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A B S T R A C T

In this work, the kinetics of CO2 methanation reaction is investigated on a 17 wt% Ni3Fe/ɣ-Al2O3 catalyst under
technical operation conditions of Power-to-Gas processes. A short-contact time microstructured packed bed reac-
tor with internal cross-flow cooling channel was designed particularly for kinetic studies of the highly exothermic
methanation reaction. The influence of temperature, pressure, reactant and product composition as well as resi-
dence time on the product composition and conversion of the reactants was carefully studied. In total more than
160 data points were collected and fitted to three literature models applying a non-isothermal reactor model.
Based on the state-of-the-art kinetic models and the experimental observations, a new LHHW rate equation for
the consecutive CO2 methanation reaction was developed. This new model has reasonably lower number of para-
meters and improves description of the reaction compared to literature models with regard to the Ni3Fe catalyst
system. Special attention was paid to the selectivity behavior and the influence of carbon monoxide and water
on the reaction.

1. Introduction

A major hurdle in application of renewable energy is the strong fluc-
tuation of wind and sun. So far, these fluctuations have been mainly
compensated with conventional power plants, which contribute to CO2
emission. In order to tackle the production and consumption mismatch
over day-and season-scale, one very promising concept for storage of
large amounts of energy is the so-called Power-to-X (PtX) technol-
ogy, where regional and time-dependent surplus energy from renew-
able sources is converted into value-added compounds. The technologies
which aim for hydrogen or methane as products are summarized under
Power-to-Gas (PtG) processes. Transportation and storage of large quan-
tities of hydrogen requires new infrastructure whereas the infrastruc-
ture for transportation and storage of methane already exists. Moreover,
in terms of energy per volume methane has advantages over hydrogen,
which are important at least for applications in mobility [1,2]. Addi-
tionally, as a result of the Paris agreement in December 2015, the share
of CO2 emissions must be reduced drastically, imposing new strategies
to reduce the number of power plants and enhance technologies which
contribute to CO2 reduction [3]. Conversion of renewable H2 alongside
with biogenic CO2 or CO2 from air into methane is considered one of the
most promising technologies in the latter context.

The catalytic hydrogenation of CO2 was discovered by Paul Sabatier
in 1902 [4] is technically relevant in different fields, such as gas purifi-
cation for synthesis gas, and adjustment of H2/C ratio in biomass or coal
gasification processes [5–7]. The reaction of hydrogen and carbon diox-
ide to methane is a highly exothermic reaction, limited by thermody-
namic equilibrium and is accompanied with volume reduction, as given
in Equation (1):

(1)

The catalytic CO2 methanation is typically assumed to be a two-step
reaction with reverse water gas shift (rWGS, Equation (2)) as the first
step, followed by CO methanation (Equation (3)). However, the true
mechanism of the reaction is still under debate.

(2)

(3)

Since Sabatier’s discovery, many groups have studied methanation
reaction of CO2 or CO with diverse motivation, applying different cat-
alysts and experimental conditions. Early publications on methanation
kinetics were done in the 1950s [8,9]. Further developments on the
models for application in gas purification and methane-steam-reform
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ing were mainly carried out in the 1980s [10–12]. The kinetic model
published by Xu and Froment [11], which studied the methane steam
reforming reaction on an aged Ni/MgAl2O4 catalyst, can be understood
as pioneering work for further work on methanation kinetics. In their
work, a set of reaction rate coefficients for the reversible reactions (CO
and CO2 methanation and rWGS reaction) are suggested. A summary
of accompanied and following studies can be found elsewhere [13,14].
Despite a considerable number of developed rate equations and studies
delivering rate constants for the methanation of CO and/or CO2, only a
few of the studies deliver data under relevant operating conditions [13].
For example, most of the studies are carried out under very low reaction
temperature and pressures [12,15–17]. Whereas, the typical operation
regime in technical plants is a temperature window of 300–450 °C and a
pressure of 5–20 bar [14].

The model developed by Koschany et al. [18] was developed for
power to gas applications on Ni catalysts with pure CO2 in the feed. The
process parameters are varied between 180 and 340 °C, 1–15 bar and
H2:CO2 ratio of 0.25 to 8. Prior to the kinetic data collection, the catalyst
was aged for 300 h to reach a constant level of activity during kinetic
measurements. Koschany et al. could show that a power law rate equa-
tion can be applied to describe the experimental data fairly good; how-
ever, it fails to describe the conversions close to thermodynamic equilib-
rium. The authors solved this problem by developing a model with inhi-
bition term upon Langmuir-Hinshelwood-Hougen-Watson (LHHW) for-
malism. The model fails to describe methane selectivity, and can be only
used for description of CO2 conversion, since it completely ignores CO
formation.

Kopyschinski [19] studied the CO methanation together with WGS
reaction. He applied a spatially resolved wall-coated plate reactor for
data collection using a commercial nickel catalyst. The reaction condi-
tions applied were a temperature window of 280–360 °C, pressure of
1 bar and H2:CO2 ratio of 5–6. According to Kopyschinski, CH4 and CO2
do not inhibit the reaction rate, in contrast to water, which clearly con-
tributes to the rate inhibition. Unfortunately, no equilibrium term was
included in these models, which makes them useless for description of
technical reactors

Zhang et al. [20] investigated the methanation reaction using bio-
mass-based synthesis gas and used mixtures of CO and CO2 in the feed.
The temperature and pressure were varied from 275 to 360 °C and 1
to 5 bar. The kinetic rate models used were adapted from the work of
Xu and Froment [11] and fitted to the collected data. Essential insights
achieved by Zhang et al. are that CO2 has no influence on the rate of
CO methanation and that higher H2: CO ratio improves the methane se-
lectivity significantly. All other species taking part in the reaction (CH4,
CO, H2 and H2O) are included in the inhibition term. In Table 1 the
mathematical description of the Koschany, Kopyschinski and the Zhang
models are presented according to the equation (4). The equations are

adapted to the further notation in this work.

(4)

In general, most of the literature works addressed Al2O3 supported
Ni catalysts or Ni supported on other compounds, e.g. TiO2, SiO2 etc.
[13]. Due to the ubiquitous deactivation of the Nickel catalysts, most of
the authors were obliged to run a pretreatment of the catalyst in order
to reach a stable catalyst activity before collecting kinetic data [11,18]
or change the catalyst every few hours [20]. Mutz et al. studies proved
the superior activity of a 17 wt% Ni3Fe catalyst supported on γ-Al2O3
compared to a mono metallic Ni catalyst. In addition, experimental tests
in a microstructured packed bed reactor for a duration of 45 h showed
higher methane selectivity and stability of the Ni3Fe compared to a com-
mercial Ni catalyst [21]. Serrer et al. carried out detailed operando
investigations on a monometallic Ni catalyst and a bimetallic Ni3Fe-
γ-Al2O3 in cycles of over- und under-stoichiometric conditions of hydro-
gen. They showed that under H2-deficient conditions, the monometal-
lic Ni catalyst is more prone to irreversible surface oxidation. Whereas
in case of applying Ni-Fe catalyst, a preferential and reversible FeO is
formed which protects the active Ni sites from oxidation. In this respect,
iron is confirmed to play a protective role and preserves the catalytic ac-
tivity under PtG operational conditions [22].

As the monometallic Ni catalyst stability seems problematic, the pre-
sent study undertakes a systematic approach for investigating the kinet-
ics of a fresh 17 wt% Ni3Fe catalyst for the CO2 methanation reaction
in a microstructured packed bed reactor with internal cross flow cooling
structure to suggest a data and rate equation set which can be further
used for describing a reactor under technical process conditions. The
catalyst temperature could be monitored in the microreactor. The kinet-
ics are analyzed with a non-isothermal reactor model, based on experi-
mental observations. The operation parameters are T = 300–450 °C and
p = 2–18 bar. They are chosen based on real operating conditions for
reactors in PtG methanation plants, that are developed in our working
group [23]. The relevant models in literature are compared and fitted
to the experimental data collected. A two-step reaction rate model for
CO2 methanation with fewer number of parameters based on Equation
(1) and Equation (2) is proposed and its characteristics compared to the
literature models applying various statistical methods.

2. Materials and methods

2.1. The microstructured reactor

The kinetic measurements were performed in a microstructured
packed bed reactor with internal cross-flow cooling structure as illus-
trated in Fig. 1, designed and fabricated in our institute. The general
reactor concept has been already successfully tested for other applica

Table 1
Overview of LHHW kinetic rate models in literature for industrial operational conditions.

Model reaction

(Rate
constant) × (driving
force)

inhibition term (reciprocal of
adsorption term) equilibrium term

Koschany [18]

Kopyscinski [19]

–
Zhang [20]
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Fig. 1. The microstructured packed bed reactor design used for kinetic measurements.

tions such as methanol, DME and Fischer-Tropsch synthesis [24–26].
Mutz et al. used this general reactor design for CO2 methanation cata-
lyst performance tests [21], but compared with the present study with
much longer packed bed length. Based on the results achieved in these
former studies, the reactor applied in this work was optimized for ki-
netic studies in the exothermic methanation reaction: The enhanced re-
actor possesses a shorter bed length (20 mm compared to 60 mm in the
previous applications) and a different stacking scheme of the microstruc-
tured plates to be able to measure the temperature directly adjacent
to the reaction zone. In the center of the reactor body, two oppositely
structured metal plates form the reaction slit with dimensions of 20 mm
(length) × 9 mm (width) × 1.5 mm (depth). On the back side of these
plates a slotted hole with a diameter of 1 mm is used for measuring
the metal surface temperature 1.5 mm away from the catalyst on the
left and right side of the bed at half-length using a K-type thermocou-
ple (marked as P1 and P2). The short bed length allows for operating at
short-contact time conditions, without requiring extreme dilution of the
catalyst or feed to reach low or intermediate conversion. Also the shorter
bed length is beneficial regarding keeping the pressure drop low. The
bed temperature or for the sake of preciseness the metal surface temper-
ature near the bed was used for setting the operational boundaries (to
avoid formation of hotspots).

Above and under the reaction zone, 16 microstructured metal foils
with a thickness of 400 µm are stacked on each other as the cool-
ing structure. Each of these foils contains 19 semicircular channels of
250 µm depth, 500 µm width and 25 mm length, and are arranged per-
pendicular to the flow direction of the reaction zone. The foil stack is
sandwiched between two 16 mm thick metal plates, in which in total
four holes are drilled for inserting heating cartridges to heat up the re-
actor to reaction temperature. The material used for the reactor is an
austenitic high temperature-resistant alloy (Nicrofer® 3220) to guaranty
the reactor endurance under carburizing, oxidizing and reducing condi-
tions and negligible blank activity, see also elsewhere [23].

2.2. Experimental setup

The experimental setup can be divided into three major parts:

1. Gas supply: In the gas supply part, five SLA5800 series mass flow con-
trollers (MFCs) from Brooks Instruments® and one liquid flow con-
troller (LFC) from Bronkhorst® were integrated. The water dosage
was carried out applying a nitrogen pressurized water-tank followed
by the LFC and an evaporation pipeline.

2. Reactor: The catalyst was fixed in the reaction bed from both sides
by glass wool. All the tubing before the reactor was heated up to re-
action temperature. The lines after the reactor were kept at 200 °C

in order to avoid water condensation. Pressure regulation was done
using a pressure sensor and an automated Flow-serve® needle valve
after the reactor. The pressure drop along the reactor was measured
with a pressure difference sensor from DL-Systeme GmbH. Pressur-
ized air was used as the cooling medium to keep the reaction tem-
perature gradient-free in the catalytic bed. The flow rate of the air
was adjusted at 40 Nlmin−1 and was always pre-heated to the reac-
tion temperature. For air pre-heating, a micro heat exchanger built at
our institute with 15 heating cartridges, 225 W each and electrically
heated lines were installed.

3. Analytics: The reaction gases were analyzed by an online Gas chro-
matograph 7890B from Agilent Technologies. The gas chromato-
graph was equipped with two columns: HP-Plot/Q 19095P-Q04 and
a 5A-Mole sieve 19095P-MS6 and two detectors: a flame ionization
detector (FID) and a thermal conductivity detector (TCD). The online
data were used for quantification of the CO2, CO, H2, H2O, and N2
(using TCD) and CH4 (using FID).

2.3. Experimental conditions and procedure

The kinetic data used for the modeling were collected in the first
50 h of time on stream (TOS), where the activity was proven to be sta-
ble. The catalyst was replaced when an activity loss of around 3–5% was
measured; therefore the reactor was opened and newly loaded. In total
5 reactor loadings were used for collecting the data and to reproduce
data points. After each reactor loading, a reference point (T = 350 °C,
H2/CO2 = 4, pabs = 4 bar and τmod = 0.38 mg min mLCO2-1) was mea-
sured which was used for calculation of the standard deviation. Conse-
quently, for all data points the deviation can be calculated using this
standard deviation. The kinetic measurements were carried out at nine
different temperatures varied between 300 and 450 °C. The pressure
ranged from 2 to 18 bar. The modified residence time, which is defined
as the mass of the catalyst divided by the volumetric flow rate (at stan-
dard temperature and pressure) of CO2, was varied between 0.09 and
0.72 mgcat min NmlCO2−1. These parameters were varied under a con-
stant stoichiometric ratio of H2/CO2 (=4) and 50% feed dilution with
N2. The flow rate of inert N2 in the feed was also used as internal stan-
dard for calculation of the product flow rate. The tested stoichiomet-
ric ratio of H2 to CO2 was varied between 2 and 8. In this regard,
two sets were examined: in the first set, the pH2 was kept constant at
1.6 bar and pCO2 was changed. In the second set, the pCO2 was kept at
0.4 bar and with pH2 variation different H2/CO2 ratios were achieved.
In this analysis the modified residence time of CO2 was kept constant at
0.38 mgcat min NmlCO2−1 for the sake of comparability. Finally, the in-
fluence of water and CO addition in the feed on the product formation/
inhibition in relevant concentrations was investigated.
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In all the experiments, the catalytic bed was diluted with γ-Al2O3 (1/
8 in. pellets, Alfa Aesar), crushed to the desired particle fraction, in or-
der to guaranty a homogeneous distribution of the catalyst in the bed
and to avoid temperature gradients higher than +10 °C between mea-
sured temperature inside the foil stack and the setpoint. The mass ratio
of catalyst to γ-Al2O3 was 2 to 1, when loading the bed with 76 mg cat-
alyst, and 0.7 to 1 at reduced catalyst loading of 47 mg. Both, catalyst
and γ-Al2O3 were fractioned between 200 and 300 µm to avoid segrega-
tion of the particles after being filled in the reactor due to their different
physical properties. The synthesis of the catalyst and its detailed char-
acteristics can be found elsewhere [21]. For reduction, the catalyst was
heated up to 500 °C with 5 Kmin−1 ramp under a gas flow of 1:1 H2 and
N2 and total volumetric flow of 900 Nml gcat−1 min−1 The temperature
was kept for two hours at 500 °C. The absolute pressure during the re-
duction was set to 2.5 bar. Between experiments, the reactor was kept
at 300 °C in reducing atmosphere and flow identical to the reduction
procedure to keep the catalyst in reduced state. For each experimental
point, the catalyst was operated over 120 min reaction run under a par-
ticular condition, and 5 GC measurements were averaged to ensure re-
producibility of the data. The reference point was measured every 15 h
of reaction run to check for possible catalyst deactivation. Every sin-
gle data point used for the kinetic modelling was controlled for internal
and external mass and heat transport limitation by calculating the Weisz
modulus, Carberry number and Mears criterion [27]. The requirements
of Carberry and Weisz-Prater are fulfilled. The film and particle over-
heating criteria for some of the data points exceeded the criteria by a
factor of 1.1–1.7, which was considered acceptable for modelling of the
reaction kinetics.

2.4. Mathematical methods

2.4.1. The kinetic model
The rate equations developed and tested in this work are formu-

lated based on the Langmuir-Hinshelwood-Hougen-Watson (LHHW) ap-
proach. The general form of a LHHW rate equation is given in [28].

In the present work, several prerequisites were desired for final ki-
netic model:

- The formation of methane from CO2 occurs through two consecutive
reactions with the formation of CO as an intermediate product: the
first reaction is the so-called rWGS reaction (Eq. (2)) followed by CO
methanation (Eq. (3)). Therefore, the model should be capable of de-
scribing the CO yield and selectivity to methane formation.

- The thermodynamic equilibrium of all the reactions should be consid-
ered in the model.

- The effective order of the reaction for both reactions must be greater
than zero.

- The inhibition of the reaction rate by H2, CO, CH4 and H2O should be
verified by means of the modelling and/or experiments.

2.4.2. Reactor model: non-isothermal PFR
For calculation of the product flows, the catalytic reactor bed was

modelled as a non-isothermal, pseudo-homogeneous plug flow reac-
tor (PFR). The mathematical description of the reaction was defined
on a steady-state balance, with no axial dispersion. Since the pressure
drop measured along the reactor was always below 10% the absolute
pressure, no momentum balance was solved. The material balance was
solved using the differential Equation (5):

(5)

Beside the material balance, an energy balance was solved for the
heat exchanger-reactor, since all the kinetic constants are temperature
dependent and assumption of an isothermal bed can induce error in

data evaluation. In this regard, all the temperatures i.e. gas temperature
in the inlet of the reactor, cooling air and the reactor body were adjusted
by electrical heating to the actual setpoint. The catalyst bed temperature
is measured with the internal thermocouples. The solved energy balance
(Equation (6)) includes the convective heat transport in axial direction,
the released reaction heat, and the heat transfer from the catalyst bed of
the reaction zone towards coolant air into account.

(6)

The heat transfer coefficient αc includes all the transfer resistances
between the reaction zone and the cooling channel. The value of the
coefficient is taken from [29], in which the same reactor concept has
been applied. This coefficient is tuned regarding the experimental obser-
vations made through the inserted thermocouples in comparison to the
temperature setpoint. The temperature in catalyst bed is considered gra-
dient-free in width and height direction. For the cooling temperature,
the average of inlet and outlet values of air temperature ) are used
due to low difference of experimental values. On the other hand, the
local increase in the temperature of the air is calculated in the model
by considering no losses to the environment. The numerical calculation
of material and energy balances was carried out in Matlab® applying
ode15s as the solver.

The modeled length dependent temperature in the reactor for the
temperature setpoint of 300–450 °C at pabs = 4 bar and
τmod = 0.38 mgcat min NmlCO2−1 is provided in Fig. 2 while the cor-
responding experimental values are provided in Table 2. Position 1
(marked as P1 in Fig. 1) refers to the thermocouple which measures

Fig. 2. The modeled temperature profile as function of the catalyst bed length for temper-
ature setpoints of 300–450 °C, pabs = 4 bar and τmod = 0.38 mgcat min NmlCO2−1).

Table 2
Experimental temperatures near the catalyst bed at half of the bed length at temperature
setpoints of 300–450 °C, pabs = 4 bar and τmod = 0.38 mgcat min NmlCO2 −1).

Tin [°C] T in position 1 [°C] T in position 2 [°C]

300 300 301
320 320 322
335 335 341
350 350 356
385 385 392
400 401 408
450 452 458
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the temperature at half of the bed length near the catalytic bed on the
inlet side of the cooling air, while position 2 is measured at the same
bed length but on the outlet side of the cooling air (marked as P2 in Fig.
1).

2.4.3. Parameter estimation and statistical evaluation
The parameters of different tested models were estimated by solv-

ing a minimization problem. For that, the sum of least square residuals
(RSS) of carbon-containing species yield (CO2, CO and CH4) were de-
fined. Nonlinear regression was the preferred analysis method for de-
termination of the kinetic parameters, applying an iterative search pro-
cedure [30]. Minimization was done applying the lsqnonlin function
and Levenberg-Marquardt algorithm in MATLAB®. By each iteration of
the lsqnonlin function, the kinetic parameters were estimated, and the
square error RSS value was calculated.

For evaluation of the fit between the model and experimental data,
the adjusted coefficient of determination R2adj was compared. This para-
meter is a modified linear coefficient of determination R2 that also takes
the number of parameters in a complex model into account. It allows
to judge the necessity of applying more parameters for improving the
description of the experimental data. The maximum value for R2adj is
one, which corresponds to a perfect consistency between the data points
and the model. In contrast to R2, the value of R2adj can also be negative
which indicates the model has too many parameters [31]. In this work,
for each carbon-containing species CO, CO2 and CH4 an individual R2adj
was calculated to assess the accuracy of different models with regard to
selectivity.

Discrimination among several competing models with different num-
ber of parameters was accomplished applying Bayesian information cri-
terion (BIC) proposed by Schwarz [32]. For BIC calculation, the max-
imum likelihood function, the number of independently adjusted pa-
rameters within the model and the number of the data-points are re-
quired. In a simplified form of this criterion and under the assumption
that the model errors and disturbances are independent and identically
distributed, the sum of squares of the residuals (RSS) can be replaced
by the maximum likelihood function, developed by Akaike and inspired
by Schwarz [33]. When comparing two models, the one having lower
value of BIC is preferred. A lower BIC value indicates either fewer vari-
ables, better fit, or both.

To evaluate the accuracy and reliability of the model parameters, a
confidence interval of 95% for each estimated parameter was defined.
Finally, to evaluate how strongly two parameters are correlated to each
other the correlation matrix was determined as specified in [31].

3. Results and discussion

3.1. Development of the kinetic model

As explained in Section 2.4.1, the rate equations tested in this work
are based on a LHHW model. The general form of the tested equation
for the two reactions of interest is as:

(7)

(8)

The reaction rate models are derived from postulations on the reac-
tion mechanism, therefore values of zero, 0.5 and 1 are proposed for

the reaction orders (here: α, β, γ, ϕ), whereas the value 1 stands for a
direct adsorption and 0.5 for a dissociative adsorption on the surface.
CO can also adsorb in the bridged mode on the surface of Ni catalyst.
However according to literature, this adsorption mode is a much more
stable conformation and is associated with a poisoning influence on the
Ni surface and cannot be effectively hydrogenated [34,35] and is thus
not considered here. Zero was also a possible value which would mean
that this species has no influence on the reaction rate. In this work, com-
binations of these values for the reactant exponents were used:

(9)

Based on the experimental observation (see 3.3.2) an exponent of
zero for hydrogen was considered infeasible and therefore not used for
parameter estimations. The method of least squares as described in Sec-
tion 2.4.3, proved that α = 0.5, β = 0.5, γ = 1 and ϕ = 0.5 yielded
the most suiting reaction orders.

The inhibition term of the model was assessed both experimentally
(see sections 3.3.3 and 3.3.4) and with modelling. The reaction hin-
drance by CO and/or H2 was considered a plausible scenario consider-
ing the high affinity of Ni catalyst to CO. H2 could be adsorbed on the
catalyst surface in molecular and dissociative way.

(10)

The modelling results indicated that inhibition by CO and/or H2 does
not help to reduce the RSS value. For most of the combinations the ad-
sorption constant was rather close to zero and therefore CO and H2 were
confirmed to have no inhibiting effect. Hindrance by CO2 was consid-
ered only relevant for rWGS reaction. Since the RSS value was observed
to increase with a factor of 10 when applying CO2 in the inhibition
term, the hindrance was rejected. The experimental tests on CO, H2 and
CO2 influence on CO2 methanation and rWGS reactions are presented in
3.3.4 and are in accordance with the modelling results.

The mathematical feasibility of inhibition of the reaction by the
products was assessed by testing two terms for CH4: no adsorption and
simple adsorption, and four terms for water: 1. no adsorption, 2. direct
adsorption, 3. adsorption as a hydroxyl group and 4. adsorption as oxy-
gen on the catalyst surface.

(11)

Without an inhibition term (resulting in a simple power rate law)
the model was unable to reflect the conversions over 60%, as already
found by Koschany et al. [18]. When only CH4 was considered in the in-
hibition term, the higher conversion regime could be modelled, but not
the effect of water addition in the feed (see section 3.3.3). Combinations
of CH4 and water inhibition delivered only values close to zero for the
methane adsorption constant (KCH4). Therefore, water was conceived as
the only factor inhibiting the reaction progress. In contrast to literature
models, in which water has been mainly modeled as oxygen or hydroxyl
groups on the catalyst surface [18,19], in this study a simple water ad-
sorption resulted in the best fit. The final model identified as the most
suitable and used to describe the reaction experimental data is provided
in Equation (12) and Equation (13):

5
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(12)

(13)

The inhibition term is defined as:

(14)

The reaction rate and adsorption constants are employed with Arrhe-
nius and Van’t Hoff approach:

(15)

(16)

The fit used for the equilibrium constants of rWGS reaction and CO
methanation is as follows:

(17)

(18)

The estimated parameters and their 95% confidence intervals are
given in Table 3. The confidence intervals for all parameters are rela-
tively small, except for water adsorption enthalpy.

Table 4 shows the correlation matrix of the used parameters. Half
of the values are in the range of 0 to 0.5. A quarter of the values are
between 0.5 and 0.65 and the rest are between 0.65 and 0.75. Since all
the correlation values are well below 0.9 the parameters display very
low correlation to each other and overall it is concluded that although
there are some moderate dependencies, all parameters are well-defined
and have their own explicit function in the model .

Table 3
Parameter estimation for the rWGS (1) and CO methanation (2) reaction rate models and
their corresponding 95% confidence interval.

Parameter Value unit Confidence interval 95%

K1, 555 K 0.1435 mol (kg s bar) −1 ±0.02994
EA, 1 166.55 kJ mol −1 ±8.48
K2, 555 K 11.5451 mol (kg s bar 1.5) −1 ±0.7854
EA, 2 60.98 kJ mol −1 ±4.59
KH2O, 555 K 0.6782 bar −1 ±0.03763
ΔHH2O 11.44 kJ mol −1 ±4.96

Table 4
Correlation matrix of the parameters in the suggested model.

K1, 555 K K2, 555 K K H2O, 555 K EA, 1 EA, 2 ΔHH2O

K1, 555 K 1
K2, 555 K −0.554 1
KH2O, 555 K 0.474 −0.745 1
EA, 1 0.127 −0.082 −0.403 1
EA, 2 −0.540 0.660 −0.412 −0.530 1
ΔHH2O −0.003 0.222 0.054 −0.686 0.669 1

Table 5
Statistical comparison of the new two-step CO2 methanation rate model with literature
models.

Model BIC RSS
R 2adj
(CO2)

R 2adj
(CH4)

R 2adj
(CO)

Koschany [18] −426.463945 9.94 0.8909 0.8322 –
Zhang [20] −371.328814 12.25 0.8516 0.7548 0.4236
Kopyscinski [19] −379.522865 11.66 0.8363 0.7735 −0.0151
Our new
suggested model

−636,658778 2.98 0.9266 0.8888 0.4832

3.2. Comparison to literature models

The sum of squares of the residuals of the yield of carbon contain-
ing species RSS(Yc,i) as well as the adjusted coefficient of determination
R2adj between modelled and experimentally observed volumetric flow
rates of CO2, CH4 and CO at the reactor exit were used for evaluation
of the three literature models versus the developed model (see Table
5). The RSS values for all three literature models after being fitted to
our experimental data are up to a factor of three higher than for our
model. This is a first indication of better description of the experimen-
tal data with our recommended model. The R2adj (CO2) for all the lit-
erature models is below 0.9, whilst the new model reaches a value of
0.93 which is the closest to one. For the case of CH4, the R2adj is equal
to 0.89 and is superior compared to other models as well. An improve-
ment in R2adj(CO) can be grasped compared to Zhang’s model with 0.42
versus 0.48 for our model. The model of Kopyscinski resulted in a nega-
tive value in R2adj(CO) and for Koschany’s model no R2adj(CO) could be
estimated, since it does not consider CO formation at all. The negative
value for R2adj indicates that this model cannot be applied for specifying
CO methanation as an intermediate step and may be an indication of too
many parameters.

In conclusion, the model of Koschany, which applied the same reac-
tion exponents as in this work, can simulate the CH4 and CO2 product
flow rates best amongst the literature models. The model of Zhang, nev-
ertheless, was the only proper literature model for simulating CO forma-
tion as intermediate.

Another advantage of the current model is reflected by the BIC fac-
tor. The new model has the smallest value (highest negative number).
The modest number of the parameters used in this model together with
accurate description of the formation/consumption of species led to
this favorable BIC. Therefore, it is confirmed that 6 applied parameters
are advantageous in comparison to complex models of Kopyscinksi and
Zhang, in which 12 parameters are applied.

The activation energy of the CO methanation reaction in this work
is calculated to be 61 kJ mol−1 as indicated in Table 3. Kopyscinski es-
timated a value of 74.1 kJ mol−1. Also, the other works report similar
values: Gardner und Bartholomew 72–78 kJ mol−1 [36], McCarty und
Wise 71 kJ mol−1 [37] und Hayes et al. 78 kJ mol−1 [38]. The possi-
ble reason for lower activation energy calculated in this work can be
explained by the change of the active site from Ni in literature studies
to Ni3Fe catalyst in our study. The activation energy of the rWGS reac-
tion via our developed model was determined as 166.6 kJ mol−1. In lit-
erature a wide spectrum of values for WGS reaction (opposite reaction
pathway) on diverse catalysts are reported [39,40]. For the Ni/Al2O3
catalysts literature values of about 85 kJ mol−1, while for Fe-Oxide cat-
alyst about 150–160 kJ mol−1 are reported. The fitted models of Zhang
and Kopyscinski provided 108 kJ mol−1 and 202 kJ mol−1 respectively.
Therefore, the estimated activation energy for rWGS by our model for
Ni3Fe catalyst seems physically meaningful as the value is in the middle
of the whole spectrum.
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Some features of the new model against the literature models can
be best compared when having a closer look on conversion and selec-
tivity dependence on temperature, as plotted in Fig. 3. The experimen-
tal data points are marked with their corresponding standard deviation
bar that is calculated as clarified in section 2.3. The standard deviation
for the reference equals to 2.74% and the relative standard deviation is
estimated to be 4.7%. The predications made by the literature models
are presented with newly fitted parameters, since they failed completely
to describe the trends of the Ni3Fe catalyst used in this work. As it is
evident in Fig. 3 left, in all the models the conversion increases with
increasing the temperature according to the Arrhenius law. Afterwards,
the conversion approaches a plateau, which can be argued through sev-
eral causes: 1. Inhibition by the reaction products, 2. reaching the equi-
librium and 3. transport limitations. The first two are reflected in the
developed model, and hence the model can simulate this behavior with
temperature increase. The possibility of transport limitations is already
ruled out as mentioned in 2.3. The developed model displays the small-
est deviation among all. Its trend look similar to the one simulated with
Koschany’s model. This similarity can be explained with the fact that the
same reaction order in both models were applied. However, Koschany
overestimates the conversion in the temperature range of 330 °C up to
450 °C and the equilibrium is already reached at lower temperature.
At higher conversions, the product inhibition plays obviously a more
important role than predicted by the Koschany model. The different
form of inhibition term of the developed model compared to that of the
Koschany model suggested, helps to avoid overestimation. The models
of Zhang and Kopyscinski fit the data only in the middle temperature
range (350–400 °C). In the high and low conversion region, they both
overestimate the conversion. The model of Kopyscinski crosses the ther-
modynamic equilibrium conversion at 430 °C, which is clearly due to
neglecting the thermodynamic term in the CO-methanation model and
emphasizes on the importance of integrating this term in the model.

Fig. 3 right shows that the lowest selectivity measured is 95% at
300 °C. It reaches a maximum of 98% at 350 °C and decreases to 97%
at higher temperatures. Our model simulates the trend of maximum
evolution between 335 °C and 425 °C; however, it still underestimates
the selectivity especially in the lower temperature range (T < 320 °C).
The models of Zhang and Kopyscinski simulate a positive trend for in-
creasing selectivity with increasing temperature which is not the case
as the experimental data indicate. The model of Zhang exhibits only a
small maximum at 430 °C due to equilibrium and the Kopyscinski model
misses such trend completely. The model of Koschany cannot be applied
for selectivity prediction, since it simulates direct CO2 methanation.

3.3. Influence of experimental conditions on reaction rate

3.3.1. Temperature
For better discussion of the observed effects on intermediate CO for-

mation, the yield of CO formation over CO2 conversion for different tem-
peratures is plotted in Fig. 4. For 300 °C only small amounts of CO were
formed and the maximum value for CO yield is only 2%. At higher tem-
peratures (350 °C and 400 °C) much higher CO yield (up to 7%) can be
observed; by increase in CO2 conversion (>70%) the CO yield drops
quickly to below 2%.The propagation of the of Y-X curve for T = 300 °C
with local maxima suggests that CO is the intermediate between CO2
and CH4. At T > 350 °C, when the required residence time is much
shorter, substantial amounts of generated CO are measured at interme-
diate CO2 conversions. By increasing the residence time, CO2 conversion
improves and therefore CO intermediate reacts also further to CH4. In
between the two temperatures of 300 °C and 350 °C, there is a contin-
uous transition, indicated by data collected at 335 °C, which connects
the low-temperature-regime to high-temperature-regime. Having a look
on the estimated values for rWGS and CO methanation in Table 3 illus-
trates that the activation energy for rWGS reaction is much higher than
for the CO methanation (166.55 versus 60.98 kJmol−1). That means the
rWGS reaction gets faster compared to CO methanation at higher tem-
perature. As Fig. 4 illustrates, this transition is simulated accurately
with our recommended model.

3.3.2. H2/CO2 ratio
The H2/CO2 ratio was varied from 2 to 8 with two different mea-

surement series as already clarified in section 2.3. In all measurements,
the modified residence time for CO2 was kept constant
(=0.38 mgcat min NmlCO2−1) in order to make solid conclusions on the
integral consumption of species. The influence of H2/CO2 variation
on CH4 selectivity is completely different for the two studied scenar-
ios. Thus, for better understanding of the involved effects on reaction
rate in the H2/CO2 variation tests, CH4 selectivity in the experiment
of pH2 variation is also compared with experiments where total pres-
sure was varied in constant (=4) H2/CO2 ratio. CO2 and H2 conver-
sion and CH4 selectivity in dependence of the varied pH2 are plotted
in Fig. 5 (left: CO2 and H2 conversion, right: CH4 selectivity). Fig. 5
(left) exhibits that in the beginning H2 conversion is constant (~60%,
pH2 = 0.8–1.6 bar), where CH4 selectivity is considerably rising from its
lowest level (=91%, Fig. 5 right) with increasing pH2. With further in-
crease in pH2 (pH2 > 2 bar), H2 conversion starts to drop with an ac-
celerating trend. Such behavior can be interpreted that in lower pH2 re-
gion, the added H2 is consumed instantaneously to products with over-
all increasing rate. At pH2 > 1.6 bar, the stoichiometry is reached and

Fig. 3. Comparison of the CO2 conversion (left) and CH4 selectivity (right) as function of temperature for experimental data to the developed model and the literature models (p = 4 bar,
τmod = 0.72 mgcat min NmlCO2−1).
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Fig. 4. YCO-XCO2 diagram for CO formation from CO2 derived from different temperatures,
modified residence time and pressures.

additional dosed H2 remains unreacted, which leads to a H2 conversion
drop. According to Fig. 5 (left), CO2 conversion has a positive trend in
the whole range of pH2 increase, so that more CO could appear through
rWGS reaction. However, further conversion of CO to methane is rather
depending on H2 concentration and not on CO2 amount present (see
3.3.4), so with higher H2 concentration, its conversion to CH4 is guar-
anteed and that explains the enhancing trend for CH4 selectivity in Fig.
5 (right). The CH4 selectivity for data with constant H2/CO2 = 4 has
exact same trend as when CO2 is kept constant. Since the increased

methane selectivity (Fig. 5 right) and the increased CO2 conversion
(Fig. 5 left) have very similar trends, an identical reaction order is plau-
sible for CO2 and H2 in both, the rWGS and the CO methanation reac-
tion.

Fig. 6 depicts the results of the case where pH2 is kept at 1.6 bar and
pCO2 is varied. In Fig. 6 (left), CO2 conversion shows a linear drop with
increasing pCO2 and extra dosed CO2 remains unreacted. Even though
the graph starts at over-stoichiometric H2-conditions this trend is con-
tinuously valid over the whole range of pCO2 which leads us to the as-
sumption that the surface is already saturated with CO2 species. On ac-
count of the CO2 saturated surface, the produced CO through rWGS re-
action should also stay constant. As pH2 is kept constant, the following
CO methanation reaction has also a constant rate, which is supported
from the finding of a constant selectivity in CH4 formation (Fig. 6 right).
Experimental points with H2/CO2 = 4 prove this argument, in which
for example for the data points with pH2 < 1.6 bar (pCO2 < 0.4 bar)
the methane selectivity is lower than the corresponding points with
pH2 = 1.6 bar = const (92% versus 96%). When H2/CO2 < 4 (and so
pCO2 > 0.4 bar), the CH4 selectivity stays below that of the stoichiomet-
ric data points (97.8% versus 96%). This confirms that the CO2 concen-
tration has no influence on selectivity in the product distribution and on
the CO methanation reaction.

3.3.3. Water addition
The effect of adding water in the feed is depicted in Fig. 7 (left). Af-

ter adding 10 vol% water in the feed, the conversion drops from 23%
to 9%. By further increase of the water flow rate, the conversion drops
further. The experiment proves that water has a significant retarding

Fig. 5. CO2 and H2 conversion (left) and CH4 selectivity (right) in dependence of the H2 partial pressure (pCO2 = 0.4 bar = const., T = 350 °C, τmod = 0.38 mgcat min NmlCO2−1). In the
right figure a plot of CH4 selectivity is added for variation of total pressure at H2/CO2 = 4 = const. (T = 350 °C, τmod = 0.38 mgcat min NmlCO2−1).

Fig. 6. CO2 and H2 conversion (left) and CH4 selectivity (right) in dependence of the CO2 partial pressure (pH2 = 1.6 bar = const., T = 350 °C, τmod = 0.38 = mgcat min NmlCO2−1). In
the right figure a plot of CH4 selectivity is added for variation of total pressure at H2/CO2 = 4 = const. (T = 350 °C, τmod = 0.38 mgcat min NmlCO2−1).
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Fig. 7. Influence of water addition on CO2 conversion at T = 350 °C, τmod = 0.38 = mgcat min NmlCO2−1and p = 4 bar together with corresponding thermodynamic conversion at corre-
sponding operational condition(left), illustration of the inhibiting effect of water through inhibition term in different temperatures as a function of water pressure (right).

impact on the reaction rate, which, as given in Equation (13), is included
in the rate equation through the water adsorption term. Fig. 7 left ex-
hibits that the model for different water concentrations added in feed
precisely simulates the rate drop.

In this context, the value of inhibition term is calculated for different
temperature and water partial pressures and plotted in Fig. 7 (right).
When no water is present in the gas mixture, DEN approaches 1, and
the reaction rate is not affected. By adding small amounts of water in
the feed, the rate decreases sharply. For example, for pH2O = 0.2 bar,
the reaction rate is reduced to about 50% of its initial value. The plot
indicates that this reduction is weakly temperature dependent. Fig. 7
reveals further that the conversion drop during water partial pressure
increase (left plot) has the exact trend as the inhibition term (right dia-
gram). This proves that reduction in conversion in presence of water is
not affected by rWGS reaction equilibrium, but explicitly from presence
of water in the reacting mixture.

Several literature works have reported the inhibiting effect of water
on the rate of methanation reaction [19]. Theofanidis et al. [41] have
shed some light on most important mechanistic concerns of CO2 activa-
tion on Ni-Fe catalyst. Based on their study, CO2 is dissociated on the Fe
sites to surface CO and iron oxide (Equation (19)). It is well known that
H2 is strongly attracted by Ni and adsorbs dissociative on a Ni surface
[42]. Through an alternating pulse experiment over Fe promoted Ni cat-
alyst they could show that a redox reaction occurs, in which H2 reduces
the oxidized Fe sites (Eq. (20)).

A possible explanation for the inhibition effect of water observed in
our experiments is that, by increasing the water concentration, the CO2
activation sites are blocked with water leading to a competing adsorp-
tion of water and CO2 over the free sites. Furthermore, water can ad

sorb on the oxidized iron sites and can compete with hydrogen to reduce
iron, thus, the rate of CO2 conversion is slowed down.

(19)
(20)

3.3.4. CO/CO2 addition
The experimental results of the CO/CO2 mixture methanation are al-

ways reported as consumed amount of the CO and CO2 to provide an
integral reaction rate. In addition, it is impossible to calculate the CO
conversion and the methane selectivity explicitly from CO2. Only the
CO consumption and formation can be discussed with balance equations
and comparison to a reference point. In Fig. 8 (left) the results of con-
verted CO and CO2 in Nml min−1 are shown for different flows of CO
(0–11.4 Nml min−1) added in the feed. By increasing the CO amount
from 0 to 11.4 Nml min−1, the CO2 consumption decreases from 64
Nml min−1 to 61 Nml min−1. It may seem that CO can have a slightly
negative influence on CO2 consumption. However, it can also be due to
thermodynamic equilibrium, the additional H2 consumption or inhibi-
tion due to extra water produced from the added CO. Since the model
describes the experimental data accurately (the solid line in Fig. 8 left),
it is concluded that no further CO inhibition term for the rWGS reac-
tion is necessary and water serves as the only retarding species. Another
interesting conclusion made from this experiment is that the CO metha-
nation rate is not influenced by CO2 in the feed, since the values for
CO consumption in the case of mixed methanation and pure CO metha-
nation (dotted line, Fig. 8 left) lay on a straight line with an identical
slope.

Fig. 8. Variable CO addition in constant CO2 volumetric flow rate influence on CO and CO2 consumption (left), variable CO2 addition in constant CO volumetric flow rate influence on CO
and CO2 consumption (right).
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Fig. 8 (right) demonstrates the changes in reactants consumption
in variable CO2 in the feed (0–115 Nml min−1) with constant CO
(6 Nml min−1) added to the feed. The first impression might be that
CO consumption reduces with increasing the CO2 flow rate in the feed
(dashed line, Fig. 8 right). Therefore, the four experiments of CO2 flow
rate variation, this time without CO in the feed were performed (pointed
line, Fig. 8 right), to add the CO formed from CO2 in the balance.
It can be seen that the CO consumption remains constant and equals
5.6 Nml min−1. Thus, the reaction hindrance due to CO2 addition in the
CO methanation rate can be ruled out. This result is coherent with the
observations made in varied H2/CO2 ratio (section 3.3.2). In this test,
reacted CO2 is only slightly influenced by the added CO and the devi-
ation is less than 3%. This difference can be due to the increased H2
consumption, thermodynamic effects or additionally formed water from
the added CO, which is also correctly reflected by the model (solid and
pointed lines, Fig. 8 right).

3.4. Evaluation of the developed model

The consistency between the experimental data and the model can
be further analyzed with parity plots (see Fig. 9). The calculated vol-
umetric flow rates at the reactor exit applying the kinetic rate model
is compared versus the experimentally measured values for all the 166
experimental data points. Major share of the data are in the range of
±25% between the model and the measured points. The careful eval-
uation of the data shows that the inconsistent points are mainly in the
smaller flow rates (<100 Nml min−1). The data points corresponding to
CO concentrations have the highest scattering of all. However, there is
no systematic error recognizable in the CO parity plot and the scattering
seems to have a statistical nature. The CO concentrations in the product
gas were always much smaller compared to CO2 and CH4, (0.1–1% com-
pared to 10–20% and/or 1–15 Nml min−1 vs. 20–500 Nml min−1) which
result in a larger standard deviation and thus larger scattering.

4. Conclusion

Motivated by technical progress in Power-to-Gas processes and the
required dimensioning of new short-contact-time reactors, CO2 metha-
nation reaction kinetics is studied in a cross flow cooled microstructured
packed bed reactor using a Ni3Fe catalyst [21]. The process parameters
of temperature, pressure, residence time and composition of the reac-
tants were varied. The measured conversion and selectivity were used
for evaluation of literature models and development of a new model for
a consecutive CO2 methanation pathway with less parameters.

The reactor model implemented was a 1-D non-isothermal
pseudo-homogeneous model. The modeling of the reaction was car-
ried out

based on Langmuir-Hinshelwood formalism. The mathematical terms
were picked systematically based on experimental observations as well
as literature results published by Koschany, Kopyscinski and Zhang
[18–20]. The model with the smallest sum of least square residuals was
chosen. Its qualities were confirmed using different criteria such as con-
fidence interval of the parameters, correlation matrix and adjusted co-
efficient of determination R2adj. The evaluation of different aspects re-
vealed that our developed model based on two-step CO2 methanation
with direct water adsorption in the inhibition term provides the smallest
sum of least square residuals and the best agreement to the experimen-
tal data. In this context, no postulations on the reaction mechanism on
Ni3Fe catalyst can be provided. The validity of the calculated parame-
ters was confirmed by comparing them to relevant literature data and it
could be confirmed that the recommended model provides an enhanced
description of the reaction with a lower number of parameters.

The selectivity to methane formation was shown to be strongly de-
pendent on temperature and residence time. Shorter residence time and
higher temperatures favor CO formation. Especially between 320 °C and
350 °C, the yield of CO increases strongly. This selectivity behavior
could be enlightened through describing the methane formation from
CO2 as a two-step reaction: the reverse water gas shift followed by CO
methanation. In this regard, CO is the intermediate of the reaction and
its abundant yield at higher temperatures and lower residence times
was explained by the notably higher activation energy of reverse wa-
ter gas shift reaction compared to CO methanation (167 KJ mol−1 vs.
61 KJ mol−1) computed in this work. Stoichiometric variation of the re-
actants provided solid proof that CO2 concentration has no influence on
the rate of CO methanation reaction and that H2 possibly has a similar
order in both reactions. The experiments with CO addition in the feed
(with and without CO2) demonstrated that CO and CO2 have no retard-
ing effect on reaction rate. The reaction rate hindrance due to water for-
mation was confirmed experimentally through addition of water in the
feed mixture. It was shown that this effect is rather less dependent on
temperature and that the water concentration is the main inhibiting fac-
tor.
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