge, not only the type of 
support and the presence of a secondary metal or promoter could alter 
the intrinsic kinetics of a catalyst (rate equations), but also the active 
metal content. Therefore, the main goal of this work is to determine a 
kinetic model to predict kinetics of CO2 methanation on a Ni/Al2O3 
catalyst with low metal content, which has recently been published 
[44], at industrially relevant conditions. For that, different kinetic 

models have been evaluated based on those reported in the literature 
and our previous operando FTIR and isotopic mechanistic studies [44, 
45]. 

In order to achieve this target, the basic physico-chemical properties 
of the catalyst are summarized as well as adsorbed species analyzed by 
in-situ DRIFTS. Then, the activity of the catalyst was evaluated at 
different temperatures, once steady state was reached. Finally, kinetic 
experiments were carried out both under differential and integral 
reactor conditions. For that, various power-law or Langmuir- 
Hinshelwood-Hougen-Watson (LHHW) type models were evaluated, 
considering our previous mechanistic studies and based on the more 
common reaction mechanisms previously reported. Knowledge of the 
reaction kinetics is critical for modeling, designing and optimization of 
CO2 methanation industrial reactor. 

2. Experimental 

2.1. Catalyst preparation 

The catalyst studied in this work (Ni/Al2O3) was prepared by the 
incipient wetness impregnation method as reported elsewhere [44]. For 
that, a commercial γ-Al2O3 supplied by Alfa Aesar (Stock Nº 43855) and 
Ni(NO3)2⋅6H2O (Sigma-Aldrich) were used as support and nickel pre-
cursor, respectively. Firstly, a specific mass of nickel precursor was 
diluted in an ethanolic solution and impregnated over alumina support, 
the Ni content resulted in 9.5 wt.%. Finally, the catalyst was calcined at 
600 ◦C in static air for 6 h using a heating rate of 5 ◦C min− 1. 

2.2. Experimental setup 

The catalytic tests were performed in a fixed-bed cylindrical reactor 
of 7 mm internal diameter. The catalyst, in powder form (0.3− 0.5 mm), 
was mixed with quartz particles (0.5− 0.8 mm) up to a total volume of 1 
cm3. Prior to the activity tests, the catalyst was pre-treated at 500 ◦C for 
1 h under 20 % H2/N2 (250 cm3 min− 1) mixture, and then cooled in pure 
N2 to 200 ◦C. The feed composition during the activity test was 16 % of 
CO2, 64 % of H2 and 20 % of N2, which corresponds to a H2:CO2:N2 
molar ratio of 4:1:1.25. The total flow rate was set at 250 cm3 min− 1, 
equivalent to a space time (W/F0

CO2
) of 4.67 g h mol− 1 and to a gas hour 

space velocity (GHSV) of 15,000 h-1. The activity test (light-off curves) 
was carried out in the temperature range 200− 500 ◦C in steps of 25 ◦C, 
with a heating rate of 5 ◦C min− 1 between steps. The outlet gas 
composition was measured on line, at each step under steady state 
conditions, with a gas chromatograph (Agilent HP7890B). 

Once the light-off curve was obtained, the stability test was carried 
out with the same feed composition than in the standard activity test. 
Based on the evolution of the light-off curve with temperature, the 
reactor was kept at 400 ◦C for 72 h, measuring the outlet gas composi-
tion every 12 min. 

The catalytic activity and stability were evaluated in terms of CO2 
conversion (XCO2 ) and selectivity towards CH4 (SCH4 ) and CO (SCO). In 
order to estimate these parameters the following expressions were used: 

XCO2 =
Fin

CO2
− Fout

CO2

Fin
CO2

× 100 (2)  

SCH4 (%) =
Fout

CH4

Fout
CH4

+ Fout
CO

× 100 (3)  

SCO(%) =
Fout

CO

Fout
CH4

+ Fout
CO

× 100 (4)  

YCH4 (%) =
Fout

CH4

Fin
CO2

× 100 (5)  
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2.3. Design of kinetic experiments 

In order to assure catalytic stability during whole process, a stability 
test was carried out at 400 ◦C and atmospheric pressure. Once the 
catalyst was stabilized, the kinetic study was performed. During the 
kinetics tests, operational parameters were varied in the following 
ranges: temperature, 315− 430 ◦C; total flowrate, 200-1100 cm3 min− 1 

(equivalent to GSHV of 12000− 66000 h− 1 or W/F0
CO2 

of 1.6–24.9 g h 
mol− 1); H2 to CO2 ratio (H/C) in the feedstream, 2–10; total pressure (P), 
2− 6 bar. These reaction conditions allowed us to study the effect of 
temperature, contact time and partial pressure of reagents/products on 
reaction rate. The reaction rates, obtained in the absence of mass 
transfers limitations, were used to estimate kinetic parameters under 
differential (XA < 10 %) as well as integral (XA > 10 %) reaction con-
ditions; 0.5 g of Ni/Al2O3 catalyst was used for kinetic experiments 
under differential reactor conditions, whereas a sample mass of 1.0 g 
was used for the experiments under integral reactor conditions. Opera-
tional conditions along with corresponding activity parameters of all 
kinetic measurements are summarized in the Table A4 of the Appendix 
A4. In all experiments, N2 was used as diluent to minimize heat and mass 
transfer effect. 

2.4. In situ DRIFTS experiments 

The CO2 methanation reaction was monitored by in situ DRIFT 
spectroscopy using a Jasco infrared spectrometer, model FT/IR 4100, 
and a reaction cell for temperature and reaction gas control where the 
gas flows through the catalytic bed. 70 mg of undiluted Ni/Al2O3 cata-
lyst was used. A reduction pretreatment was carried out in situ in 50 % 
H2/He at 450 ◦C for 60 min, and then the reaction cell was cooled down 
to room temperature under H2/He flow. A background spectrum was 
recorded in He at room temperature, and then, the methanation mixture 
with 16 % CO2 + 64 % H2 + He balance was fed to the reactor at 1 bar 
and 100 mL/min. The temperature was raised in steps of 50 ◦C up to 450 
◦C, and spectra were recorded after 60 min in isothermal conditions at 
each temperature with 1 cm− 1 resolution. 

3. Methodology 

3.1. Kinetic rate equations 

Determining a kinetic model or rate equation consists basically of 
calculating the kinetic constants and reaction orders. These parameters 
can be calculated by different computational methods, including linear 
and non-linear regression. Nevertheless, in order to carry out the fit is 
necessary to dispose reaction rate data, which in turn, can be determined 
under differential (XA < 10 %) or integral reactor conditions (XA > 10 
%). 

Under differential reactor conditions, partial pressures of reagents 
scarcely change in the small reactor which behaves with the perfect mix 
hypothesis. Thus, the reaction rate of CO2 disappearance can be 
considered the same in all positions of the catalyst bed, simplifying the 
calculation of CO2 disappearance rate (average) to the following alge-
braic equation: 

− rCO2 = F0
CO2

XCO2

W
(6)  

where, F0
CO2 

is the molar CO2 flow at reactor inlet (mol h− 1), XCO2 is the 
CO2 conversion and W is the catalyst weight (g). 

In contrast, under integral reactor conditions (XA > 10 %), the re-
action rate value changes with the catalytic bed length, and the local 
longitudinal − rCO2 is estimated by numerical integration of the plug flow 
reactor design equation: 

W
F0

CO2

=

∫ Xout
CO2

0

dXCO2

− rCO2

=

∫ Xout
CO2

0

dXCO2

f (T,XCO2 )
(7) 

The regressed parameters basically consisted of kinetic (k) and 
adsorption equilibrium constants (KH2 , KCO2 , KOH and KCO), which were 
calculated by Arrhenius law and Van’t Hoff expression, respectively. 
Both types of equations were parameterized to minimize the correlation 
among preexponential factor (A0) and activation energy (EA) or 
adsorption enthalpies (ΔH) resulting in the following expressions 
derived from Arrhenius equation: 

k = k0exp
[

−
EA

R

(
1
T
−

1
Tref

)]

(8)  

and Van’t Hoff equation: 

Ki = Ki0exp
[

−
ΔH
R

(
1
T
−

1
Tref

)]

(9)  

where, k and Ki are kinetic and adsorption constants at different tem-
peratures, whereas k0 and Ki0 are reference constants at Tref (430 ◦C in 
this work). 

Lastly, the equilibrium constant of CO2 methanation (Keq1) can be 
estimated at every temperature by the following empirical expression: 

Keq1 = 137⋅T3.998exp
(

158.7
RT

)

(10)  

where R is the ideal gas constant, 8.314 J K− 1 mol− 1. 

3.2. Computational methods 

For the parameters estimation, the fit of experimental data was 
carried out by least squares method (nonlinear regression), which 
consist on finding minimum value of objective function: 

SSE = σ2 =
∑N

i

(
yexp − ycalc)2 (11) 

This function describes the sum of squared residuals obtained from 
the difference among experimental and calculated variable y (here-
under, reaction rate or conversion) for every point, being N the total 
number of kinetic experiments. The fit together with estimation of some 
kinetic parameters was carried out by lsqcurvefit and fminsearch com-
mands of MATLAB software (R2014b version). The former is a nonlinear 
least-squares solver, whereas the latter performs a non-linear multidi-
mensional minimization without restrictions by the Nelder-Mead algo-
rithm. For the fminsearch command the following optimization options 
were set: a function tolerance (TolFun) of 10− 10, lower bound of step 
size (TolX) of 10-3 and a maximum of 500 interactions (iter). 

On the other hand, the quality of the fit was estimated to carry out 
model discrimination by calculating absolute mean deviations as fol-
lows: 

D(%) =

̅̅̅̅̅
σ2

N

√
1
y
× 100 (12)  

where y is the mean value of experimental variable. 
Regarding the numerical integrations of Eq. (7), they were accom-

plished by ode23 command, which is able to solve nonstiff differential 
equation systems by adaptative Runge-Kutta algorithm of 2nd and 3rd 
order. 

4. Results 

4.1. Catalyst characterization 

Ni/Al2O3 catalyst was prepared and widely characterized in our 
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previous work [44]. Briefly, the Ni content was of 9.4 wt.% and its 
specific surface area of 172 m2 g− 1, high enough to ensure a proper 
reagent-active sites contact. However, the reducibility or reduction de-
gree of Ni at 500 ◦C was found to be low (9%), due to a high NiO-Al2O3 
interaction or even NiAl2O4 formation (see Fig. S1). Although this in-
dicates that much nickel will not be active during reaction (i.e., in the 
reduced state), the observed strong metal-support interaction suggest 
that its activity should be quite stable during the kinetic experiments. 
Hence, physico-chemical properties of 9.5 wt.% Ni/Al2O3 catalyst were 
considered adequate to achieve the kinetic study. 

In order to determine the adsorbed species that could participate in 
reaction and get a first insight of the reaction pathway, in-situ DRIFTS 

during CO2 methanation were carried out on 9.5 wt.% Ni/Al2O3 catalyst 
[44]. DRIFTS spectra recorded under CO2 methanation conditions at 
different temperatures are shown in Fig. 1. Note that all spectra were 
recorded after 60 min exposure time, when the steady state conditions 
were reached. 

The intense double band at 2350 cm− 1 (not shown) together with 
two double bands located at 3750− 3500 cm− 1 confirm the presence of 
CO2 gas in the cell. On the other hand, the bands appearing between 
1800 and 1200 cm− 1 indicate the formation of adsorbed C-species on the 
catalyst surface during reaction, whose relative concentration changes 
with temperature. At 150 ◦C, 3 bands are clearly distinguishable at 
1652, 1430 and 1225 cm− 1 which can be attributed to O–C–O 
stretching (νOCO, both symmetric and asymmetric) and OH deformation 
(δOH) of bicarbonate species. Moreover, the band corresponding to OH 
stretching vibration mode of bicarbonates is observed at 3625 cm− 1. As 
reported by other authors [30,31,38], the bicarbonates arise from CO2 
adsorption on OH– groups of γ-Al2O3. Additionally, other weak and 
broad bands can be observed at 1530 and 1330 cm− 1, which might be 
assigned to νOCO vibration modes of carbonate species in bidentate co-
ordination. These carbonates could form from CO2 adsorption on surface 
O2- (acting as Lewis basic sites) of both NiO and Al2O3 [44,46]. 

The increase of temperature leads to the depletion of bicarbonates/ 
carbonates and the appearance of new bands at 1588 (asymmetric 
O–C–O stretching), 1390 (CH deformation) and 1375 cm− 1 (O–C–O 
stretching) which are characteristics of formate species adsorbed on 
Al2O3 [38]. Besides, the weak bands at around 3000 and 2900 cm− 1 

(νCH) confirm the presence of this species, which could be reaction in-
termediates [30,31]. The evolution of bands with temperature suggests 
that formates might come from nickel-assisted hydrogenation of bi-
carbonates or carbonates through H+ spillover mechanism. Besides, note 
that the three bands of formates are clearly observed at 450 ◦C indi-
cating that these species are quite stable with temperature. However, no 
characteristic bands of methane are observed to verify the participation 
of formate in the reaction. 

The increase of the baseline slope below 2000 cm− 1 could be due to 
the formation of Ni-carbonyls, since these species yield broad bands in 
the 2200− 1800 cm− 1 region with several contributions depending on 
the nature of the chemisorption site. The low intensity of the Ni-carbonyl 
broad signal suggests that their surface population is low, probably due 
to the low fraction of reduced nickel on this catalyst, and get masked by 
the behavior of other higher-intensity signals (mainly the bicarbonates 
band at 1652 cm− 1). Much more intense Ni-carbonyl signal was 
observed in our previous work by operando FTIR measurements [45] 
during CO2 methanation over other Ni/Al2O3 catalysts with similar 
nickel contents. It was concluded in that case that the reaction proceeds 
via formation of carbonyl species, mainly arising from intermediate 
formates decomposition, followed by its hydrogenation into CH4. 
Actually, as it will be concluded afterwards from the kinetic fitting, 
carbonyls seem to play a key role as reaction intermediates also with the 
Ni/Al2O3 catalyst used in the current study, despite the DRIFTS exper-
iments suggest low surface population in comparison to other surface 
species. 

As a summary, the DRIFTS results show several surface species that 
form and disappear during reaction, including carbonyls, formates, bi-
carbonates and carbonates, but is not possible to distinguish between 
spectators and reaction intermediates. This information will be used to 
propose different reaction mechanisms, which will be evaluated by a 
kinetic study over a wide range of operation conditions. 

4.2. Catalyst activity and stability 

Activity and stability tests were carried out to evaluate the efficiency 
of Ni/Al2O3 catalyst in CO2 methanation reaction and to ensure its 
stability during kinetic experiments, respectively. Prior to the stability 
test, the activity of 9.5 wt.% Ni/Al2O3 catalyst was tested varying the 
temperature from 250 to 500 ◦C. Fig. 2a shows the light-off curve of the 

Fig. 1. In situ DRIFTS spectra recorded under 16 % CO2/64 % H2/He reaction 
stream at 150, 250 350 and 450 ◦C for 9.5 % Ni/Al2O3 catalyst. 

Fig. 2. (a) Light-off curve and (b) selectivity towards CH4 (SCH4 ) and CO (SCO) 
of Ni/Al2O3 catalyst recorded prior to the stability test. Reaction conditions: P =
1 bar, H2/CO2 = 4 and W/FA0¼ 4.7 g h mol− 1. 
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Ni/Al2O3 catalyst, whereas Fig. 2b displays its selectivity towards 
methane (SCH4 ) and carbon monoxide (SCO) as a function of temperature. 

The Ni-based catalyst shows poor activity, being its XCO2 = 21 % at 
400 ◦C and achieving a CO2 conversion of 50 % at T50 = 455 ◦C. Besides, 
its selectivity to non-desirable CO (SCO) is higher than 10 % in the entire 
temperature range, observing a maximum value of 33 % at 375 ◦C. The 
expected low activity and CH4 selectivity of this catalyst is related to its 
high metal-support interaction. As previously described, the reducibility 
of this catalyst at 500 ◦C is less than 10 %. Taking into account that 500 
◦C is the temperature used during activation of the catalyst prior to 
activity test, only a small fraction of Ni has been activated during the 
one-hour reduction with 20 %H2/N2, which results in a low CO2 

hydrogenation activity. 
After that, the reaction temperature was kept at 400 ◦C during 72 h, 

with the same feed composition than in the activity test (250 ml min− 1 of 
16 % CO2/64 % H2/N2). The evolution of CO2 conversion and selectivity 
with time-on-stream (TOS) is shown in Fig. 3. Note that by increasing 
TOS up to 72 h approximately, the CO2 conversion slowly rises from 31 
to 36 %. These results suggest that the catalyst is being activated during 
the stability test. This trend is because part of remaining NiO is reduced, 
leading to a higher active metal surface. Likewise, the selectivity to-
wards CH4 increases from 83 to 87 % since the catalyst has a major 
capacity to dissociate H2 and convert CO2 exclusively into CH4 (Fig. 3b). 
Immediately after 72 h on stream, the sample was exposed again to 
temperature changes under reaction mixture (intermediate light-off), in 
order to accelerate the activation and stabilization of the catalyst by 
reduction of additional NiO sites. After that, CO2 conversion at 400 ◦C 
only increased from 36 to 38 %. In fact, no relevant changes were 
observed in XCO2 (38 %) and SCH4 (89 %) during last 48h-on-stream, 
indicating that reduced Ni particles did not suffer from sintering or 
any other deactivation mechanism and, as a consequence, the activity of 
the catalyst had been stabilized. 

4.3. Model and kinetic parameter estimation 

Once the catalyst stabilized, the kinetic study was carried out under a 
wide variety of operational conditions (Table A4). In this study, rates of 
CO2 hydrogenation both in differential (XA < 10 %) and integral modes 
(XA > 10 %) are calculated for further estimation of apparent reaction 
orders, activation energies, kinetic as well as adsorption constants, and 
choosing the kinetic model that best fits experimental data. 

4.3.1. Apparent reaction orders and activation energy estimation 
In order to study the effect of reagents and products partial pressures 

on the CO2 hydrogenation rate, the experimental data set obtained at 
325 ◦C were employed. For all those kinetic experiments, the CO2 con-
version is lower than 10 %; and therefore, the CO2 disappearance rate 

Fig. 3. (a) CO2 conversion and (b) selectivity towards methane (SCH4 ) and 
carbon monoxide (SCO) during stability test at 400 ◦C. 

Fig. 4. Influence of: (a) CO2 (pCO2 ), (b) H2 (pH2 ), (c) CH4 (pCH4 ) and (d) H2O (pH2O) partial pressures on CO2 methanation rate at 325 ◦C. Total pressure of 2 bar and 
GHSV = 30,000 h− 1. 
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can be calculated according to Eq. (6). Note that the partial pressures 
shown in this section refer to the average among the observed at dif-
ferential reactor inlet and outlet, in fact, CO2 methanation rate is also 
calculated as an average inside the reactor. 

Fig. 4 shows CO2 disappearance rate as a function of reagent and 
products concentration at 325 ◦C. It can be clearly observed that reac-
tion rate increases with CO2 partial pressure (pCO2 ) following saturation 
trend (Fig. 4a). In fact, by increasing pCO2 from 0.05 to 0.23 bar and then, 
from 0.23 to 0.47 bar, − rCO2 rises by 42 and 19 %, respectively. This 
trend is in agreement with results reported by Weatherbee et al. in 1982 
[24], according to which the CO2 hydrogenation is quite sensitive to CO2 
concentration at low partial pressures. On the other hand, Fig. 4b also 
shows a positive effect of H2 partial pressure (pH2 ) on − rCO2 . Specif-
ically, − rCO2 increases around 59 % varying the H2 partial pressure from 
0.11 to 0.70 bar. 

The influence of reagents was further analyzed fitting the data to a 
simple power-law expression of the form: 

− rCO2 = kpα
CO2

pβ
H2

(13)  

where k is the kinetic constant at 325 ◦C; α (CO2) and β (H2) are the 
apparent reaction orders. By logarithmic linearization and multiple 
linear regression, the apparent reaction orders of CO2 and H2 at 325 ◦C 
were estimated, resulting in 0.24 and 0.27, respectively. Namely, both 
reagents have similar influence on the CO2 reaction rate. Noteworthy, 
Lefebvre et al. [33] also reported same order values of CO2 and H2 
apparent orders at 300 ◦C for Ni/SiO2 catalyst (0.30 and 0.42, 

respectively). 
The influence of CH4 (pCH4 ) and H2O (pH2O) partial pressures is shown 

in Fig. 4c and d, respectively. In both cases, CO2 and H2 partial pressures 
were kept at 0.16 and 0.64 bar, respectively. As reported by many au-
thors [33,39,47], − rCO2 is almost insensitive to methane partial pres-
sure, which denotes a reaction order close to 0. However, varying H2O 
partial pressure from 0 to 0.49 bar a considerable decrease in − rCO2 is 
observed, indicating that water strongly adsorbs on active sites hin-
dering the reagents adsorption and hence, inhibiting the CO2 hydroge-
nation rate. This is suggesting that the kinetic constant depends on the 
concentration of adsorbed water or hydroxyls (OH–). Then, Eq. (13) 
could hardly predict the observed water resistance to reaction rate 
(Fig. 4d) and it must be modified as follows [42]: 

− rCO2 =
kpα

CO2
pβ

H2

1 + KH2OpH2O
(14)  

where, KH2O is the water adsorption constant at 325 ◦C. 
Eq. (14) was linearized representing 1/− rCO2 vs. pH2O and fitted to 

experimental data. From the intercept and slope of the regression line, 
the kinetic and water adsorption constants were estimated resulting in 
0.0157 mol h− 1 g− 1 bar-0.57 and 3.061 bar− 1, respectively. Note that 
these values are reliable since they are positive and of the order of those 
reported in literature [43]. 

Once the effect of reactant and products concentration was studied, 
the apparent activation energy was determined in the 315− 430 ◦C 
temperature region. Fig. 5 plots CO2 conversion as a function of tem-

perature and space time 
(

W/F0
CO2

)
. As shown in the figure (black lines), 

experimental points were fit to a mathematical expression which con-
siders thermodynamic equilibrium: 

− rCO2 =

(
W
/

F0
CO2

)b

a +
(

W
/

F0
CO2

)b
/

Xeq

(15)  

where, a and b are the fitting coefficients and Xeq is the equilibrium 
conversion depending on temperature. 

It can be observed that XCO2 tends towards saturation (at T > 335 ◦C), 
as is usual under integral reactor conditions. Therefore, the initial re-
action rates approach was chosen in this case to calculate apparent ki-
netic constants. This method consists of fitting conversion vs. space-time 
curves, which extrapolation at W/F0

CO2
= 0 and corresponding de-

rivatives results in values of initial reaction rates at every temperature, 

− r0
CO2

=

(
dXCO2

d(W
/

F0
CO2

)

)

W

/
F0

CO2
=0

= kap f (C0
CO2

,C0
H2
) (16)  

that together with logarithmic Arrhenius expression: 

ln (− r0
CO2

) = ln
[
A0 f (C0

CO2
,C0

H2
)
]
−

Eap

R

(
1
T

)

(17)  

allows determination of the apparent activation energy from the slope of 
linear plot of ln (− r0

CO2
) vs. 1/T, as represented in the inset plot of Fig. 5. 

The apparent activation energy for CO2 hydrogenation (to CO as well 
as CH4) on 9.5 wt.% Ni/Al2O3 catalyst resulted 80.1 kJ mol− 1. The 
determination of activation energy values has already been conducted 
by other authors (Table 1), observing similar values that range from 75.0 
to 118.7 kJ mol− 1 on NiAl-type catalysts [33,39,41,42,48,49]. 

Finally, the reliability of calculated apparent activation energies was 
checked by Mears [50] and Anderson [51] criteria. Despite the high 
reaction heat of CO2 methanation (ΔH = − 165 kJ mol− 1), it should be 
noted that both criteria were satisfied indicating that the activation 
energies were correctly deduced from the Arrhenius expression. As 
shown in Table S2, dimensionless values are below 0.15 and 0.75, 

Fig. 5. Effect of space-time (W/F0
CO2

) on CO2 conversion at different temper-
atures together with Arrhenius plot. Symbols refer to experimental data and 
black lines to the obtained fits. Total pressure of 2 bar and H2/CO2 ratio in the 
feedstream of 4. 

Table 1 
Apparent activation energies of different formulations reported in the literature 
compared to the obtained in this work for 9.5 wt.% Ni/Al2O3 catalyst.  

Formulation Ea (kJ mol− 1) Reference 

10 wt.% Ni/Al2O3 89.0 [54] 
10 wt.% Ni/Al2O3_ordered mesoporous 75.2 [48] 
20 wt.% Ni/Al2O3 83.0 [55] 
16.7 wt.% Ni-x% La/Al2O3 ≈80.0 [49] 
NiAl(O)x 83.0 [39] 
Ni/(Al2O3⋅3Ca) 118.7 [41] 
Ni/Al hydrotalcite-derived 75.0 [42] 
Ni/SiO2 79.0 [33] 
Ni/MgO 99.0 [34] 
Ni/CeO2 112.2 [16] 
9.5 wt.% Ni/Al2O3 91.6 This work  
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indicating that thermal gradients can be considered apparently negli-
gible both in the film around the catalyst as well as inside the catalyst 
particle. 

4.3.2. LHHW-type kinetic equations 
LHHW-type equations, which are based on reaction mechanism and 

attempt to predict the rate of the slowest step of the reaction pathway, 
are applicable in a wider range than power-law equations. The first step 
in the design of LHHW equation is the proposal of a reaction mechanism. 
It has been already mentioned that CO2 methanation can proceed via 
associative or dissociative type mechanisms, depending if CO2 molecule 
is either directly hydrogenated or previously split, respectively. The 
kinetic results reported in Table A4 reveal the appearance of consider-
able amounts of CO, especially at low space times, since a higher dif-
ference between CO2 conversion and CH4 yield can be observed under 
these conditions. This trend suggests that adsorbed CO or carbonyls are 
formed during CO2 hydrogenation on Ni/Al2O3 catalyst. According to 
previously reported mechanism [45], carbonyls can act as intermediates 
and operando FTIR experiments carried out over other Ni/Al2O3 catalyst 
suggested that CO2 methanation proceeds via formation of carbonyl 
species mainly arising from intermediate formates decomposition, fol-
lowed by its hydrogenation into CH4. 

Trying to clarify what the real reaction mechanism is, two reaction 
pathways are proposed in Tables 2 and 3, classified as dissociative or H- 
assisted mechanism depending on how CO is formed. Note that from 
each mechanism at least 10 equations can be derived assuming that one 
step among adsorption, reaction or desorption steps is the rate deter-
mining step (RDS). Models were derived from most probable RDS steps 
and for simplicity, just two LHHW-type equations with the best fit are 
shown in this section. 

The first mechanism follows reaction pathway summarized in 
Table 2 and assumes that H2 and CO2 are dissociatively adsorbed 

forming hydrogen atoms (H) and carbonyls (CO) on Ni◦ surface [29]. 
Then, carbonyls react with dissociated hydrogen into carbon-hydroxy or 
adsorbed formyl (CHO, step 4). Subsequently, there is another 
carbon-oxygen cleavage yielding carbenes (CHx, step 6), which are 
further hydrogenated into methane (step 7). At the same time, adsorbed 
oxygen atoms are sequentially hydrogenated into hydroxyls and water 
(steps 8 and 9). Note that under certain conditions carbonyls can be 
desorbed as COgas instead of being hydrogenated (step 3). As the hy-
drogenation of carbonyl has been reported to be quite slow [39–42], step 
4 was considered the RDS. The previous steps as well as step 9 are 
assumed to be at quasi-equilibrium, whereas the rest of steps are 
kinetically irrelevant due to the low coverage of reaction intermediates 
(extremely fast steps) [40,47]. Considering those premises, the 
following rate equation of CO2 methanation is derived, which deduction 
is included in Appendix A2: 

− rCO2 =

k4p0.5
CO2

p0.5
H2

(

1 −
pCH4 p2

H2 O

pCO2 p4
H2

KEq1

)

(

1 +
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
KH2 pH2

√
+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
KCO2 pCO2

√
+ KOH

pH2 O

p0.5
H2

)2 (18)  

where k4 is the kinetic constant and KH2 , KCO2 and KOH are the H2, CO2 
and hydroxyl adsorption constants. The kinetic constants are calculated 
by Arrhenius law (Eq. (8)), whereas the adsorption ones by Van’t Hoff 
expression (Eq. (9)) and the equilibrium constant of CO2 methanation 
(Keq1) by Eq. (10). Finally, the reagents and products partial pressures 
are estimated according to Eqs. (A4.1)–(A4.5) of Appendix A4. 

In the second mechanism (Table 3), H2 also dissociates on Ni0 surface 
into adsorbed H-atoms, whereas CO2 is molecularly chemisorbed on 
surface OH– groups of Al2O3 forming bicarbonates (HCO3). After that, 
bicarbonates close to metal particles react with dissociated H2 by H 
spillover mechanism yielding formate species (HCOO) [38], which are 
decomposed into hydroxyls and carbonyls adsorbed on alumina and Ni 
surface (step 4). Subsequently, carbonyls are desorbed as carbon mon-
oxide (step 5) and/or sequentially reduced up to CH4 via CHxO inter-
mediate species (steps 6–9). As in the first proposed mechanism, surface 
oxygen atoms as well as hydroxyls are hydrogenated into water (second 
product) in lumped steps. 

In this case, step 4 was also chosen as the rate determining step since 
DRIFTS results revealed (Fig. 1) that formates could be intermediate 
species of CO2 methanation. In fact, such species usually appear at high 
surface concentration in many FTIR or DRIFTS measurements [28,30, 
31,38] and have been considered in formulating various kinetic models 
[16,47]. On the other hand, adsorbed H2, formate, hydroxyls and car-
bonyls are assumed to be in high enough concentration, partially 
covering the active sites and inhibiting CH4 formation rate. 

Thus, the second rate equation, which deduction is included in Ap-
pendix A3 (Eq. (A3.15)), is as follows: 

− rCO2 =

k4pCO2 p0.5
H2

(

1 −
pCOpH2 O

pCO2 pH2 Keq2

)

(

1 +
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
KH2 pH2

√
+ KCO2 pCO2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
KH2 pH2

√
+ KOH

pH2 O

p0.5
H2

+ KCOpCO

)2

(19)  

where Keq2 is the equilibrium constant of reverse water gas shift reaction 
(KRWGS), which can be deduced at every reaction temperature from 
water gas shift (WGS) equilibrium constant expression [52]: 

ln(KWGS) = − 3.732 +
3850

T
+

(
470
T

)2

(20)  

and, then, the reverse-WGS equilibrium constant is: 

KRWGS =
1

KWGS
(21) 

Table 2 
Elementary steps of conventional dissociative CO formation mechanism.  

Step Reaction Assumption 

1 H2 + 2∗⇄2H∗ Quasi equilibrium 
2 CO2 + 2∗⇄CO∗ + O∗ Quasi-equilibrium 
3 CO∗⇄ CO(g) + ∗ Quasi-equilibrium 
4 CO∗ + H∗ ⇄ CHO∗ + ∗ Rate determining step 
5 CHO∗ + ∗ ⇄ CH∗+O∗ Low CHO* coverage 
6 CH∗ + 3H∗ ⇄ CH∗

4 + 3∗ Low CHx* coverage 
7 CH∗

4 ⇄ CH4(g) + ∗ Low CH4* coverage 
8 O∗ + H∗ ⇄ OH∗ + ∗ Low O* coverage 
9 OH∗ + H∗ ⇄ H2O∗ + ∗ Quasi-equilibrium 
10 H2O∗ ⇄ H2O(g) + ∗ Low H2O* coverage  

Table 3 
Elementary steps of proposed H-assisted CO formation mechanism.  

Step Reaction Assumption 

1 H2 + 2∗⇄2H∗ Quasi equilibrium 
2 CO2 + OH∗⇄HCO∗

3  Quasi-equilibrium 
3 HCO∗

3 + H∗ ⇄ HCOO∗ + OH∗ Quasi-equilibrium 
4 HCOO∗ + ∗ ⇄ CO∗ + OH∗ Rate determining step 
5 CO∗ ⇄ CO(g) + ∗ Quasi-equilibrium 
6 CO∗ + H∗ ⇄ CHO∗ + ∗ Low CO* coverage 
7 CHO∗ + ∗ ⇄ CH∗+O∗ Low CHO* coverage 
8 CH∗ + 3H∗ ⇄ CH∗

4 + 3∗ Low CHx* coverage 
9 CH∗

4 ⇄ CH4(g) + ∗ Low CH4* coverage 
10 O∗ + H∗ ⇄ OH∗ + ∗ Low O* coverage 
11 OH∗ + H∗ ⇄ H2O∗ + ∗ Quasi-equilibrium 
12 H2O∗ ⇄ H2O(g) + ∗ Low H2O* coverage  
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4.3.3. Model discrimination by differential method data analysis 
Once various kinetic models were proposed, CO2 hydrogenation 

rates were calculated at different temperatures and space-times either 
deriving graphically XCO2 vs. (W/F0

CO2
) curves in Fig. 5 or from analytical 

derivative of Eq. (15): 

− rCO2 =
a⋅b⋅
(

W
/

F0
CO2

)(b− 1)

(

a +
(

W
/

F0
CO2

)b
/

Xeq

)2 (22) 

Then, the model discrimination was carried out based on variance 

(Eq. (11)) as well as mean absolute deviation (Eq. (12)) values. 
Fig. 6 shows the parity plots of power law and LHHW kinetic models. 

After regression, the power law model with water inhibition (Fig. 6a) 
presents a mean absolute residual of 11.5 %. Although the fit quality is 
acceptable, the model underestimates the CO2 disappearance rate at low 
temperature (< 370 ◦C) and does not predict satisfactorily data at 430 
◦C, which includes the experiments where CO2 methanation rate is 
boosted by increasing H2/CO2 molar ratio into 8 and total pressure is 
varied from 2 to 6 bar. Thus, although this model fits satisfactorily ki-
netic data on a commercial Ni/SiO2 catalyst [33], it is not suitable to 
describe some mechanistic aspects observed during FTIR experiments in 
our case. Nevertheless, it must be highlighted that prediction was 
considerably improved by adding the water adsorption constant to Eq. 
(13). In fact, considering the water inhibition effect, the absolute mean 
deviation was decreased from 38.6 % (σ2 = 6.10⋅10− 3) to 11.5 % (σ2 =

4.93⋅10-4). 
The fitting quality of the carbonyl model (Fig. 6b), which is derived 

Fig. 6. Parity plots of: (a) power-law with H2O inhibition, (b) carbonyl disso-
ciative and (c) H-assisted CO formation models adjusted to experimental data 
obtained operating with differential reaction conditions, i.e. total pressure (P2, 
P4, P6 = 2, 4 or 6 bar) and H2 to CO2 ratio in the feedstream (H/C4 and H/C8 
correspond to H2/CO2 of 4 and 8, respectively). 

Fig. 7. Parity plot of H-assisted CO formation model adjusted to experimental 
data obtained operating with differential as well as integral reactor conditions. 
Black, red, green and blue symbols were obtained with different CO2 (pCO2 ), H2 
(pH2 ), CH4 (pCH4 ) and H2O (pH2O) partial pressures, respectively. Hollow black 
circles (○) correspond to data plotted in Fig. 6. 

Table 4 
Kinetic as well as adsorption constants estimated at different temperatures.   

Kinetic constants Adsorption constants 

T (◦C) k4 (mol (g 
h)− 1 atm-1.5) 

k6 (mol (g 
h)− 1 atm-1.5) 

KHCOO 

(atm− 1.5)* 
KOH 

(atm− 0.5) 
KCO 

(atm− 1) 

315.15 0.105 6.66 0.430 5.20 166.0 
325.15 0.143 7.29 0.418 4.76 143.2 
335.15 0.194 7.95 0.407 4.37 124.2 
350.15 0.299 9.01 0.392 3.86 101.1 
355.15 0.345 9.38 0.388 3.71 94.6 
370.15 0.519 10.55 0.374 3.30 78.0 
390.15 0.870 12.23 0.358 2.85 61.1 
410.15 1.415 14.06 0.343 2.49 48.6 
430.15 2.239 16.04 0.330 2.18 39.2  

* KHCOO = KCO2

̅̅̅̅̅̅̅̅
KH2

√
(Eq. (21)). 
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from dissociative CO formation mechanism and assumes the hydroge-
nation of carbonyl as RDS, proved to be less significant than that of 
potential model including water inhibition. In fact, only a few points 
were within ± 10 % dispersion region, being its mean absolute residual 
20.1 % (σ2 = 1.50⋅10− 3). This LHHW model systematically un-
derestimates − rCO2 under differential reactor conditions (T < 355 ◦C) 
and then overestimates it with increasing temperature, observing the 
highest deviations (even superior to 100 %) at 430 ◦C (P2-H/C4 data-
set). Although this model has currently been validated by many authors 
who have studied kinetics on Ni/Al2O3 and NiAl(O)x formulations with 
high Ni content (> 15 wt%) [39–42], in our study it presents lower 
statistical significance than potential-law model and hence should be 
discarded. The worse fit could be related with differences in Ni loading, 
Ni reduced state and Ni particle size, parameters which alter the way 
that CO2 is adsorbed onto the catalyst [53]. Unlike Ni/Al2O3 samples 

with high metal loading, 9.5 wt.% Ni/Al2O3 catalyst contains poor 
reducibility and metal surface area resulting in low affinity to CO 
adsorption (i.e., low carbonyl concentration), as evidenced by the lack of 
FTIR carbonyl bands (see Fig. 1). That may be the reason why the fitting 
quality of this model, which RDS is the hydrogenation of adsorbed CO, is 
statistically less significant than other studies reported in literature. 

Finally, the H-assisted CO formation model, here proposed based on 
DRIFTS (Fig. 1) and previous operando FTIR results [45], shows the 
lowest variance (σ2 = 2.40⋅10− 4) and a mean absolute deviation of 8.0 % 
(Fig. 6c). Noteworthy, almost all points are within ± 10 % dispersion 
region and not systematic deviation is noticed, i.e., the kinetic equation 
is able to describe the effect of temperature, pressure as well as H2/CO2 
molar ratio over the wide range of conditions employed. The obtained 
regression results, together with the fact that formates and CO gas are 
observed by DRIFTS, clearly suggest that carbonyls arise from formates 
following the associative mechanism rather than through CO2 disso-
ciative adsorption. In fact, here proposed model shows a significant 
decrease (12.1 %) in absolute mean residual compared to the previous 
potential model with H2O inhibition. 

4.4. Extended model validation and parameter estimation by integral 
method data analysis 

In the last step, adsorption constants and enthalpies were estimated 
by integral method of data analysis (numerical integration of Eq. (7) 
together with nonlinear regression. In this case, all kinetic measure-
ments were employed, including dataset in which partial pressures of 
one of the reagents and products is varied, with the aim of determining 
adsorption parameters with more certainty. However, the presence of 
considerable amount of CO at low space-times and high temperatures, 
could not be neglected when integrating design equation, since partial 
pressures included in the mechanistic equation are function of both 
methane (YCH4 ) and CO (YCO) yields. Therefore, other rate equations 
must be incorporated to the system to carry out the integration properly, 
which describe the formation rate of CH4 and CO. In this work, step 6 of 

Fig. 8. Comparison of experimental (points) and predicted (lines) CO2 conversion as a function of: (a) reaction temperature at increasing space times (2 bar), (b) H2 
to CO2 ratios and, (c) H2 and (d) H2O partial pressure at the inlet, for two different system pressures (2 and 6 bar) in the case of the later. 

Fig. 9. Comparison of experimental light-off curve (points) and predicted one 
(line) for a feed composition of 16 % of CO2, 64 % of H2 and 20 % of N2, and 
total pressure of 1 bar. 
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H-assisted CO formation mechanism, the hydrogenation of carbonyl into 
formyl, is the one that makes most sense to be the rate determining step 
of CO methanation. From such assumption the following equation, 
deduced in the Appendix A3 (Eq. (A3.19)), is derived: 

rCH4 =

k6pCOp0.5
H2

(

1 −
pCH4 pH2 O

pCOp3
H2

Keq3

)

(

1 +
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
KH2 pH2

√
+ KCO2 pCO2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
KH2 pH2

√
+ KOH

pH2 O

p0.5
H2

+ KCOpCO

)2 (23)  

where Keq3 is the equilibrium constant of CO methanation calculated 
from Gibbs free energy difference among CO2 methanation and RWGS 
reactions. Note that the adsorption constants are the same of that of H- 
assisted CO formation model (Eq. (19)), indicating that reaction rate is 
slowed by the same intermediates (MASI, most abundant surface in-
termediates). Then, given that the CO2 conversion is the sum of CH4 and 
CO yields, the rate of CO formation is defined as: 

rCO = ( − rCO2 ) − rCH4 (24) 

Fig. 7 depicts the parity plot of all experimental CO2 conversion 
points against the calculated/predicted ones, including the datasets in 
which partial pressure effect of CO2 (blue), H2 (red), CH4 (green) and 
H2O (blue) was studied. 

After incorporation of new points, the prediction accuracy of the 
model was similar to that above observed, presenting a remarkable low 
mean deviation of 7.0 %. Unfortunately, it can be noticed (see inset 
graph) that the model does not predict so well the CO2 conversion in the 
low activity region (XCO2 < 20 %), observing a general deviation of 30 % 
or even higher when different concentrations of products are fed. In fact, 
the model poorly predicts the effect of H2O at 325 ◦C. However, in the 
high activity region (XCO2 > 20 %), most experimental points are within 
the ± 10 % region and the model predicts with high significance both the 
inhibiting effect of water and the insensitivity to pCH4 at 430 ◦C (P = 2 or 
6 bar). Therefore, the satisfactory prediction under integral reactor 
conditions, which is the region of greatest interest for the industrial 
practice, proves that the model still is adequate. 

The regressed constants of the elected mechanistic models (Eq (23)) 
are listed in Table 4 at different temperatures. Note that the kinetic 
constants of CO methanation rate are one order of magnitude higher 
than those of reverse water gas shift, indicating that the former is much 
faster. Furthermore, the relative high value of adsorption constants 
verifies that reaction rates are clearly influenced by adsorbed reaction 
intermediates except for H2, whose adsorption constant value is not 
significantly different to zero and; therefore, it can be neglected. Note 
that the adsorption constant of CO is at least one order of magnitude 
higher than the rest, suggesting that adsorbed carbonyls have even more 
inhibiting effect than water or hydroxyls. On the other hand, the acti-
vation energy for CO2 hydrogenation obtained by regression was similar 
to the apparent one calculated in Section 4.3.1 (91.6 vs. 80.1 kJ mol− 1), 
whereas that of CO methanation resulted in 26.3 kJ mol− 1. Regarding 
the adsorption enthalpies defined in Van’t Hoff expression (Eq. (10)), 
those were – 7.86, – 26.0 and – 43.2 kJ mol− 1 for formate (ΔHHCOO), 
hydroxyls (ΔHOH), and CO (ΔHCO) adsorption, respectively. It must be 
highlighted that the adsorption constants fulfil the Boudart rules, ac-
cording to which the entropy change of any adsorption must be negative 
(ΔS < 0, i.e., more ordered state) and within the range: 

10 < ΔS < 12.2 - 0.0014ΔH (25) 

Thus, Boudart rules verification and entropy change calculation were 
done applying Van’t Hoff equation together with Gibbs function (ΔG◦

=

ΔH◦ - TΔS◦ ), which derives in the following equation: 

ln(K) = −
ΔH◦

RT
+

ΔS◦

R
; ΔS

◦

= R⋅ln(K) +
ΔH◦

RT
(26) 

The calculated entropy values fulfilled Boudart rules (Eq (25)) for 

formates (ΔSHCOO = − 20.4 J mol− 1), hydroxyls (ΔSOH = − 30.4 J mol− 1) 
and CO adsorption (ΔSCO = − 30.9 J mol− 1). Noteworthy, formates 
present the lowest entropy value, which suggests that are the less stable 
species. Note that both hydroxyls and carbonyls present an entropy 
value 10 J mol− 1 higher, confirming that they are the species mainly 
inhibiting CO2 methanation rate. 

4.4.1. H-assisted CO formation model validation 
Fig. 8 plots a comparison of experimental (points) and predicted 

(lines) CO2 conversion as a function of (a) reaction temperature as well 
as space-time, (b) H2 to CO2 ratio, (c) total pressure and (d) H2O partial 
pressure at the reactor inlet. In line with the determined in Figs. 4 and 5, 
the model predicts well the positive effect of temperature, space time 
(W/FA0), pressure (P) and H2/CO2 on CO2 conversion. On the contrary, 
feeding H2O has an inhibitory effect on reaction rate (see Fig. 4d), which 
also leads to a CO2 conversion decrease at reactor outlet (Fig. 8d). It will 
be crucial that the inhibiting effect of products is adequately represented 
by the model for industrial scale application, since water contents at the 
reactor exit would range in excess of 50 mol%. Hence, all models 
parameterized on basis of reaction rates in absence of product gases 
would fail in this respect. Reported results in Fig. 4d demonstrate that 
the developed model can accurately estimate the effect of reagents and 
products partial pressures. 

For further validation, the experimental light-off curve, obtained 
with a feed composition of 16 % of CO2, 64 % of H2 and 20 % of N2 (total 
flowrate of 250 cm3 min− 1) and total pressure of 1 bar, is compared with 
that predicted by the H-assisted CO formation model in the 200− 500 ◦C 
temperature range (Fig. 9). As can be observed, the conversion is pre-
dicted adequately over the whole temperature range, which further 
validates the proposed model in this study. 

In summary, since kinetic equations fit quite well experimental data 
(153 measurements) and all kinetic parameters have physical sense, H- 
assisted CO formation model, proposed for the first time in the present 
study, was validated to describe intrinsic kinetics on 9.5 wt.% Ni/Al2O3 
catalyst under wide range of operational conditions. 

5. Conclusions 

The kinetic data included in this study show that the proposed LHHW 
mechanistic model, developed through a discrimination procedure, is 
capable to provide an excellent description of the intrinsic kinetics of 
CO2 methanation over 9.5 wt.% Ni/Al2O3 catalyst. The chosen rate 
equations system, which is the one that best fits the kinetic data, assumes 
formate species decomposition into carbonyls via H-assisted CO for-
mation mechanism (and further carbonyls hydrogenation into CHO) as 
rate determining step. In fact, this model, which covers a wide range of 
operating conditions from differential (XCO2 < 10 %) to equilibrium 
(XCO2 > 80 %) reactor, can predict satisfactorily the dependence of CO2 
hydrogenation rate with reagents partial pressure (pCO2 and pH2 ), the 
boosting effect of temperature, as well as H2/CO2 molar ratio in the 
feedstream on the CO2 conversion. Furthermore, the inhibitory effect of 
strongly adsorbed OH− and CO surface intermediates is well predicted. 
Noteworthy, its mean absolute deviation (D= 7.0 %) is significantly 
lower to that of the model most employed in literature to describe the 
kinetics of Ni-Al formulation with higher Ni contents (D = 20 %), which 
considers that associative hydrogenation of adsorbed CO formed from 
direct CO2 dissociation is the RDS. This work confirms that not only 
carbonyls but also formate species participate in the CO2 methanation 
mechanism and concludes that it has an important role in kinetics of 
lowly-loaded Ni/Al2O3 catalyst. 
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editing. A. Bermejo-López: Data curation, Methodology, Visualization, 
review & editing. E. Bailón-García: Methodology (catalyst synthesis 
and characterization), Writing – review & editing. B. Pereda-Ayo: 
Conceptualization, Data curation, Methodology, Visualization, review & 
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Appendix A 

A1 Assessment of heat transfer limitations 

In order to assess heat transfer limitation Anderson’s and Mear’s criteria are employed. For both criteria, initial reaction rates ( − r0
CO2

) in Table S2 
are inserted as observed reaction rates robs

A in mol kg− 1 s− 1 and the activation energy (EA) is considered similar to the apparent one (Eap) expressed in kJ 
mol− 1. 

Intraparticle heat transport can be ignored if the Anderson’s criterion is fulfilled: 
(
− robs

A

)
⋅|ΔHRx|⋅ρcat⋅r2

cat

λ⋅T
<

0.75⋅R⋅T
EA

(A1.1)  

where ΔHRX is the reaction heat (kJ mol− 1), ρcat is the solid density of catalyst pellet (kg m-3), rcat is the radios of catalyst pellet (m), λ is the thermal 
conductivity of the gas phase approximated by the rule of Wassiljeva (kW m-1 K-1) and R is the ideal gas constant (8.31 10-3 kJ mol-1 K-1) 

External heat transfer limitation can be neglected if the Mears’ criterion is satisfied: 
(
− robs

A

)
⋅ρb⋅rcat⋅Eap⋅|ΔHRx|

h⋅T2⋅R
< 0.15 (A1.2)  

where ρb is the bulk density of the catalyst bed (kg m− 3) and h is the heat transfer coefficient between gas and pellet (kW m-2 s-1) calculated assuming 
that Nusselt number is 2, since the Reynolds number for this system is much smaller than 1. 

A2 Derivation of LHHW kinetic rate equation from dissociative CO formation mechanism 

The kinetic rate equation is derived analogously to the methodology of reference [39] and from mechanism proposed in Table 2. The CO2 
disappearance rate is equal to the rate of elementary step 4 (formation of formyl species), which is considered as rate determining step: 

− rCO2 = r4 = k4ΘCOΘH (A2.1)  

where ΘCO and ΘH are the coverages of hydrogen and carbonyl and k4 is the forward kinetic constant of elementary step 4. 
The coverage of hydrogen is easily derived by assuming dissociative Langmuir adsorption in quasi-equilibrium: 

k1pH2 Θ2
∗ = k− 1ΘH (A2.2)  

ΘH =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
k1

k− 1
pH2 Θ2

∗

√

=
̅̅̅̅̅̅̅̅̅̅̅̅
K1pH2

√
Θ∗ (A2.3)  

where K1 is the equilibrium constant of step 1 and Θ∗ is the fraction of free active sites. On the other hand, carbonyls arise from dissociative adsorption 
of CO2, which is also assumed as Langmuir adsorption in quasi-equilibrium. 

k2pCO2 Θ2
∗ = k− 2ΘCOΘO (A2.4)  

ΘCO =
k2

k− 2

pCO2 Θ2
∗

ΘO
= K2

pCO2 Θ2
∗

ΘO
(A2.5) 

At steady state, the oxygen hydrogenation rate (step 8) is two times the rate of carbonyls hydrogenation (RDS). Then, 

r8 = k8ΘOΘH = 2( − rCO2 ) = 2k3ΘOΘH (A2.6) 
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and the oxygen coverage can be expressed as function of carbonyls coverage: 

ΘO =
2k3ΘCO

k6
(A2.7) 

Inserting Eq. (A2.7) in Eq. (A2.5), CO coverage finally results in: 

ΘCO = K2
pCO2 Θ2

∗

2k4ΘCO/k8
→Θ2

CO = K2
pCO2 Θ2

∗k8

2k4
→ΘCO =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
K2k8

2k4
pCO2

√

Θ∗ (A2.8) 

Thus, the reaction rate can be expressed as: 

− rCO2 = k4ΘCOΘH = k4

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
K2k8

2k4
pCO2

√

Θ∗

̅̅̅̅̅̅̅̅̅̅̅̅
K1pH2

√
Θ∗ = k4

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
K2k8K1

2k4
pCO2 pH2

√

Θ2
∗ (A2.9) 

Assuming that dissociated hydrogen atoms, carbonyls and hydroxyls are the most abundant surface intermediates (MASI) the balance of active sites 
can be formulated as follows: 

1 = Θ∗ + ΘH + ΘCO + ΘOH (A2.10)  

Θ2
CO = K2

pCO2 Θ2
∗k8

2k4
→ΘCO =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
K2k8

2k4
pCO2

√

Θ∗ (A2.11) 

Considering that steps 9 and 10 are in equilibrium the hydroxyl coverage can be expressed as: 

k9ΘOHΘH = k− 9ΘH2OΘ∗→ΘOH =
k− 9

k9

ΘH2OΘ∗

ΘH
=

ΘH2O

K9
̅̅̅̅̅̅̅̅̅̅̅̅
K1pH2

√ (A2.12)  

where the water coverage can be expressed as function of water partial pressure: 

k10ΘH2O = k− 10pH2O→ΘH2O =
k− 10

k10
pH2OΘ∗ =

pH2O

K10
Θ∗ (A2.13) 

Then, the hydroxyl coverage is defined as: 

ΘOH =
pH2OΘ∗

K9K10
̅̅̅̅̅̅̅̅̅̅̅̅
K1pH2

√ (A2.14) 

Introducing Eqs. (A2.3), (A2.8) and (A2.15) in Eq. (A2.11), the fraction of free active sites can be formulated as function of known variables: 

1 = Θ∗ +
̅̅̅̅̅̅̅̅̅̅̅̅
K1pH2

√
Θ∗ +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
K2k8

2k4
pCO2

√

Θ∗ +
pH2OΘ∗

K9K10
̅̅̅̅̅̅̅̅̅̅̅̅
K1pH2

√ (A2.15)  

Θ∗ =
1

1 +
̅̅̅̅̅̅̅̅̅̅̅̅
K1pH2

√
+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
K2k8
2k4

pCO2

√
+

pH2 O

K10K9
̅̅̅̅̅̅̅̅̅
K1pH2

√
(A2.16) 

Finally, considering thermodynamic equilibrium, the reaction rate results in: 

− rCO2 =
k4

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
K2k8K1

2k4
pCO2 pH2

√

(

1 +
̅̅̅̅̅̅̅̅̅̅̅̅
K1pH2

√
+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
K2k8
2k4

pCO2

√
+

pH2 O

K10K9
̅̅̅̅̅̅̅̅̅
K1pH2

√

)2 (A2.17) 

Grouping constants in convenience, the reaction rate is expressed as: 

− rCO2 =

k4p0.5
CO2

p0.5
H2

(

1 −
pCH4 p2

H2 O

pCO2 p4
H2

KEq1

)

(

1 +
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
KH2 pH2

√
+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
KCO2 pCO2

√
+ KOH

pH2 O

p0.5
H2

)2 (A2.18)  

A3 Derivation of LHHW kinetic rate equations from H-assisted CO formation mechanism 

The CO2 disappearance rate equation as well as CH4 and CO formation rates equations are deduced from H-assisted CO formation mechanism 
proposed in Table 3. The CO2 disappearance rate is equal to the rate of elementary step 4 (decomposition of formates into CO). 

− rCO2 = r4 = k4ΘHCOOΘ∗ (A3.1) 

Considering that Langmuir H2 adsorption (step 1) is in quasi-equilibrium, the H2 coverage can be expressed as: 

k1pH2 Θ2
∗ = k− 1ΘH→ΘH =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
k1

k− 1
pH2 Θ2

∗

√

=
̅̅̅̅̅̅̅̅̅̅̅̅
K1pH2

√
Θ∗ (A3.2) 

According to this mechanism, CO2 is molecularly adsorbed on OH– groups of Al2O3 in form of bicarbonates (step 2), which are further 
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hydrogenated into formates (step 3). Assuming that step 2 and 3 are also in quasi-equilibrium, the bicarbonates coverage is easily accessible: 

k2pCO2 ΘOH = k− 2ΘHCO3 →ΘHCO3 =
k2

k− 2
pCO2 ΘOH = K2pCO2 ΘOH (A3.3)  

and the formates coverage: 

k3ΘHCO3 ΘH = k− 3ΘHCOOΘOH→ΘHCOO =
k3

k− 3

ΘHCO3 ΘH

ΘOH
= K3

ΘHCO3 ΘH

ΘOH
(A3.4)  

which after inserting the coverage of hydrogen (Eq. (A3.2)) and bicarbonates (Eq. (A3.4)) results in: 

ΘHCOO =
K2K3pCO2 ΘOH

̅̅̅̅̅̅̅̅̅̅̅̅
K1pH2

√
Θ∗

ΘOH
= K2K3pCO2

̅̅̅̅̅̅̅̅̅̅̅̅
K1pH2

√
Θ∗ (A3.5) 

Then, replacing formates coverage in Eq. (A3.1) the rate equation can be formulated as: 

− rCO2 = k4K2K3
̅̅̅̅̅̅
K1

√
pCO2

̅̅̅̅̅̅̅pH2

√ Θ2
∗ (A3.6) 

Assuming that hydrogen dissociated atoms, formates, carbonyls and hydroxyls occupy most of the active sites, the active sites balance is expressed 
as: 

1 = Θ∗ + ΘH + ΘHCOO + ΘCO + ΘOH (A3.7) 

The carbonyls coverage is derived from step 5 in quasi-equilibrium: 

k5ΘCO = k− 5pCOΘ∗→ΘCO =
k− 5

k5
pCOΘ∗ =

pCO

K5
Θ∗ (A3.8)  

whereas the coverage of hydroxyls is derived assuming step 11 in quasi-equilibrium and low H2O coverage in step 12 

k11ΘOHΘH = k− 11ΘH2OΘ∗→ΘOH =
k− 11

k11

ΘH2OΘ∗

ΘH
=

ΘH2O

K11
̅̅̅̅̅̅̅̅̅̅̅̅
K1pH2

√ (A3.9)  

where the water coverage can be expressed as function of water partial pressure: 

k12ΘH2O = k− 12pH2O→ΘH2O =
k− 12

k12
pH2OΘ∗ =

pH2O

K12
Θ∗ (A3.10) 

Then, the hydroxyl coverage is defined as: 

ΘOH =
pH2OΘ∗

K11K12
̅̅̅̅̅̅̅̅̅̅̅̅
K1pH2

√ (A3.11) 

Introducing Eqs. (A3.2), (A3.7), (A3.9) and (A3.12) in Eq. (A3.8), the fraction of free active sites can be formulated as function of known variables: 

1 = Θ∗ +
̅̅̅̅̅̅̅̅̅̅̅̅
K1pH2

√
Θ∗ + K2K3pCO2

̅̅̅̅̅̅̅̅̅̅̅̅
K1pH2

√
Θ∗ +

pCO

K5
Θ∗ +

pH2OΘ∗

K11K12
̅̅̅̅̅̅̅̅̅̅̅̅
K1pH2

√ (A3.12)  

Θ∗ =
1

1 +
̅̅̅̅̅̅̅̅̅̅̅̅
K1pH2

√
+ K2K3pCO2

̅̅̅̅̅̅̅̅̅̅̅̅
K1pH2

√
+ pCO

K5
+

pH2 O

K11K12
̅̅̅̅̅̅̅̅̅
K1pH2

√
(A3.13) 

Considering thermodynamic equilibrium of RWGS the reaction rate is written as: 

− rCO2 =

k4K2K3
̅̅̅̅̅̅
K1

√
pCO2

̅̅̅̅̅̅̅pH2

√
(

1 −
pCOpH2 O

pCO2 pH2 Keq2

)

(

1 +
̅̅̅̅̅̅̅̅̅̅̅̅
K1pH2

√
+ K2K3pCO2

̅̅̅̅̅̅̅̅̅̅̅̅
K1pH2

√
+ pCO

K5
+

pH2 O

K11K12
̅̅̅̅̅̅̅̅̅
K1pH2

√

)2 (A3.14)  

which, after grouping adsorption constants for convenience results in: 

− rCO2 =

k4pCO2 p0.5
H2

(

1 −
pCOpH2 O

pCO2 pH2 Keq2

)

(

1 +
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
KH2 pH2

√
+ KCO2 pCO2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
KH2 pH2

√
+ KOH

pH2 O

p0.5
H2

+ KCOpCO

)2 (A3.15) 

On the other hand, the rate of CH4 formation is considered the same as that of step 6 (formation of formyl species): 

rCH4 = r6 = k6ΘCOΘH (A3.16) 

Inserting the coverages of carbonyl (Eq. (A3.9)) and hydrogen (Eq. (A3.2)) defined above, the CH4 formation rate is expressed as: 
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Table A4 
Kinetic measurements operational conditions and data pool.  

Experiment P, bar T, ◦C W/F0
CO2

, g h mol− 1  εA
a pin

CO2
, bar  H/Cb M/Cc A/Cd XCO2 , %  YCH4 , %  

1 2 325 24.89 − 0.06 0.06 0 0 0 20.8 19.5 
2 2 325 15.56 − 0.10 0.10 0 0 0 14.3 13.3 
3 2 325 12.44 − 0.12 0.12 0 0 0 12.3 11.2 
4 2 325 6.22 − 0.24 0.24 0 0 0 7.4 6.4 
5 2 325 4.67 − 0.32 0.32 0 0 0 5.9 5 
6 2 325 3.11 − 0.48 0.48 0 0 0 4.4 3.6 
7 2 325 12.44 − 0.12 0.12 0 0 0 6.9 4.8 
8 2 325 12.44 − 0.12 0.12 0 0 0 8.5 6.7 
9 2 325 12.44 − 0.12 0.12 0 0 0 9.4 7.9 
10 2 325 12.44 − 0.12 0.12 0 0 0 10.3 8.8 
11 2 325 12.44 − 0.12 0.12 0 0 0 10.7 9.4 
12 2 325 12.44 − 0.12 0.12 0 0 0 11 9.8 
13 2 325 9.33 − 0.16 0.16 4 0.35 0 6.7 5.6 
14 2 325 9.33 − 0.16 0.16 4 0.7 0 5.7 4.6 
15 2 325 9.33 − 0.16 0.16 4 1.05 0 6 4.9 
16 2 325 9.33 − 0.16 0.16 4 1.7 0 5.5 4.3 
17 2 325 9.33 − 0.16 0.16 4 2.05 0 4.8 3.6 
18 2 325 9.33 − 0.16 0.16 4 0 0.25 7.4 6.3 
19 2 325 9.33 − 0.16 0.16 4 0 1.25 3.9 3 
20 2 325 9.33 − 0.16 0.16 4 0 1.75 3.9 3 
21 2 325 9.33 − 0.16 0.16 4 0 2.25 3.6 2.7 
22 2 325 9.33 − 0.16 0.16 4 0 3.00 3.2 2.4 
23 2 325 9.33 − 0.16 0.16 4 0 3.75 2.8 2.1 
24 2 325 9.33 − 0.32 0.32 4 0 0 10.1 9 
25 2 325 9.33 − 0.27 0.27 4 0 0 9.6 8.4 
26 2 325 9.33 − 0.20 0.20 4 0 0 8.8 7.6 
27 2 325 9.33 − 0.16 0.16 4 0 0 8.3 7 
28 2 325 9.33 − 0.11 0.11 4 0 0 7.6 6.1 
29 2 325 9.33 − 0.08 0.08 4 0 0 7.9 5.9 
30 2 315 3.39 − 0.20 0.20 4 0 0 3.2 2.6 
31 2 315 3.73 − 0.20 0.20 4 0 0 3.5 2.8 
32 2 315 4.67 − 0.20 0.20 4 0 0 4 3.3 
33 2 315 6.22 − 0.20 0.20 4 0 0 4.8 4 
34 2 315 9.33 − 0.20 0.20 4 0 0 6.5 5.8 
35 2 315 18.67 − 0.20 0.20 4 0 0 10.5 9.7 
36 2 335 3.39 − 0.20 0.20 4 0 0 5.4 4.3 
37 2 335 3.73 − 0.20 0.20 4 0 0 5.8 4.7 
38 2 335 4.67 − 0.20 0.20 4 0 0 6.7 5.4 
39 2 335 6.22 − 0.20 0.20 4 0 0 7.8 6.6 
40 2 335 9.33 − 0.20 0.20 4 0 0 10.5 9.2 
41 2 335 18.67 − 0.20 0.20 4 0 0 16.5 15.2 
42 2 350 3.39 − 0.20 0.20 4 0 0 7.8 6.2 
43 2 350 3.73 − 0.20 0.20 4 0 0 8.3 6.7 
44 2 350 4.67 − 0.20 0.20 4 0 0 9.5 7.7 
45 2 350 6.22 − 0.20 0.20 4 0 0 11.2 9.3 
46 2 350 9.33 − 0.20 0.20 4 0 0 14.8 13 
47 2 350 18.67 − 0.20 0.20 4 0 0 22.8 21 
48 2 355 3.39 − 0.20 0.20 4 0 0 8.8 7 
49 2 355 3.73 − 0.20 0.20 4 0 0 9.3 7.4 
50 2 355 4.67 − 0.20 0.20 4 0 0 10.6 8.5 
51 2 355 6.22 − 0.20 0.20 4 0 0 12.6 10.5 
52 2 355 9.33 − 0.20 0.20 4 0 0 16.6 14.5 
53 2 355 18.67 − 0.20 0.20 4 0 0 25.4 23.4 
54 2 370 3.39 − 0.20 0.20 4 0 0 10.8 7.8 
55 2 370 3.73 − 0.20 0.20 4 0 0 11.4 8.3 
56 2 370 4.67 − 0.20 0.20 4 0 0 12.8 9.4 
57 2 370 6.22 − 0.20 0.20 4 0 0 15 11.6 
58 2 370 9.33 − 0.20 0.20 4 0 0 19.2 15.9 
59 2 370 18.67 − 0.20 0.20 4 0 0 28.2 25.1 
60 2 390 3.39 − 0.20 0.20 4 0 0 16 11.4 
61 2 390 3.73 − 0.20 0.20 4 0 0 16.8 12.1 
62 2 390 4.67 − 0.20 0.20 4 0 0 18.6 13.5 
63 2 390 6.22 − 0.20 0.20 4 0 0 21.8 16.6 
64 2 390 9.33 − 0.20 0.20 4 0 0 27.5 22.5 
65 2 390 18.67 − 0.20 0.20 4 0 0 38.1 34 
66 2 410 3.39 − 0.20 0.20 4 0 0 22.7 15.9 
67 2 410 3.73 − 0.20 0.20 4 0 0 23.7 16.7 
68 2 410 4.67 − 0.20 0.20 4 0 0 26 18.6 
69 2 410 6.22 − 0.20 0.20 4 0 0 29.8 22.5 
70 2 410 9.33 − 0.20 0.20 4 0 0 36.6 30 
71 2 410 18.67 − 0.20 0.20 4 0 0 48 43.6 
72 2 430 3.39 − 0.20 0.20 4 0 0 30.6 21.3 
73 2 430 3.73 − 0.20 0.20 4 0 0 31.7 22.2 
74 2 430 4.67 − 0.20 0.20 4 0 0 34.7 24.8 

(continued on next page) 
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Table A4 (continued ) 

Experiment P, bar T, ◦C W/F0
CO2

, g h mol− 1  εA
a pin

CO2
, bar  H/Cb M/Cc A/Cd XCO2 , %  YCH4 , %  

75 2 430 6.22 − 0.20 0.20 4 0 0 38.9 29.7 
76 2 430 9.33 − 0.20 0.20 4 0 0 45.4 38.1 
77 2 430 18.67 − 0.20 0.20 4 0 0 55.6 51.6 
78 4 430 3.73 − 0.20 0.40 4 0 0 38.5 32.7 
79 4 430 4.67 − 0.20 0.40 4 0 0 43 37.9 
80 4 430 6.22 − 0.20 0.40 4 0 0 49.3 45.1 
81 4 430 9.33 − 0.20 0.40 4 0 0 58.2 55.3 
82 4 430 12.44 − 0.20 0.40 4 0 0 63.8 61.7 
83 4 430 18.67 − 0.20 0.40 4 0 0 68.7 67.3 
84 6 430 3.73 − 0.20 0.60 4 0 0 41.4 37.3 
85 6 430 4.67 − 0.20 0.60 4 0 0 46.9 43.4 
86 6 430 6.22 − 0.20 0.60 4 0 0 54.8 52 
87 6 430 9.33 − 0.20 0.60 4 0 0 64.3 62.5 
88 6 430 12.44 − 0.20 0.60 4 0 0 69.3 68 
89 6 430 18.67 − 0.20 0.60 4 0 0 72.9 72 
90 2 430 24.89 − 0.06 0.06 16 0 0 91.4 89.9 
91 2 430 18.67 − 0.08 0.08 12 0 0 82.7 80 
92 2 430 15.56 − 0.10 0.10 10 0 0 75.8 72.2 
93 2 430 12.44 − 0.12 0.12 8 0 0 67.8 63.5 
94 2 430 6.22 − 0.24 0.24 4 0 0 44.6 38.2 
95 2 430 4.67 − 0.32 0.32 3 0 0 37 30 
96 2 430 12.44 − 0.12 0.12 1 0 0 20.1 10.4 
97 2 430 12.44 − 0.12 0.12 2 0 0 31 21.7 
98 2 430 12.44 − 0.12 0.12 3 0 0 40 31.5 
99 2 430 12.44 − 0.12 0.12 4 0 0 47.5 39.9 
100 2 430 12.44 − 0.12 0.12 5 0 0 53.6 46.8 
101 2 430 12.44 − 0.12 0.12 6 0 0 58.3 52.3 
102 2 430 9.33 − 0.16 0.16 4 0.35 0 46.3 39.4 
103 2 430 9.33 − 0.16 0.16 4 0.70 0 45.2 38 
104 2 430 9.33 − 0.16 0.16 4 1.05 0 44.6 37.3 
105 2 430 9.33 − 0.16 0.16 4 1.70 0 43 35.3 
106 2 430 9.33 − 0.16 0.16 4 2.05 0 42.4 34.7 
107 2 430 9.33 − 0.16 0.16 4 0 0.25 43.1 36.3 
108 2 430 9.33 − 0.16 0.16 4 0 0.75 37.7 31.2 
109 2 430 9.33 − 0.16 0.16 4 0 1.25 32.9 26.9 
110 2 430 9.33 − 0.16 0.16 4 0 1.75 29 23.4 
111 2 430 9.33 − 0.16 0.16 4 0 2.25 25.9 20.6 
112 2 430 9.33 − 0.16 0.16 4 0 3.00 20.9 16.2 
113 2 430 9.33 − 0.16 0.16 4 0 3.75 17.8 13.5 
114 2 430 7.47 − 0.11 0.11 8 0 0 54.8 48.5 
115 2 430 8.30 − 0.11 0.11 8 0 0 56 50.2 
116 2 430 9.33 − 0.11 0.11 8 0 0 59.3 53.7 
117 2 430 10.67 − 0.11 0.11 8 0 0 62.9 57.9 
118 2 430 12.44 − 0.11 0.11 8 0 0 67.4 63 
119 2 430 14.93 − 0.11 0.11 8 0 0 72 68.5 
120 4 430 7.47 − 0.11 0.22 8 0 0 62.5 59.3 
121 4 430 8.30 − 0.11 0.22 8 0 0 66.3 63.4 
122 4 430 9.33 − 0.11 0.22 8 0 0 69.8 67.2 
123 4 430 10.67 − 0.11 0.22 8 0 0 74.2 72 
124 4 430 12.44 − 0.11 0.22 8 0 0 78 76.1 
125 4 430 14.93 − 0.11 0.22 8 0 0 83.9 82.6 
126 6 430 7.47 − 0.11 0.33 8 0 0 68.6 66.4 
127 6 430 8.30 − 0.11 0.33 8 0 0 72.6 70.8 
128 6 430 9.33 − 0.11 0.33 8 0 0 76.7 75.1 
129 6 430 10.67 − 0.11 0.33 8 0 0 81.2 79.9 
130 6 430 12.44 − 0.11 0.33 8 0 0 85.7 84.6 
131 6 430 14.93 − 0.11 0.33 8 0 0 90.4 89.7 
132 6 430 24.89 − 0.06 0.18 16 0 0 97 96.9 
133 6 430 18.67 − 0.08 0.24 12 0 0 92.3 91.8 
134 6 430 15.56 − 0.10 0.29 10 0 0 87.7 86.9 
135 6 430 12.44 − 0.12 0.36 8 0 0 80.9 79.8 
136 6 430 6.22 − 0.24 0.72 4 0 0 54.4 52.2 
137 6 430 4.67 − 0.32 0.96 3 0 0 44.4 41.8 
138 6 430 12.44 − 0.12 0.36 1 0 0 20.4 16.7 
139 6 430 12.44 − 0.12 0.36 2 0 0 36.2 33 
140 6 430 12.44 − 0.12 0.36 3 0 0 49.3 46.5 
141 6 430 12.44 − 0.12 0.36 4 0 0 59.6 57.1 
142 6 430 12.44 − 0.12 0.36 5 0 0 67.6 65.4 
143 6 430 12.44 − 0.12 0.36 6 0 0 73.3 71.5 
144 6 430 9.33 − 0.16 0.48 4 0 0.25 53.1 50.2 
145 6 430 9.33 − 0.16 0.48 4 0 0.75 46.7 43.6 
146 6 430 9.33 − 0.16 0.48 4 0 1.25 42.6 39.6 
147 6 430 9.33 − 0.16 0.48 4 0 1.75 39.3 36.3 
148 6 430 9.33 − 0.16 0.48 4 0 2.25 37.8 34.8 
149 6 430 9.33 − 0.16 0.48 4 0.35 0 57.4 55.1 

(continued on next page) 

A. Quindimil et al.                                                                                                                                                                                                                              



Journal of CO2 Utilization 57 (2022) 101888

16

rCH4 = k6
pCO

K5
Θ∗

̅̅̅̅̅̅̅̅̅̅̅̅
K1pH2

√
Θ∗→rCH4 = k6

̅̅̅̅̅̅
K1

√

K5
pCOp0.5

H2
Θ2

∗ (A3.17) 

As the active site over which CH4 is formed is assumed to be the same as that for formates decomposition (Ni-Al2O3 interface), the fraction of free 
active sites can be considered equal. Then, 

rCH4 =
k6
̅̅̅̅
K1

√

K5
pCOp0.5

H2
(

1 +
̅̅̅̅̅̅̅̅̅̅̅̅
K1pH2

√
+ K2K3pCO2

̅̅̅̅̅̅̅̅̅̅̅̅
K1pH2

√
+ pCO

K5
+

pH2 O

K11K12
̅̅̅̅̅̅̅̅̅
K1pH2

√

)2 (A3.18) 

Grouping constants similarly and considering equilibrium of CO methanation, the CH4 formation rate results in: 

rCH4 =

k6pCOp0.5
H2

(

1 −
pCH4 pH2 O

pCOp3
H2

Keq3

)

(

1 +
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
KH2 pH2

√
+ KCO2 pCO2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
KH2 pH2

√
+ KOH

pH2 O

p0.5
H2

+ KCOpCO

)2 (A3.19) 

Finally, being CO the only by-product, its formation rate is deduced from different: 

rCO = ( − rCO2 ) − rCH4 (A3.20)  

A4 Operational conditions and kinetic data in kinetic measurements  

The partial pressure of reagents (pCO2
andpH2

) and products (pCH4
, pH2OandpCO) at reactor outlet as a function of parameters defined in Table A4 can 

be calculated from the following expressions: 

Pout
CO2

= Pin
CO2

1 − YCH4 − YCO

1 + εAYCH4

(A4.1)  

Pout
H2

= Pin
CO2

h − 4YCH4 − YCO

1 + εAYCH4

(A4.2)  

Pout
CH4

= Pin
CO2

m + YCH4

1 + εAYCH4

(A4.3)  

Pout
H2O = Pin

CO2

v + 2YCH4 + YCO

1 + εAYCH4

(A4.4)  

Pout
CO = Pin

CO2

YCO

1 + εAYCH4

(A4.5) 

which are deduced considering that CH4 and CO are formed following the stoichiometry of CO2 methanation (CO2 + 4H2 → CH4 + 2H2O) and 
reverse water gas shift (CO2 + H2 → CO + H2O) reactions, respectively. 

Regarding CO2 conversion is calculated with Eq. (2), whereas yield to methane (YCH4 ) is calculated with the Eq. (5). 

Appendix B. Supplementary data 

Supplementary material related to this article can be found, in the online version, at doi:https://doi.org/10.1016/j.jcou.2022.101888. 
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R. González-Velasco, A. Bueno-López, Appl. Catal. B: Environ. 265 (2020), 118538. 

[45] A. Quindimil, M.C. Bacariza, J.A. González-Marcos, C. Henriques, J.R. González- 
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