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ABSTRACT: The reaction kinetics of CO2 methanation over a
highly active 8.5% Ni/CeO2 catalyst was determined in a fixed-bed
reactor, in the absence of heat- and mass-transfer limitations. Once
the catalyst activity was stabilized, more than 120 kinetic
experiments (with varying values of reaction temperature, total
pressure, space velocity (GHSV), and partial pressure of products
and reactants) were performed. From initial reaction rates, an
apparent activation energy of 103.9 kJ mol−1 was determined, as
well as the effect of reactants (positive) and water partial pressures
(negative) on CO2 methanation rate. Three mechanistic models
reported in the literature, in which CO2 is adsorbed dissociatively (carbon and formyl routes) or directly (formate route), were
explored for modeling the entire reaction kinetics. For that, the corresponding rate equations were developed through the
Langmuir−Hinshelwood−Hougen−Watson (LHHW) approach. In agreement with DRIFTS experiments, formate route, in which
the hydrogenation of bicarbonate to formate is considered to be the rate-determining step, reflects the kinetic data accurately,
operating from differential conversion to thermodynamic equilibrium. In fact, this mechanism results in a mean deviation (D) of
10.38%. Based on previous own mechanistic studies, the participation of two different active sites has been also considered. Formate
route on two active sites maintains a high fitting quality of experimental data, providing kinetics parameters with a higher physical
significance. Thus, the LHHW mechanism, in which Ni0 sites as well as oxygen vacant near to Ni-CeO2 interface participate in CO2
methanation, is able to predict the kinetics of Ni/CeO2 catalyst accurately for a wide range of operational conditions.

1. INTRODUCTION
The steep rise in the energy consumption derived from the
accelerated population increase has led to an extensive
exploitation of fossil fuels. The consumption of this energy
source releases tons of CO2 emissions, which is one of the
major components of greenhouse gases (GHG) emitted into
the Earth’s atmosphere, causing global warming and climate
change.1,2 Considering the negative impact of CO2 emission
on global climate change, leading CO2-emitting countries have
pledged to cut CO2 emissions significantly in the near future to
limit the temperature increase to 1.5 °C above preindustrial
levels. In this context, the transition to renewable energies will
be a key factor.3 However, their intermittence, in contrast to
conventional power plants, as well as its preferred generation in
remote areas, leading to a storage necessity, emerge as two
critical challenges.
Power-to-gas (PtG) technology is a practical and convenient

alternative to leverage excess of electricity by conversion into
the so-called chemical energy carriers, such as H2 or CH4. The
latter, also known as power-to-methane (PtM) technology, is
based on the capture and utilization of CO2 (CCU) as a raw
material, for the production of CH4 with the renewable H2

produced by H2O electrolysis, using the excess of electricaity
produced by renewable energies. Thus, the PtM alternative
contributes to mitigate CO2 emissions and allows storaging the
excess of the electrical energy as grid-compatible renewable
natural gas.4

The heart of the PtM concept is the CO2 methanation via
the Sabatier reaction (eq 1):5

+ +

=H

CO 4H CH 2H O

165 kJ mol
2 2 4 2

298K
1

(1)

CO2 methanation is a very exothermic reaction with volume
contraction; thus, it is thermodynamically favored at low
temperatures and high pressures.6 However, the CO2
methanation reaction presents a strong kinetic barrier, because
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Table 1. Overview of Kinetics Models Presented in the Literature

catalyst (Ni wt %) T (°C) P (bar) rate equation ref
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of the high stability of the CO2 molecule, which makes its
activation difficult under mild conditions. In this sense, the
operation under high temperature and pressure reaction
conditions would increase the equipment investment as well
as operational cost, which is undesirable for large-scale
utilization. As a result, the development of efficient and stable
catalysts is vital for CO2 methanation.

7 Ru-, Rh-, Pt-, Pd-, Ni-,
and Co-supported on metal oxides, such as Al2O3, CeO2, SiO2,
ZrO2, TiO2, and zeolites,

8−11 are usually used as catalysts for
CO2 methanation.

12−18 Specifically, Ni/Al2O3 formulation is
the most commercialized catalyst at the industrial level.
During the last years, Ni/CeO2 catalyst has emerged as a

promising formulation, because of an enhanced cost-to-activity
ratio.19 The high performance of this formulation is assigned to
the abundant oxygen vacancies on the ceria support, enhanced
metal−support interactions, and well-dispersed active metal on
the ceria surface. Furthermore, it is widely accepted that CeO2
could improve the CO2 methanation efficiency by its
participation during the CO2 adsorption process. Chang et
al.20 have suggested that this fact contributes to inhibit the
metal sites blockage by adsorbed CO2 and, as a consequence,
favors the active sites availability to perform the H2 adsorption
and CO2 hydrogenation to methane, with respect to alumina-
supported samples.
Although the catalyzed CO2 methanation reaction has been

extensively analyzed since the beginning of the 20th century,
kinetic models applicable for relevant process conditions are
scarce. The understanding of the reaction mechanism,
including the corresponding kinetics description, is paramount
in modeling, designing, and optimizing industrial operation.
During the development of a kinetic model and the
determination of the rate-determining step (RDS) on a
specific catalyst, the use of spectroscopic techniques to gain
insight on adsorbed intermediates that are formed on catalytic
surface during CO2 methanation reaction may be of great help.
Recently, much attention has been paid on determining the

mechanism of CO2 methanation over Ni- or Ru-supported
catalysts.21−24 Based on IR characterization techniques, two
main reaction pathways have been proposed to describe the
CO2 hydrogenation to methane over different explored
catalysts: (i) the associative adsorption of CO2 and its
hydrogenation-to-formate pathway,25−30 and (ii) the dissocia-
tive adsorption of CO2 in form CO*, which can be
hydrogenated to formyl (CHO*) or dissociated to carbon
(C*) and O*.31 However, there is no general agreement on
the reaction mechanism on Ni/CeO2 catalyst. In this context,

our own previous studies suggest the presence of two different
active sites for CO2 methanation: oxygen vacancies located at
the NiO/CeO2 interface, where CO2 adsorption occurs, and
reduced Ni sites for the dissociation of H2.

32,33

Taking into account the reaction pathways reported based
on IR characterization techniques, different kinetic models
have been proposed to describe CO2 methanation on Ni- and
Ru-based catalysts. Initially, these investigations were restricted
to the determination of initial reaction rates and power-law
rate equations, leading to the approach of preliminary kinetic
models and apparent activation energies.34−37 A few years
later, Weatherbee et al.38 conducted the first detailed kinetic
study with a 3 wt % Ni/SiO2 formulation operating under
differential reactor conditions as well as highly diluted gas
streams. From here on, many kinetic studies have been
conducted over Ni- and Ru-based catalysts, using Langmuir−
Hinshelwood−Hougen−Watson (LHHW) approaches. As
observed in Table 1, most of the works reported have been
focused on Ni-8,39−41 and Ru-based42−44 catalysts supported
on alumina.45−49 Although many studies have been performed,
there is no consensus on the kinetic mechanism over this type
of formulation, because of the different reaction conditions,
reactor concept and assumptions of the rate-determining step,
reaction intermediates considered and interpretation of the
experimental kinetic results. Indeed, to the best of our
knowledge, the kinetics of Ni/CeO2 catalyst operating under
differential and integral reactor conditions has not been
attempted in the literature, since only preliminary studies
under differential reactor conditions (Table 1) have been
performed.8,41 Taking into account the promising future
perspectives for implementation of the Ni/CeO2 formulation
at industrial level, the aim of this work is to develop, for the
first time in the literature, a kinetic model able to accurately
predict the catalytic behavior of a highly active 8.5 wt % Ni/
CeO2 catalyst for CO2 methanation under industrially relevant
conditions.
With this objective, first, a set of kinetic experiments was

performed under differential as well as integral reactor
conditions, once the catalyst was stabilized at a temperature
far from equilibrium conditions. Once a kinetic data pool was
obtained and based on own mechanistic studies performed via
in situ DRIFTS and isotopic experiments, as well as commonly
reported reaction pathways in the literature, power-law models,
as well as LHHW models, were developed, analyzed, and
validated. Thus, the methodology followed in this study
improves that usually reported in the literature, since we are

Table 1. continued
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proposing different kinetic models based on our prior
mechanistic studies, instead of considering kinetic models
derived from randomly proposed mechanism and rate-
determining steps.

2. EXPERIMENTAL SECTION
2.1. Catalyst Preparation. The Ni/CeO2 catalyst used in

this study was prepared at the University of Alicante, as
reported elsewhere.32 First, CeO2 support was obtained by
calcination of cerium citrate at 600 °C for 6 h, which was
previously prepared by precipitation using an ethanolic
solution of Ce(NO3)3·6H2O (99.5%, Alfa Aesar) and citric
acid (99%, Sigma−Aldrich) in stoichiometric proportions.
Then, an ethanolic solution of Ni(NO3)2·6H2O (Sigma−
Aldrich) was incorporated over a ceria support using the
wetness impregnation method; the target Ni content was set at
9.5 wt %. Finally, the catalyst was calcined at 600 °C in static
air for 6 h.

2.2. Experimental Setup. In situ DRIFTS experiments
were performed in an infrared spectrometer (Jasco, Model FT/
IR-4100) using a reaction cell for temperature and reaction gas
control. The cell was designed to allow the gas flow through
the catalytic bed (70 mg of undiluted catalyst). Prior to the
experiments, the catalyst was pretreated with a 50% H2/He gas
mixture at 450 °C for 60 min, and then was cooled to room
temperature. The background spectrum was recorded in He
flow gas, and then, the methanation mixture (16% CO2, 64%
H2 and He balance) was fed to the gas cell, raising the
temperature up to 450 °C, in steps of 50 °C. Each spectrum
was recorded from 4000 to 1000 cm−1, with a step of 1 cm−1,
after keeping the sample 60 min at each temperature level.
CO2 methanation activity, stability, and kinetic tests were

performed in a cylindrical fixed-bed reactor (7 mm internal
diameter) coupled to a gas chromatograph (Agilent, Model
HP7890B) for measuring the outlet gas composition online.
Prior to GC analysis, the water was continuously condensed in
a gas/liquid separator (at −2 °C) and the resulting gas mixture
was analyzed automatically, once steady state was achieved
under each reaction condition. The time required to complete
the outlet gas composition analysis was 12 min, which is the
minimum time required to separate different compounds (H2,
N2, CO2, CO, and CH4) and perform their chromatograph
analysis.
Reaction experiments were performed in a 1 cm3 catalytic

bed conformed by mixing pelletized catalyst (0.3−0.5 mm)
with quartz particles (0.5−0.8 mm). This represents an ∼1:1
dilution ratio and contributes to limit temperature gradients
inside the catalytic bed. The temperature was continuously
measured and controlled by a thermocouple placed in the
middle of the catalytic bed. During activity experiments, first,
the catalyst was pretreated at 500 °C for 1 h under 20% H2/N2
(250 cm3 min−1) flow. After cooling in pure N2 to 200 °C, the
reaction mixture was fed to the reactor with a H2:CO2:He
molar relation of 4:1:1.25. The total flow rate was set at 250
cm3 min−1, equivalent to a space time (W F/ CO

in
2
) of 4.67 g h

mol−1, with reference to a sample mass of 0.5 g, whereas the
gas hour space velocity (GHSV) resulted in 15 000 h−1. Once
the inlet feedstream was stabilized, the catalytic behavior was
explored by increasing the reaction temperature from 200 °C
to 500 °C, in steps of 25 °C. Alternatively, the stability of the
catalyst was evaluated by analyzing automatically the outlet
feedstream, every 12 min, for 72 h on stream at 300 °C.

The activity was evaluated in terms of CO2 conversion (
XCO2

), as well as selectivity toward CH4 (SCH4
) and CO (SCO),

which were calculated according to the following expressions:
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reactor inlet and outlet, respectively. Meanwhile, FCO
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4

are the molar CO and CH4 flow (mol h−1) at the reactor
outlet, respectively.
Finally, the carbon balance check was performed by the

following expression:
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2

i

k
jjjjjj
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2.3. Design of Kinetic Experiments. The kinetic study
was performed by the systematic variation of the operational
parameters listed in Table S7 of the Supporting Information,
such as reaction temperature (250−500 °C), total flow rate
200−1100 cm3 min−1 (equivalent to GSHV = 12000−66000
h−1 or W F/ CO

in
2
= 1.6−24.9 g h mol−1), H2 to CO2 ratio in the

feedstream (H/C = 1−16), and total pressure (P = 1.4−6 bar).
Meanwhile, N2 was used as diluent in all experiments with the
aim of minimizing the heat- and mass-transfer effect. When the
water partial pressure effect is studied, a specific and controlled
liquid water flow is pumped and fed as steam, after passing
through an evaporator at 130 °C.
The influence of different operational parameters is

evaluated working under differential (XCO2
< 20%) as well as

integral (XCO2
> 20%) reactor conditions. For that, two

different catalysts batches were used, which were composed of
0.5 and 1.0 g of Ni/CeO2 formulation, respectively. Thus, each
batch was subjected to the following experimental sequence:
first, the corresponding light-off curve was obtained; second,
the stability of the catalyst (72 h) was evaluated and, after that,
a light-off curve was recorded; finally, the set of corresponding
kinetic experiments were performed. Consequently, each
catalytic batch was subjected to more than 200 h of operation.
In order to ruling out the catalyst deactivation and verifying

the repeatability of the results during kinetic experiments, a
reference experiment (250 or 300 °C, 2 bar and with the feed
composition used during catalytic test, H2:CO2:N2 molar ratio
of 4:1:1.25) was systematically repeated twice per day for each
catalytic batch. CO2 conversion values were maintained at
∼14%−15% and 49−50% for the reference experiments carried
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out with the batches operating under differential (0.5 g at 250
°C) and integral (1.0 g at 300 °C) reactor conditions,
respectively.

3. METHODOLOGY
3.1. Kinetic Rate Equations and Parameters Estima-

tion. The kinetic constant was calculated using the Arrhenius
law, whereas adsorption equilibrium constants (KHd2

, KCOd2
,

KHd2O, and KOH) were estimated using the Van’t Hoff
expression. The correlation index between the pre-exponential
factor (A0) and activation energy (EA) as well as adsorption
enthalpies (ΔH) was minimized by parametrization, as shown
in eqs 8 and 9:
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where k and Ki are kinetic and adsorption constants at different
temperatures, respectively. Meanwhile, k0 and Ki0 are reference
constants at 350 °C (Tref).
Finally, the value of equilibrium constant of CO2

methanation reaction (Keq1) was empirically estimated at
every temperature as follows:58

=K T
RT

137 exp
158.7

eq1
3.998 i

k
jjj y

{
zzz (10)

where R is the ideal gas constant (R = 8.314 J K−1 mol−1).
In order to estimate different kinetic parameters, a set of

kinetic experiments was performed varying reactor conditions
from differential (XCOd2

< 20%) to integral (XCOd2
> 20%) up to

the approximation to thermodynamic equilibrium. For that,
the sample mass was varied between 0.5 g and 1.0 g,
respectively. Note that the partial pressures of CO2 and H2
keep similar along the catalytic bed for the experiments
working under differential conditions. As a result, the reaction
rate of CO2 disappearance can be supposed to be the same,
irrespective the position in the catalyst bed. Ultimately, the
average CO2 disappearance rate can be estimated by the
following algebraic equation:

=r F
X X
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CO
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where W is the catalyst weight (g).
However, this assumption is not valid for the experiments

performed under integral reactor conditions, since the CO2
disappearance rate ( rCO2

) changes along the catalyst bed.
Consequently, the reaction rate was determined by numerical
integration of mass balance equation established for the plug-
flow reactor model:

= =W
F

X

r

X

f T X

d d

( , )

X X

CO
in 0

CO

CO 0

CO

CO2

CO2
out

2

2

CO2
out

2

2 (12)

3.2. Computational Methods. A nonlinear regression
analysis was performed to estimate kinetic parameters by
minimizing the sum of the squares of the differences between
experimental and calculated variable (y) for each point of the

entire set of kinetics experiments (N). Note that y variable was
considered in the form of reaction rate (eq 11) or CO2
conversion (integrated eq 12):

= = y ySSE ( )
i

N
2 exp calc 2

(13)

The fitting and estimation of different kinetic parameters
was performed by lsqcurvef it and fminsearch commands of
MATLAB software (R2014b version). The former is a
nonlinear least-squares solver. In contrast, the fminsearch
command performs a nonlinear multidimensional minimiza-
tion without restrictions by the Nelder−Mead algorithm with
the following optimization options: a tolerance function
(TolFun) of 10−10, lower bound of step size (TolX) of 10−3,
and a maximum of 500 interactions (iter).
The Ode23 command was used for the numerical integration

of eq 12, which solves nonstiff differential equation systems by
adaptative Runge−Kutta algorithm of second and third order.
Finally, the model discrimination was performed by

comparing the absolute mean deviation parameters, which
were determined by the following expression:

= ×D
N y

(%)
1

100
2

(14)

where y̅ is the mean value of the experimental variable.

4. RESULTS
4.1. Catalyst Characterization. Ni/CeO2 catalyst was

deeply characterized in our previous work.32 Briefly, the
catalyst presents CeO2 (JCPDS No. 00-034-0394) and NiO
(JCPDS No. 01-075-0269) as crystal phases, a Ni content of
8.5 wt % and a specific surface area of 15 m2 g−1. Regarding
redox properties, the sample shows a small sharp peak at 250
°C, with small shoulders at lower temperature that can be
assigned to NiO reduction. Furthermore, it also shows a large
peak at 345 °C with a shoulder at higher temperature, which is
assigned to the simultaneous reduction of NiO and surface
CeO2 in close contact. Moreover, a third peak is observed at
810 °C related to the reduction of bulk ceria.
The variation of nickel and ceria oxidation state during the

CO2 methanation reaction was studied by XPS. For that, the
Ni 2p and Ce 3d energy regions were analyzed for this catalyst
before and after the activity experiments. On the one hand, Ni
2p region shows a single peak for the prereduced Ni/CeO2
catalyst centered at 854.8 eV. Note that this position evidence
a shift of more than 1 eV, with respect to the peak position of
conventional Ni/Al2O3 catalyst, evidencing a different NiO−
support interaction. Furthermore, a shoulder at lower binding
energy (852.2 eV) was identified, which indicated the presence
of Ni0. This distribution of nickel species, combining Ni2+ and
Ni0, is maintained after the catalytic tests.31 On the other hand,
the analysis of Ce 3d spectrum denotes the presence of Ce4+
and Ce3+ before/after the catalytic test. Finally, the joint
analysis of O 1s and C 1s spectra suggests that carbon species
are removed from the catalyst surface during reaction. Thus,
the presence of two different Ni sites is noted by XPS analysis;
namely, reduced nickel suitable for H2 dissociation and
cationic nickel, probably stabilized in the NiO/ceria interface,
is involved in the CO2 dissociation.
The presence of different active sites was further supported

by the study of CO2 methanation mechanism by isotopic

Industrial & Engineering Chemistry Research pubs.acs.org/IECR Article

https://doi.org/10.1021/acs.iecr.2c00164
Ind. Eng. Chem. Res. 2022, 61, 10419−10435

10423

pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.2c00164?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


experiments. Pulse experiments denote that slow H2O
formation and fast CO2 chemisorption do not necessarily
occur on the same active sites, which is consistent with the

possible participation of NiO/CeO2 interface in the latter. In
fact, the detection of 16O in all oxygen-containing species (i.e.,
13C16O2), supplied from the catalyst, also suggests that the high

Figure 1. (a) Light-off curve and (b) selectivity toward CH4 (SCHd4
) and CO (SCO) of Ni/CeO2 catalyst recorded prior to the stability test.

Figure 2. (a) CO2 conversion as well as selectivity toward CH4 (SCHd4
) and CO (SCO) during stability test at 300 °C and (b) light-off curves before/

after stability testing.

Figure 3. Influence of: (a) CO2 (pCOd2
), (b) H2 (pHd2

), (c) H2O (pHd2O), and (d) CH4 (pCHd4
) partial pressures on CO2 methanation rate at 275 °C.

Total pressure of 2 bar and GHSV = 15 000 h−1.
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oxygen and vacant mobility of ceria support favors oxygen
exchange between the catalyst and CO2 molecules.

4.2. Activity and Stability Test. The CO2 conversion
(XCOd2

) curve, as well as the selectivity toward methane (SCHd4
)

and carbon monoxide (SCO) of Ni/CeO2 catalyst, as a function
of temperature, are included in Figures 1a and 1b, respectively.
The Ni/CeO2 catalyst shows a maximum XCOd2

of ∼80% at
375−400 °C with a SCHd4

above 95% in the entire temperature
range. Indeed, the temperature required to achieve a CO2
conversion of 50% (T50) is 303 °C. Thus, these results confirm
the high activity and selectivity of the Ni/CeO2 catalyst in CO2
methanation reaction, which makes it even more suitable to
perform the kinetic study. Based on our own previous studies,
the high CO2 methanation performance is related to the
presence of two different actives sites for CO2 dissociation
(NiO/ceria interface) and for H2 dissociation (reduced Ni0
particles), the limited water adsorption on CO2 adsorption
sites and a faster chemisorption of CO2.

31,32

Catalyst stability was checked under reactive conditions
(stoichiometric composition of the reactant mixture) during a
long-term (72 h) CO2 methanation experiment at 300 °C
(Figure 2a). As can be observed, the CO2 conversion decreases
slightly, from 52% to 50% during stability test, whereas the
selectivity toward CH4 and CO remains invariable near 100%
and 0%, respectively. Indeed, no relevant changes were
observed in the evolution of XCOd2

with temperature for the
experiments performed before/after stability test (Figure 2b).
In agreement with the similar XRD patterns (Figure S1 of the
Supporting Information) and the average Ni0 crystallites sizes
(Table S1 of the Supporting Information), Ni particles
sintering during kinetic experiments can be discarded and,
consequently, the activity of the Ni/CeO2 catalyst has been
stabilized. Thus, it can be considered that the catalyst activity
remains unchanged during the entire set of kinetic experiments
under extended variable conditions.

4.3. Kinetic Measurements. As observed in Table S7,
during the set of kinetic experiments, CH4 and minor amounts
of CO were the only products detected by GC, whereas the
carbon balance closed within ±5%.

4.3.1. Effect of Reagents and Products Partial Pressure.
Figure 3 shows the impact of the inlet mixture composition on
the CO2 hydrogenation rate for the experiments conducted
under a total pressure of 2 bar, a total flow rate of 500 cm3

min−1, and a temperature of 275 °C. In these experiments, the
CO2 disappearance rate can be calculated using eq 11, since
CO2 conversion is <20% (differential conditions).
The effects of H2/CO2 inlet ratio on the CO2 hydrogenation

rate was investigated either at constant CO2 partial pressure
(pCOd2

= 0.12) or H2 partial pressure (pHd2
= 0.96). A saturating

tendency can be observed when increasing pCOd2
from 0 to 0.48

bar (Figure 3a). Indeed, two differentiated zones can be
identified: <0.14 bar, where −rCOd2

rises significantly, and >0.14
bar, where it remains almost constant. As reported by
Weatherbee et al.,38 CO2 hydrogenation is strongly affected
by CO2 concentration at low partial pressures, whereas is
almost insensitive at higher pressures. Similar positive effect
can be observed on −rCOd2

when pHd2
increases from 0 to 0.72

bar at constant pCOd2
(Figure 3b). Specifically, the −rCOd2

value
increases up to an H2 partial pressure of 0.49 bar, and then it is
stabilized at ∼0.018 mol h−1 g−1. In agreement with

Weatherbee et al.38 and Van Herwijnen et al.,50 a positive
apparent order for both reagents can be identified at low
pressures, while the reaction is approaching zero order at
higher partial pressures. In order to analyze the influence of
each reagent on CO2 reaction rate, the reported data were
fitted to a simple power-law expression by logarithmic
linearization and multiple linear regression:

=r kp pCO CO H2 2 2 (15)

where k is the kinetic constant at 275 °C, whereas α and β are
the CO2 and H2 apparent reaction orders, respectively.
The apparent reaction orders for CO2 and H2 resulted in

0.06 and 0.29, respectively. Thus, the hydrogen has a stronger
influence on the CO2 reaction rate. This behavior is consistent
with that reported in the literature,39,59 denoting that H2 feed
content plays a fundamental role on both CO2 adsorbed
species dissociation and the removal of OH− adsorbed species
at the surface.44

Figures 3c and 3d show the influence of H2O (pHd2O) and
CH4 (pCHd4

) addition in the feed stream on the CO2

hydrogenation rate (−rCOd2
) at constant CO2 (0.16 bar) and

H2 (0.64 bar) partial pressures. An inhibition effect of H2O
partial pressure on −rCOd2

is detected when it increases from 0
to 0.49 bar, whereas no influence of CH4 partial pressure
(pCHd4

) is detected. This fact denotes that the kinetic constant is
affected by the concentration of adsorbed water or hydroxyls
(OH−), which ultimately denotes a competitive adsorption of
these compounds and reagents on same active sites. As a result,
eq 15 should be modified as follows in order to reflect such
water resistance:48

=
+

r
kp p

K p1CO
CO H

H O H O
2

2 2

2 2 (16)

where KHd2O is the water adsorption constant at 275 °C.
In order to linearize eq 16, a plot of 1/−rCOd2

vs pHd2O was
made and fitted to experimental reaction rates. Then, the
kinetic and water adsorption constants were estimated from
the intercept and the slope of the regression line, which results
in 0.0089 mol h−1 g−1 bar−0.35 and 3.635 bar−1, respectively.
The validity of these parameters is supported by their positive
sign and similar values to others reported in the literature.49

Finally, the effect of inert partial pressure was also analyzed.
For that, increasing total flow rates were tested for a specific
CO2 and H2 flow rates (see Figure S2 in the Supporting
Information). As expected, as the inert gas fraction increases
from 100 to 800 cm3 min−1 (GSHV of 15 000−60 000 h−1),
the CO2 hydrogenation rate slightly decreases, especially at
lower total flow rates.

4.3.2. Effect of the Reaction Temperature. Figure 4
presents the impact of the reaction temperature (250−295
°C) on CO2 conversion at different space times (W F/ CO

in
2
).

Experimental points show that XCOd2
increases with temper-

ature, because of the promotion of the kinetic constant with
the temperature, according to the Arrhenius equation. Since
XCOd2

follows a saturating tendency toward the equilibrium
(Xeq), the initial reaction rates approach was chosen to
calculate apparent kinetic constants. First, experimental points
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were fitted (black lines) to the following mathematical
expression, with a and b as fitting coefficients:
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Then, considering the logarithmic Arrhenius expression, the
apparent activation energy is determined from the slope of
graphic representation of rln( )CO

0
2
vs 1/T (Figure 5):
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The apparent activation energy for the CO2 methanation
reaction on Ni/CeO2 catalyst resulted in 103.9 kJ mol−1. As
observed in Table S2 in the Supporting Information, this value
is consistent with others reported in the literature for CO2

methanation on different catalysts; e.g., values in the range of
75−118 kJ mol−1 and 53.5−113 kJ mol−1 have been reported
for Ni/Al2O3-type

39,45,47,48,60,61 and Ni/CeO2
8,41,62−65 cata-

lysts, respectively.
In order to confirm the validity of determined apparent

activation energies, Mears66 and Anderson67 criteria were
checked under the most unfavorable operational conditions
(see the Supporting Information). Dimensionless values below
0.15 and 0.75 were obtained, which indicates that intraparticle
and external heat- and mass-transfer limitations can be ruled
out under reported operational conditions.

4.3.3. Effect of Total Pressure. The effect of pressure on the
process kinetics was tested in the range of 2−6 bar at 350 °C.
Figure 6 shows the evolution of CO2 conversion with

increasing space times (W F/ CO
in

2
) at 2, 4, and 6 bar. As

expected, CO2 conversion is boosted by raising the system
pressure, which is consistent with the volume contraction
derived from the Sabatier reaction stoichiometry. Specifically,
the improvement is ∼10% when the pressure increases from 2
bar to 6 bar. However, the improvement in CO2 conversion is
partially limited due to the operation near to thermodynamic
equilibrium at this temperature (350 °C).

4.4. Kinetic Modeling. The validity of different rate
expressions for CO2 methanation obtained for the commonly
reported reaction mechanisms is investigated in this section.
For that, following LHHW approaches, each reaction path is
considered as an elementary step and the slowest step (rate-
determining step, RDS) should be identified for the
determination of kinetic expressions. All other elementary
steps are assumed to be in quasi-equilibrium or irreversible.
As previously introduced, it is widely accepted that CO2

methanation can occur via direct CO2 adsorption and
hydrogenation (associative mechanism) or via previous CO2
dissociation (dissociative mechanism), respectively. In the
former, CO2 conversion to methane can occur via carbonate or
formate (COOH*) as the reaction intermediates,8,27,29 where-

Figure 4. Effect of temperature on CO2 conversion at increasing space
times (W F/ CO

in
2
). Symbols refer to experimental data and black lines

to the obtained fits. Total pressure of 2 bar and H2/CO2 ratio of 4 in
the feedstream.

Figure 5. Arrhenius plot and the corresponding apparent activation
energy obtained from the results reported in Figure 4.

Figure 6. Effect of space time (W F/ CO
in

2
) on CO2 conversion at

different pressures. [Conditions: H2/CO2 ratio of 4 in the feedstream
and a reaction temperature of 350 °C.]
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as CO2 is adsorbed in the form of CO* in the latter, which can
be further dissociated to carbon (C*) or hydrogenated to
formyl (CHO*), respectively. An alternative route, based on
CO formation through formate decomposition, has also been
reported. However, the absence of carbonyl species during
DRIFTS experiments discards this mechanistic route for the
Ni/CeO2 catalyst.68 In order to clarify the real reaction
pathway, three commonly accepted reaction mechanisms are
summarized in Tables 2, 3, and 4. As can be observed, at least
9 mechanistic equations can be proposed for each catalytic
route by varying the RDS among different adsorption, reaction,
or desorption elementary steps. However, based on the
knowledge gained in our previous mechanistic11,31,32 and
kinetic studies,69 we were able to select the most probable rate-
determining step for each reaction mechanism more
specifically.
Finally, note that the effect of RWGS reaction in the kinetic

model has been neglected, since the CO amount produced in
the set of kinetic experiments is almost negligible. Indeed, the
selectivity toward this compound is <2% for all recorded
kinetic data (Table S7); contrary to that observed in our
previous kinetic study with a Ni/Al2O3 catalyst, where CO
selectivities of >30% were reported and, consequently, the
effect of RWGS reaction should have been considered to
improve the model accuracy.69

4.4.1. Dissociative Formyl Mechanism. This mechanism
has been proposed recently by Koschany et al.45 for a
coprecipitated NiAl(O)x catalyst. As outlined in Table 2, this

reaction pathway assumes the dissociative adsorption of H2
and CO2 in form of hydrogen atoms (H*) and carbonyls
(CO*) on a Ni0 surface, respectively.70 Then, CO* reacts with
H*, forming carbon-hydroxyl (COH*) or adsorbed formyl
(CHO*, step 4 in Table 2). After that, an additional carbon−
oxygen bond cleavage occurs yielding carbenes (CHx*, step 5
in Table 2). Finally, this species is further hydrogenated to
form methane (step 7 in Table 2). Concurrently, the reaction
between the adsorbed oxygen and H atom leads to the
formation of hydroxyls, which are further hydrogenated to
form H2O (steps 8 and 9 in Table 2). Note that the desorption
of carbonyls in the form COgas cannot be ruled out, instead of
being hydrogenated (step 3 in Table 2). Step 4 in Table 2 was
considered as the rate-determining step (RDS), since the
hydrogenation of carbonyl (CO*) is usually quite slow.45−47

As a consequence, the previous steps as well as step 9 in Table
2 are assumed to be at quasi-equilibrium, whereas the
remaining steps are kinetically irrelevant, because of the low
coverage of reaction intermediates (extremely fast steps).46,59

Taking into account these considerations, the following rate
equation of CO2 methanation is deduced (see the Supporting
Information):
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where k is the apparent kinetic constant, whereas KHd2
and KHd2O

are the hydrogen and water adsorption constants, whereas KCdX

and KOHKOH are the lumped constants of the adsorbed carbon
and hydroxyl surface intermediates.

4.4.2. Dissociative Carbon Mechanism. This reaction
pathway was proposed by Dalmon and Martin for Ni/SiO2
catalysts.71 As reported in formyl mechanism, dissociative
adsorption of H2 and CO2 occurs in this reaction pathway,
leading to hydrogen atoms (H*) and carbonyls (CO*)
formation on Ni0 surface70 (see Table 3), respectively.

However, carbonyls are further dissociated to carbon (C*)
and O* (C, step 4 in Table 3) in this case. Then, these species
are hydrogenated to carbenes (CHx*, step 5 in Table 3) and
hydroxyls (step 8 in Table 3), intermediate compounds that
are finally hydrogenated into methane (step 6 in Table 3) and
water (step 9 in Table 3), respectively. Furthermore, some of
the adsorbed carbonyls can be desorbed as COgas instead of
being hydrogenated (step 3 in Table 3).
The kinetic rate equation obtained was derived, assuming

that the dissociation of carbonyl (step 4 in Table 3) is quite
slow and, consequently, is considered the RDS.38 As in formyl
mechanism, we assume that steps 1−3 and 9 in Table 3 are at
quasi-equilibrium, whereas we consider that the rest of steps
are kinetically irrelevant, because of the low coverage of
reaction intermediates (extremely fast steps).46,59 As a result,
the following rate equation of CO2 methanation is derived (see
the Supporting Information):
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where k is the apparent kinetic constant and KHd2
and KHd2O are

the hydrogen and water adsorption constants, whereas KCdX
and

Table 2. Elementary Steps of Dissociative Formyl
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* ⇄ CH4* + 3* low CHx* coverage
7 CH4* ⇄ 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 Dissociative Carbon
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* + * ⇄ C* + O* rate-determining step
5 C* + H* ⇄ *CH + * low C* coverage
6 CH* + 3H* ⇄ CH4* + 3* low CHx* coverage
7 CH4* ⇄ 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
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KOH are the lumped constants of the adsorbed carbon and
hydroxyl surface intermediates.

4.4.3. Associative Formate Mechanism. This kinetic
mechanism was first reported by Ibraeva et al.72 on a
commercial nickel−alumina−calcium catalyst. Contrary to
the previously reported for carbon and formyl mechanisms,
CO2 is molecularly chemisorbed, preferentially in form of
bicarbonates (HCO3*) on OH− groups of the support at the
surface), as observed in Table 4. Then, the adsorbed

bicarbonates can be easily hydrogenated to formate species
(HCOO*, step 3 in Table 4) by H adsorbed on near metal
particles with H atoms migrating from the surface of Ni
particles.44 Then, formats are decomposed into hydroxyls
(OH*) and formyls (CHO*) in a H-assisted pathway (step 4
in Table 4).8 Finally, the formyl formed is sequentially reduced
up to CH4 (steps 5 and 6 in Table 4). Simultaneously,
hydroxyls (OH*) are hydrogenated to form water.
In this case, step 3 in Table 4 has been considered as the

RDS, considering steps 1, 2, and 9 in quasi-equilibrium;
meanwhile, the rest of the steps are kinetically irrelevant,
because of the low coverage of reaction intermediates
(extremely fast steps).46,59 Taking into account these
considerations, the rate equation of CO2 methanation can be
expressed as follows (see the Supporting Information):
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where k is the apparent kinetic constant and KHd2
, KCOd2

, and
KHd2O are the hydrogen, carbon dioxide, and water adsorption
constants, whereas KOH is a lumped adsorption constant of the
adsorbed hydroxyl surface intermediates.

4.5. Model Discrimination. Once previous kinetic models
were developed, the corresponding CO2 hydrogenation rates
were determined by combining numerical integration of eq 12
and nonlinear regression analysis. As already explained in
Section 3.1, the kinetic constants, as well as the adsorption
constants, were determined according to the Arrhenius (eq 8)
and Van’t Hoff (eq 9) expressions, respectively. Meanwhile,
the equilibrium constant of CO2 methanation reaction (Keq1)
was estimated using eq 10. On the other hand, the reagents
and products partial pressures were estimated by eqs S72−S76
in the Supporting Information). In order to determine the
kinetic and adsorption parameters with more certainty, all
kinetic measurements reported in Table S7 were employed.

Finally, a comparison of the variance (eq 13) and mean
absolute deviation (eq 14) values is used for model
discrimination, as introduced in Section 3.2.
Figure 7 includes the parity plots of the formyl, carbonyl,

and formate kinetic models. With regard to the formyl model

(Figure 7a), this mechanism considers the dissociative CO2
adsorption, leading to CO formation, which finally is
hydrogenated to formyl (RDS). This alternative achieves a
mean absolute residual of 13.35% (σ2 = 0.3304). In fact, many
points were outside the ±10% dispersion region. This LHHW
model systematically overestimates CO2 conversion under
differential reaction conditions (XCOd2

< 20%). Meanwhile, it
underestimates the effect of methane (350 °C−CH4) and
overestimates the effect of H2 (350 °C−H2) and water (350
°C−H2O) under integral reactor conditions (XCOd2

> 20%).

Table 4. Elementary Steps of Associative Formate
Mechanism

step reaction assumption

1 H2 + 2* ⇄ 2H* quasi equilibrium
2 CO2 + * ⇄ CO2* quasi-equilibrium
3 CO2* + H* ⇄ HCOO* + * rate-determining step
4 HCOO* + H* ⇄ CHO + *OH* low HCOO* coverage
5 CHO* + H* ⇄ CH* + OH* low CHO* coverage
6 CH* + 3H* ⇄ CH4* + 3* low CHx* coverage
7 CH4* ⇄ CH4(g) + * low CH4* coverage
8 OH* + H* ⇄ H2O* + * quasi-equilibrium
9 H2O* ⇄ H2O(g) + * low H2O* coverage

Figure 7. Parity plots of (a) formyl, (b) carbon, and (c) formate
models adjusted to experimental data obtained operating with
differential as well as integral reactor conditions. Hollow black
squares (□) correspond to data obtained under differential reactor
conditions.
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The carbon route (Figure 7b), which considers a dissociative
CO formation mechanism, being the dissociation of carbonyl
(CO*) as RDS, shows a mean absolute residual of 15.37% (σ2
= 0.4375). Although this model has been widely accepted for
describing kinetics on highly loaded (>15 wt %) Ni/Al2O3 and
NiAl(O)x formulations,

45−48 it should be discarded for our Ni/
CeO2 catalyst, since it shows lower statistical significance than
the formyl model. The inferior fit of this model could be
mainly related to the different Ni-support interaction derived
from the specific properties of ceria support, such as basic sites
concentration, excellent redox properties, and high oxygen
vacancies concentration. Furthermore, differences in the Ni
loading, oxidation state, and distribution alter the way that
CO2 is adsorbed onto the catalyst.

73 As a result, fewer points
are within the ±10% dispersion region. A remarkable
overestimation of CO2 conversion under differential reactor
conditions can be noticed, as well as poorer estimation of CO2
conversion under integral reactor conditions (XCOd2

> 20%).
Specifically, the main deviations are observed for the dataset
corresponding to the effect of methane (350 °C−CH4) and
hydrogen partial pressures (350 °C−H2).
Finally, the parity plot shown in Figure 7c denotes that the

formate model, which consists of the associative CO2
adsorption and assumes its hydrogenation to formate as
RDS, presented an outstanding ability for describing the
experimental CO2 conversion data. In fact, this model shows
the lowest mean absolute deviation (10.38%) and variance (σ2
= 0.1933). As a result, the majority of points are within the
±10% dispersion region. However, the effect of methane
admission in the feed stream operating under integral reactor
conditions is not so well predicted. Furthermore, the model
also has a tendency to overestimate CO2 conversion under
differential reactor conditions. Anyway, the obtained decrease
in the absolute mean residual compared with respect to
carbonyl and formyl alternatives clearly suggests that hydrogen
and monodentate or bidentate carbonates, formed due to CO2
associative adsorption, rather than CO formed through CO2
dissociative adsorption, are directly hydrogenated to formate
during CO2 methanation over Ni/CeO2 catalysts, as previously
suggested by other authors based on IR mechanistic
studies.8,25,74

4.6. Formate on Two Active Sites Model Validation
and Parameter Estimation. As observed in the previous
section, the formate model, in which the hydrogenation of
adsorbed CO2 to formate is considered to be the RDS, shows a
fitting quality statistically more significant than that of formyl
and carbon models. Note that the hydrogenation and
dissociation of adsorbed CO formed due to CO2 dissociative
adsorption were considered the RDS for formyl and carbonyl
models, respectively. In order to validate the reaction
mechanism proposed by the formate model (Table 4), in situ
DRIFTS experiments were performed. Figure 8 plots the
spectra recorded at increasing temperatures after the
exposition of the sample to CO2 methanation feedstream
during 60 min. Note that the background spectra recorded at
room temperature in He has been subtracted for all spectra.
On the one hand, an intense double band at ∼2350 cm−1 (not
shown) is detected, which belongs to gas-phase CO2. On the
other hand, O−H stretching of bicarbonates created due to the
CO2 reaction with surface hydroxyl groups is also observed
above 3500 cm−1; meanwhile, the bands identified below 1700
cm−1, which are ascribed to the presence of monodentate and

bidentate carbonates, formed due to CO2 reaction with surface
oxygen species, are identified.15,31,32,75,76

Note that bands belonging to monodentate and bidentate
carbonates are only detected in the spectrum at 150 °C. Above
this temperature, these bands disappear with a simultaneous
formation of negative bands. In contrast, the bands ascribed to
bicarbonates (1430 and 3625 cm−1) remain invariable with
reaction temperature, because of their higher stability. This
trend denotes that carbonates adsorbed on the catalyst surface
are easily removed when the methanation reaction is activated
(Figure 2). Meanwhile, bicarbonates are more stable and, as
consequence, can be considered as the most abundant reaction
intermediates (MARI) in CO2 methanation over Ni/CeO2
catalyst. Indeed, it is generally reckoned that formates are
originated from the reaction of bicarbonate species with
dissociated hydrogen.25,75,77,78 Thus, the high amount of
bicarbonates detected seems to be in accordance with the
assumption considering the hydrogenation of associatively
adsorbed CO2 to formate as the RDS. Moreover, the absence
of DRIFT absorption bands assigned to adsorbed carbonyl
species discards the CO2 methanation through a CO
intermediate,68,74,79 as it happens in formyl and carbon
intermediate mechanisms. This fact is consistent with the
less-statistical significance of these models, where the
dissociation and hydrogenation of CO, formed due to CO2
dissociation, are considered as the RDS, respectively.
In summary, the best fitting of formate model is in good

agreement with the in situ DRIFT results obtained during CO2
methanation reaction. Nevertheless, our own studies, as well as
previous studies reported in the literature, suggest that the CO2
methanation reaction over Ni/CeO2 catalyst occurs on two
different active sites. On the one hand, CO2 is adsorbed and
activated on ceria sites, more specifically in oxygen vacancies
near to NiO−CeO2 interface. On the other hand, H2
adsorption and subsequent dissociation into H atoms occurs
on Ni0 sites. Then, these H atoms rapidly diffuse to near CO2
adsorption sites via a spillover process.29,32,33,74 Thus, the
presence of two different active sites sould not be neglected

Figure 8. In situ DRIFTS spectra recorded under 16% CO2/64% H2/
He reaction stream at 150, 250, 350, and 450 °C for 8.5% Ni/CeO2
catalyst.
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when deducing the rate equation by LHHW approaches. In
order to further improve the intrinsic kinetic description of
CO2 methanation on Ni/CeO2 catalysts, the following rate
equation was deduced (see the Supporting Information),
assuming the hydrogenation of adsorbed CO2 to formate as
the RDS (see Table 5):
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where k is an apparent kinetic constant and KHd2
, KCOd2

, and
KHd2O are the hydrogen, carbon dioxide, and water adsorption
constants, whereas KOH is a lumped adsorption constant of the
adsorbed hydroxyl surface intermediates adsorbed. As can be
observed, the adsorption constants are coincident with that
reported for the formate model on a single active site (eq 22),
which suggest that the same intermediates (the most abundant
reaction intermediates (MARI)) slow the reaction rate. The
main difference lies in the denominator of the equation, where
two terms appear because of the presence of two different
active sites.
Figure 9 shows the corresponding parity plot to formate

model on two different active sites. The prediction accuracy of
the model was similar to that above observed for formate
mechanism on a single active site (Figure 7c). Specifically, the
mean deviation value is 11.26%. However, not systematic
deviation of CO2 conversion is obtained under analyzed
operational conditions. Thus, the kinetic equation is able to
describe with high statistical significance the effect of
temperature, pressure as well as H2/CO2 molar ratio over
the extended range of conditions employed. As can be
observed, the model well accounts the effect of the different
operational parameters on CO2 conversion when the system
operates under differential reactor conditions (empty black
squares). Indeed, lower deviations can be noticed with respect
to formate model on a single site. Furthermore, most points are
within the ±10% region in the high-activity region (XCOd2

>
20%), which denotes that the model predicts with high
accuracy the promoting effect of reagents and the system total
pressure on reaction kinetic as well as the inhibiting effect of
water and the insensitivity to pCHd4

at 350 °C. Therefore, no
systematic underestimation of CO2 conversion for the

experiments performed at increasing CH4 partial pressures;
in contrast to the observed for formate model on a single active
site (Figure 7c). The lower prediction quality is obtained when
the system is working under kinetically controlled regime (300
and 325 °C) at low space times (W F/ CO

in
2
). As a consequence,

these results reflect the satisfactory prediction of CO2
conversion under integral reactor conditions, which is a region
of great interest for the industrial application.
Finally, adsorption constants and enthalpies has been

determined combining numerical integration of eq 12 and
nonlinear regression. The estimated constants for the chosen
mechanistic model are summarized in Table 6 at different

temperatures. In order to evaluate the quality of the parameters
and the model, the 95% confidence intervals and the
covariance, as well as the correlation (or anticorrelation)
matrix, were determined at the reference temperature (350
°C), as shown in Tables S4−S6 of the Supporting Information.
All reported constants show narrow confident intervals (Table
S4), which indicates the individual statistical relevance of all
kinetic parameters. Furthermore, moderate to weak correla-
tions (or anticorrelations) have been found for all kinetic

Table 5. Elementary Steps of Associative Formate
Mechanism on Two Active Sitesa

step reaction assumption

1 H2 + 2* ⇄ 2H* quasi-equilibrium
2 CO2 + ^ ⇄ CO2̂

̂ quasi-equilibrium
3 CO2^ + H* ⇄ HCOO^ + * rate-determining step
4 HCOO^ + H* ⇄ CHO^ + OH* low HCOO^ coverage
5 CHO^ + H* ⇄ CH^ + OH* low CHO^ coverage
6 CH^ + 3H* ⇄ CH4^ + 3* low CHx^ coverage
7 CH4^ ⇄ CH4(g) + ^ low CH4^ coverage
8 OH* + H* ⇄ H2O* + * quasi-equilibrium
9 H2O* ⇄ H2O(g) + * low H2O* coverage

aAsterisk symbol (*) refers to Ni0 sites for H2 dissociation.
Circumflex symbol (^) refers to CO2 adsorption sites near to Ni-
CeO2 interface.

Figure 9. Parity plot of two active sites-based formate model adjusted
to experimental data obtained operating with differential as well as
integral reactor conditions. Hollow black squares (□) correspond to
data obtained under differential reactor conditions.

Table 6. Kinetic as Well as Adsorption Constants Estimated
at Different Temperatures for the Formate Route on Two
Different Active Sites

Adsorption Constants

temp,
T
(°C)

apparent kinetic
constant, k

(mol g−1 h−1 bar−1.5)
KHd2O

(bar−1)
KOH

(bar−0.5)
KCOd2

(bar−1) KHd2
(bar−0.5)

250 1.23 0.44 17.76 36.97 1.65
300 3.62 0.37 11.51 20.80 1.12
350 8.97 0.32 7.99 12.84 0.81
400 19.43 0.29 5.86 8.51 0.61
450 37.82 0.26 4.48 5.97 0.48
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parameters reported, which validates the validity of all kinetic
parameters here proposed.51

From a mechanistic point of view, all resulting final
parameters are physically more realistic and present more
consistent values than those obtained by the formate route
based on a single active site (not included), which increases
the validity of the mechanistic model proposed here. The
apparent kinetic constant of CO2 methanation rate increases
progressively from 1.23 mol g−1 h−1 bar−1.5 (250 °C) to 37.82
mol g−1 h−1 bar−1.5 (450 °C). On the other hand, relative
higher values are obtained for the adsorption constants. This
fact suggests that reaction rates are clearly influenced by
adsorbed reaction intermediates except H2O, which presents
significantly lower values. Specifically, the adsorption constants
of OH− and, especially, of CO2 are at least 1 order of
magnitude higher than that of hydrogen. Thus, adsorbed
bicarbonates and hydroxyls have higher inhibiting effect on
CO2 methanation than water or hydrogen, which is consistent
with the most abundant reaction intermediates (MARI) on the
surface of the catalyst identified by in situ DRIFT study (Figure
8). Finally, the value of the apparent activation energy for CO2
hydrogenation (53.9 kJ mol−1) is similar to that reported for
similar Ni/CeO2 catalyst.

41

Note that all adsorption constants fulfill the strong criteria
established by Boudart et al.,80 whereas adsorption enthalpies
(eq 12) present values of −19.4, − 21.6, − 8.3 and −28.7 kJ
mol−1 for hydrogen (ΔHHd2

), hydroxyls (ΔHOH), water
(ΔHHd2O), and CO2 (ΔHCOd2

) adsorption, respectively. Accord-
ing to Boudart rules, a negative value of the entropy variation
of an adsorption process (ΔS < 0) is indicative of a more-
ordered state, and should be within the following range:

< <S H10 12.2 0.0014 (24)

This parameter has been determined by combining the Van’t
Hoff expression and the Gibbs function (ΔG° = ΔH° −
TΔS°), as follows:

= ° + ° ° = + °
K H

RT
S

R
S R K H

T
ln( ) ; ln( )

(25)

Hydrogen, hydroxyls, water, and CO2 adsorption entropies
result in values of −33.0, −17.5, −22.8, and −24.8 J mol−1,
respectively. Noteworthy, the lowest entropies correspond to
hydroxyl and water adsorption, which suggests less stable
species, as reported in our previous work.32 Note that
hydrogen presents an entropy value 10−16 J mol−1 higher
than the rest of the compounds, confirming its key role in the
CO2 methanation rate, as deduced from results included in
Figure 3.
The validity of the model was further analyzed comparing

experimental (points) versus predicted (lines) CO2 conversion
values at different reaction conditions (Figure 10). As can be
observed in Figure 10, the model predicts well the positive
effect of (a) increasing temperature, (b) system pressure, and
(c) H2/CO2 ratio, on CO2 conversion. Furthermore, the
inhibitory effect of water (Figure 10d) is also well-predicted.
Taking into account that the water content at the reactor outlet
would be notable, the accurate prediction of the inhibiting
effect of water is critical for the industrial scale application.
Finally, the experimental and predicted light-off curves were

compared (Figure 11). Note that the experimental points were
obtained with the same feed composition reported in Figures 1
and 2. As can be observed, the kinetic model based on formate
route on two different active sites accurately predicts CO2
conversion values, irrespective the reaction temperature,
further validating the kinetic model here proposed. In
accordance with the parity plots, the main deviations are
observed at CO2 conversion values near the equilibrium

Figure 10. Comparison of experimental (points) and predicted (lines) CO2 conversion values as a function of (a) reaction temperature at
increasing space times (2 bar), (b) system total pressure, and (c) H2 and (d) H2O partial pressures at two temperatures and space times.
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conversion (∼350 °C); in particular, the model predicts a
faster approach to thermodynamic equilibrium.
In summary, the formate mechanistic model, which assumes

two different active sites, is able to describe, with high
accuracy, the intrinsic kinetics of CO2 methanation over 8.5
wt % Ni/CeO2 catalyst under a wide range of operational
conditions. It has provided a high fitting quality to the
experimental kinetic data (124 runs) and kinetic parameters
realistic physical significance. To the best of the authors’
knowledge, these results represent the first complete intrinsic
kinetic study reported in the literature for a highly active Ni/
CeO2 catalyst.

5. CONCLUSIONS
A dataset composed of 124 experimental points has been
collected and analyzed with the aim of developing a kinetic
model able to reflect the intrinsic kinetic of the 8.5 wt % Ni/
CeO2 catalyst in CO2 methanation reaction. Different kinetic
expressions of the reaction rate, developed through LHHW
approach, were fitted to experimental data with that aim. The
best fit of experimental data was obtained with formate LHHW
mechanistic model assuming the hydrogenation of bicarbon-
ates to formate as the rate-determining step (RDS). This
model can predict satisfactorily the positive effect of the
increasing reagents partial pressure (pCOd2

and pHd2
), the reaction

temperature, the system pressure, and the H2/CO2 molar ratio
in the feedstream on the CO2 methanation reaction from
differential (XCOd2

< 20%) to equilibrium (XCOd2
> 80%) reactor

conditions. Furthermore, the detrimental effect of strongly
adsorbed OH− and H2O surface intermediates on catalytic
activity is well-predicted. In fact, the mean absolute deviation
(D = 10.38%) of this model is significantly lower than the
obtained (D > 13.35%) for other common models explored in
the literature, in which the conversion of CO2 to carbonyl
(COads) occurs (such as carbon and formyl routes), for the
description of the kinetics of Ni/Al2O3-type catalysts during
CO2 methanation. Finally, in the consideration of a kinetic
model, two different active sites for CO2 adsorption (Ni/CeO2
interface) and H2 dissociation (Ni0) also provide an accurate
prediction (D = 11.26%) of the intrinsic kinetics of CO2
methanation on Ni/CeO2 catalyst. Although the mean
deviation value obtained is slightly higher than that obtained
for the formate model on a single active site, the obtained
kinetic parameters are physically more realistic, which further
validates this alternative model. According to this mechanism,
Ni and Ce sites present an active role in CO2 methanation on
Ni/CeO2 catalysts, so enhancing the interaction between metal

and support is critical to enhance CO2 methanation over this
promising formulation and should be a focus of study in the
near future. For the first time in the literature, this work
provides a LHHW-type mechanism capable of accurately
reflecting the kinetics of CO2 methanation reaction on Ni/
CeO2 catalyst with high accuracy under a broad range of
operating conditions. This kinetic expression can be employed
for the design of a full-scale methanation reactor.
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