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The use of synthetic natural gas (SNG) as a plug-and-play fuel coming from renewables can help to overcome the
limitations given by the intermittency of renewable energy. A way to implement the production of SNG pass
through the co-electrolysis of CO2 to a mixture of hydrogen, carbon monoxide and carbon dioxide, steam and
small amounts of methane, followed by CO and CO» methanation. The presence of different reactants and
processes requires the comprehension and quantification of the kinetics of the reactions involved with the aim of
optimizing methanation. In this work a kinetic model that considers both the direct CO; methanation and the
indirect RWGS + CO methanation pathways has been developed over a Ni(10 %wt)/Ceg 33Zr.63Pr0.0402. The
kinetic study made it possible to understand the influence of the reactants and products on the reactions through
the calculation of reaction rates. This allowed to test, by linearization, the models found in the literature and
their adjustment permitted to calculate sixteen kinetic parameters (activation energies, heats of adsorption and
pre-exponential factors) present in the rate laws of methanation of CO5, CO and the Reverse Water Gas Shift
reaction. The models then made it possible to simulate the evolution of partial flow rates in an isothermal plug

flow reactor and were compared to experimental data.

1. Introduction

Among the challenges that our society must face, the reduction of
carbon dioxide emissions due to their impact on climate change is
among the most urgent and hardest. In this framework green electricity
will have a prominent role but its implementation in some fields requires
the storage and release of this energy in chemical molecules, which re-
quires to be transported and used easily [1,2].

For this reason, hydrogen has been pointed out as a promising energy
carrier but technological and infrastructural barriers slow down its
implementation [3,4]. Nevertheless, the well-developed natural gas
network can be used to provide synthetic natural gas (SNG) coming from
renewables as soon as the hydrogen infrastructure has been built. In fact,
power-to-SNG with CO; as carbon source allows to produce quasi carbon
neutral SNG while making the intrinsically intermittent renewable
electricity develops and penetrates the energy supply field [5]. With the
aim of producing SNG, the employment of co-electrolysers plays a
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significant role [6,7]. These systems are fed with water and CO, and
produce a mixture of COy, CO, Hy and small amount of CH4 and steam
using renewable electricity [8]. This mixture can be then converted into
SNG by a catalytic process, called methanation at relatively low tem-
peratures and using tailored-designed catalysts [9,10]. These are usually
metallic based catalysts (Ni, Ru, Rh, Co) composed of metallic nano-
particles dispersed on an oxide (Aly03, SiO2, CeOq, etc.). However, Ni is
the preferred catalyst because of it low cost and sufficient performances
[11-14]. On the support side, although alumina is among the most used
ones, Ce-based oxides provide a reducible support with oxygen storage
properties that can increase the catalytic activity and stability in redox
reactions such as methanation [12,15-21]. The addition of Zr and Pr
allows to further increase the number of oxygen vacancies and further
favours the catalytic activity [17-21]. More specifically, the substitution
of 5-10 at% of Ce by Pr for the oxide support of Ru- or Ni-based catalysts
has been more recently shown to be highly beneficial for the reaction of
CO, methanation [22-29]. Moreover, the catalyst activity can be highly
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influenced by the synthetic method employed which led us to the syn-
thesis of an active Ni(10 %wt)/Ceg 33Zr¢.63Pr0.0402 (Ni/CZP) catalyst in
previous works [16,30,31]. However, the optimization of the metha-
nation process calls for the comprehension and quantification of the
kinetics of the reactions involved. Indeed, the production of methane
from post-coelectrolysis mixtures is pursued following three reactions:
(i) direct CO5 methanation (Reaction (1)); (ii) CO methanation (Reac-
tion (2)) and (iii) reverse water gas shift (RWGS, Reaction (3)).

CO3 + 4 Hy 2 CH4 + 2 HyO AHgg x = -165 kJ mol™!  (Reaction 1)

CO + 3 Hy 2 CHy + Hy0 AH3og k = -206 kJ mol ™2 (Reaction 2)

CO5 + Hy 2 CO + Hy O AH305x = + 41 kJ mol ™! (Reaction 3)

Their contribution can depend on the reaction conditions and on the
catalyst. For these reasons, kinetic models are used to predict catalyst
performance and thus determine optimal operating conditions and
control the heat of reaction. Thus, the CO and CO5 methanation kinetics
have been studied by different authors [32-37]. A detailed study of the
kinetics of methanation was presented by Weatherbee and Bartholomew
in 1982, using a Ni(3 %wt)/SiOq catalyst in the 227-327 °C temperature
range and 1.4-1.7 bar pressure range [38]. The obtained methanation
rate showed a moderate dependence on CO-, partial pressures at low COy
partial pressures, approaching zero order at high partial pressures. The
same behavior was obtained for hydrogen. Authors evidenced that
methanation of CO, was inhibited by high CO concentrations indicating
that CO5 and CO are therefore adsorbed on the same active nickel sites.
A complex mechanism of the Langmuir-Hinshelwood type was obtained
that involves the dissociative adsorption of CO, into CO and atomic
oxygen and the dissociative adsorption of Hy, followed by the breaking
of the C—O bond of the adsorbed CO intermediate and the successive
hydrogenation of adsorbed carbon and carbene into methane. Their
equation can be simplified at low conversions and for a mixture con-
taining only Hy and CO, giving Eq. (1):

kmetCOz vV PCOz 'PHZ e (1)
(v/Pa, +Ki-\/Peo, +KaPu,\/Peo, )’

This first detailed mechanistic model has however been carried out
for a highly diluted gas composition, very far from a possible commer-
cial realization for an SNG process, where an almost complete conver-
sion is expected with a methane content higher than 95 % in the
product, that should fulfil the gas network purity requirements.

Xu and Froment [39] experimented the kinetics of methanation on a
Ni(15 %wt)/MgAl,O4 catalyst in conditions more similar to industrial
ones (300-400 °C, 10 bar). They estimated the parameters for the ki-
netics of methane steam reforming, CO and CO, methanation as well as
the water gas reaction. In this case, the determining step of the reverse
reaction of CO, methanation suggested the presence of an aldehyde type
intermediate (-CHO). Again, the obtained equation could be simplified
at low conversions, where the partial pressures of CO, CH4 and H,O are
negligible for a COy/Hj input mixture, leading to Eq. (2):

T'metco, =

rme[coz _ kmetC02 <PCO2~ Psz (2)
(1 + by,.Py,)

Ussa Aldana et al. [40] studied the methanation mechanism of CO5
on a nickel catalyst based on ceria-zirconia. Contrary to the results
presented above, the authors showed that Hy dissociates on the Ni® sites,
while CO; is activated on the ceria-zirconia support to form carbonate
species. These carbonates can be then hydrogenated into formates by
hydrogen atoms adsorbed on the Ni° sites located at the periphery of the
Ni° particles, leading finally to the release of the methane by successive
hydrogenation reactions. This shows how the contribution of Ce-based
supports can change the reaction pathways and kinetic behavior.

Although the large amount of works on methanation kinetics that
can be found, studies on Ni/CeZrPr oxides catalysts are still scarce in
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literature.

This study aims at developing a kinetic model considering the direct
CO, methanation and the indirect RWGS + CO methanation paths on a
Ni/CeZrPr oxide catalyst Ni(10 %wt)/Ceg.33Zrp 63Pro.0402 at atmo-
spheric pressure and in the temperature range of 350-450 °C.

2. Experimental
2.1. Equipment and materials

The equipment used for the measurement of the kinetic behavior of
the catalyst was divided in three parts: feeding of the gases, reaction area
and analysis. The gases were sent using mass flow controllers (Hy, Ng —
internal standard for the GC analysis, CO2, CHy, CO, and Ar) and the
gases were thoroughly mixed before the reaction zone and heated with
heating bands. A micro-pump (GILSON - Model 321322350) fed liquid
water to a vaporization chamber and steam mingled with the gas
mixture. After the vaporization, the tubes were heated up to exclude
water condensation. A tubular reactor (30 cm long and 3.0 mm inner
diameter, d;), where the powdered catalyst was placed, was heated at
the desired temperature using a tubular furnace. The catalyst bed was
located inside the isothermal zone of the furnace and fixed with quartz
wool. The temperature was measured at the outlet of the catalytic bed
using a thermocouple in contact with the bed. This temperature was
considered as the reaction temperature. A cold trap was used to
condense the water after the reactor while the dry gases were fed to the
analysis zone composed by a micro gas chromatograph (INFICON 3000
MICRO GC) equipped with two columns: a MS5A to separate Hy, No, CHy
and CO and a PPQ to separate CH,4, CO5 and CoHg that were quantified
with TCD detectors. As the selectivity to CoHg was always below 0.5 %,
ethane has been neglected in the whole study. Each reaction condition
was hold until stabilization of the conversion was obtained (ca 60 min)
and an average of the 15 last minutes (4-5 points) was used as the mean
value of conversion. The outlet molar flows have been calculated by two
different methods to ensure the accuracy of the results: internal standard
as basis or carbon balance.

2.2. Catalyst activation and stability

Experimental kinetic tests were carried out at atmospheric pressure
in the range 350-450 °C using a previously optimized Ni(10 %wt)/
Ceo.33Zr0.63Pro.0402 catalyst synthetized by coprecipitation with Na;COs3
(Ni/CZP).

A mass of 4.06 g of cerium nitrate hexahydrate (99.5 % ACROS Or-
ganics), 6.05g of zirconium oxynitrate hexahydrate (99 % Sigma-
Aldrich) and 0.49 g of praseodymium nitrate hexahydrate (99.9 %,
Sigma-Aldrich) were dissolved in water to reach a 0.20 molcations
Liolution- Another solution was prepared by dissolving sodium carbonate
in water (1.60 molcations L;,}uﬁon). The two solutions were simulta-
neously added dropwise to the beaker containing water at pH = 6.5,
keeping the pH constant during the addition. A 3.5 h aging was then
performed and the obtained solid was filtered and washed with distilled
water. The solid was dried at 100 °C for 1 h and then calcined under air
at 500 °C for 6 h with a ramp of 2.0 °C min ",

Ni impregnation was carried out by dissolving 2.0 g of nickel nitrate
hexahydrate (98.5 %, Sigma-Aldrich) in water and stirring this solution
together with the CZP oxide powder (4.0 g) for 15 min. After drying at
100 °C for 2 h, the impregnated powders were calcined at 500 °C for 6 h
with a ramp of 2 °C min~’. The final loading of the impregnated cata-
lysts was 10.0 wt%Ni/CZP.

The main physico-chemical characteristics of the catalyst are the
following: a specific surface area of 34 m? g~! with a porous volume of
0.06 cm® g’l, and, after reduction, a Ni° surface of 4.3 m? g’1 corre-
sponding to a dispersion of 7 % and a mean Ni particle size of 17 nm.

Preliminary tests were carried out to determine conditions under
which the catalyst is stable at low conversions, which are selected as
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they are far away from the thermodynamic equilibrium and allow to
consider the catalytic bed as a differential reactor and to evidence the
kinetic behavior of the catalyst. Thus, 3.0 mg of catalyst (sieved with
particle diameter d, in the 125-200 ym fraction) were diluted in
51.0 mg of SiC with the same granulometry and were reduced at 400 °C
for3h(2°C min~! ) under Hy/N5 36/10 NmL min~! flow (based on TPR
results from [30]).

The catalyst stabilization procedure consisted in carrying out suc-
cessive temperature stages at reaction temperatures (outlet of the cat-
alytic bed) of 469 and 423 °C for 24 h, under a co-methanation reaction
flow with Hy/CO/CO9: 78/13/9 inlet molar composition at a GHSV of
1,260,000 h™! at atmospheric pressure. A stable conversion was ob-
tained in these conditions. After assessing the catalyst stability under
these conditions, the kinetic tests were carried out at a maximal tem-
perature of 469 °C.

In the case of COx co-methanation, the CO5 conversion and the CO
conversion refer to apparent conversions. As the theoretical CHy selec-
tivity is equal to 100 % since it is the only C-based product apart from
CO and CO; considered as reactants, the CH4 selectivity was not dis-
cussed and the conversion of COx was thus equal to the CHy yield.

2.3. Diffusional limitations

The catalytic bed was prepared by diluting the catalyst in SiC for two
main reasons, namely for its thermal properties and to provide higher
height to the catalytic bed obtaining a plug flow reactor behavior. The
plug flow assumption inside the reactor was validated theoretically by
the absence of axial dispersion (hpes/d, > 50 [30,41]) and radial
dispersion (d,/d, > 8 [42]). Pressure drops over the catalyst bed were
below 0.20 bar and were then ignored [24].

The absence of external diffusional limitations in the selected
configuration was demonstrated by carrying out two tests at different
total flow rates (F) and catalyst masses, at constant GHSV. In particular,
the tests were conducted in co-methanation conditions (Hy/CO/CO5:
78/13/9 molar ratio, GHSV = 756,000 h™'; 469°C and atmospheric
pressure) with the following total inlet molar flowrates and catalyst

masses (m) F; = 1.5 mmolmin_l, m; = 50mg and Fp, =

3.0mmol min~!, my = 10.0mg The granulometry range was
125-200 um. The results showed similar methane yields (63 % vs 61 %),
sufficiently far from thermodynamic limit of 79 % to confirm the
absence of external diffusional limitations.

The absence of internal limitations was checked by carrying out tests
at constant F and m (Fy, m;) with other particle size diameter ranges:
25-50 ym, 50-100 um and 100-125 um. The results, shown in Fig. 1,
highlights similar COy conversions and indicates that internal diffu-
sional limitations are not significant with particle size smaller than

90
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< 70 & 64 63
S 60 e L
T 60 m--1--"" [T 1T ¥ [® s0-100pm: F1, m1
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()
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Fig. 1. Catalytic results in terms of methane yield obtained with Ni/CZP-CP
(Na) at 469 °C in CO/CO, conditions (756,000 h™1), Pam, Hy/CO/COy: 78/
13/9 inlet molar ratio at different catalyst dimensions or at different inlet flow
(F) of catalyst mass (m).
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200 pm.
2.4. Kinetic experiments

The Reactions (1)-(3) have been considered in this study, denoted as
metCO2, metCO and RWGS, respectively. The three reverse reactions
(methane reforming and water gas shift) have been considered, linked to
the direct side by thermodynamics.

The methodology for the kinetic study followed two main steps.

In the first step, low conversion experiments were conducted with
CO or CO; at the inlet. This allowed to neglect methane reforming re-
actions and water gas shift (except for tests with H,O/CO at the inlet).
The assumption of differential reactor allowed to identify the reaction
rates laws for metCO2, metCO and RWGS, with a rough estimation of
their numerical parameters. These experiments aimed at establishing
the partial pressure rate dependence of each component on each reac-
tion. This was done by varying the inlet partial pressure of one com-
pound keeping the others constant. This was performed with
compensating the varying flow with an argon flow. A maximum con-
version of 20 % was tolerated to assume differential reactor and thus
constant reaction rate along the reactor axis. Indeed, on the basis of low
conversion, the reactants partial pressure alongside the catalyst bed was
assumed to be constant, and equal to the inlet values. The reactions rates
variations obtained at low conversion were then compared with those
predicted by the kinetic models to select an appropriate model for each
reaction

In a second step, catalytic tests were performed in conditions where
higher conversion rates were reached. The reaction temperature was
varied from 370 to 450 °C. The initially obtained numerical parameters
were then refined using integral reactor assumption.

The variation of the kinetic constants of each reaction (Kmetco2,
kmetcos krwas) and of the adsorption constants of the compounds (b,
bhoperi, Pco2, bco and byao) with the reaction temperature makes it
possible to calculate:

— a pre-exponential factor of kinetic constant A and an activation en-
ergy Ea, according to k = Age BT,

— a pre-exponential factor of an adsorption constant b’ and an
adsorption heat Q,qs, according to b; = bY.eQ34/RT,

3. Results
3.1. CO5 methanation

The rate dependence of the CO, methanation on the partial pressure
of the CO5 and Hj reactants and of the partial pressure of the CH4 and
H,0 products was established at three temperatures: 350, 375 and 400
°C. The plot of the CO, methanation rate (CH4 formation rate) as a
function of the partial pressures of the compounds or products makes it
possible to highlight their influence on the reaction (Fig. 2).

Fig. 2a) shows that the higher the partial pressure of COo, the higher
the rate of formation of methane. The same conclusion is drawn in the
case of hydrogen for which the influence is more pronounced than for
CO; (Fig. 2b). There is no noticeable effect of the inlet CH4 partial
pressure on the rate of its formation (Fig. 2c). On the other hand, there is
an inhibiting effect of the presence of water even if outlet compositions
are far from thermodynamic equilibrium (Fig. 2d).

3.2. Reverse Water Gas Shift (RWGS)

The influence of the partial pressure of the reactants CO5 and H and
the influence of the partial pressure of CH4 and H20 were tested on the
reaction rate of reverse reaction of water gas. The influence of the partial
pressures was checked at the three temperatures. The results are shown
in Fig. 3. It is possible to observe a quasi linear dependence of RWGS rate
with COy partial pressure (Fig. 3a), while the rate is clearly not
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Fig. 2. Influence of the compounds pressures on the rate of methane formation in CO, methanation. a) influence of Pcog, b) influence of Py, ¢) influence of Py and

d) influence of Pys0.

influenced by hydrogen partial pressure (Fig. 3b). Unlike CO2 metha-
nation, the partial pressure of water has no effect on the RWGS reaction
at low conversion, therefore far from thermodynamic limitations
(Fig. 3d), so it can be postulated that the reaction sites involved are not
the same involved in CO; activation. The presence of CH4 does not seem
to influence the RWGS reaction rate (Fig. 3c).

The influence of the partial pressure of CO on the reaction of RWGS
was tested on the WGS (at 400 and 425 °C) because the latter is easier to
implement from a quantitative point of view as there is no competition
with the methanation reactions for a CO/H,O mixture. Moreover, the
active sites of the WGS reaction are identical to those of the RWGS and
the link between the two rate expressions is given by thermodynamics.
Fig. 4 shows that increasing the partial pressure of CO has a positive
effect on the rate of WGS, which can be taken into account in expressing
the rate of the reaction of RWGS as a function of the WGS one via the
reaction quotient and the thermodynamic constant of the reaction.

3.3. CO methanation

Fig. 5a) and b) shows the effect of the partial pressure of the reactants
(CO and Hj respectively) on the CO methanation rate. Due to the low
catalyst stability under CO/H; mixtures because of C deposits, only two
different temperatures where tested for each partial pressure variation.
It is possible to observe on Fig. 5 that the higher the partial pressure of
Ho, the higher the rate of formation of methane, although this is only
slightly affected by the partial pressure of CO.

4. Discussion

With the aim of defining the kinetic equations of the process, the
results obtained experimentally at low conversions were fitted to the
most used equations reported in the literature or their simplified version
at low conversion (Egs. (1) and (3)).

4.1. CO methanation rate equation

At first, the model of Weatherbee and Bartholomew was tested by
linearization of the rate law obtained for low conversions (Eq. (1))
where it is checked whether there is indeed a linear variation of

v/ /Pco, [Tmetco, With y/Pco, at fixed Hy partial pressure [38]. As shown

in Fig. 6, the linearization is not verified for the lower CO, partial
pressure tested at 350, 375 and 400 °C. This model was therefore not
retained for CO, methanation.

An alternative model is the one proposed by Xu and Froment. Thus,
Xu and Froment’s model was also verified by linearizing the low-
conversion rate law (Eq. (2)). This should lead to proportionality be-
tween rpeco2 and partial pressure of CO, for a constant partial pressure
of Hy. This is clearly not obtained, as shown by Fig. 2a), and thus this
model is not retained.

As CO; reaction mechanism was precisely reported by Ussa Aldana
etal. [32] on the same type of catalyst Ni/CeZr oxide, the corresponding
kinetic model was developed assuming surface reaction between car-
bonates and hydrogen adsorbed on the periphery of nickel particles as
the rate determining step. When only CO» and H; are present in the feed,
this assumption on the mechanism leads to Eq. (3).
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Kmetco, -bco, -Pcos, -brperi-Ph,
(1 + beo, -Pcoz)-(l + szperi-PHz)

T'metco, = (3)

Nevertheless, with CO in the feed as well as water and methane
formed in significant amounts, this equation has to be adapted. Indeed,
it must be considered that water can be adsorbed on ceria and CO and
methane can also interact with nickel over the investigated catalysts.
Actually, the effect of water was demonstrated by the results shown in
Fig. 2d) where a negative influence on the reaction rate is observed in
presence of water. Thus, competitive adsorption must be taken into
account by the addition of the terms bysp x Pyzo at the denominator in
the term of adsorption on ceria based support. In addition, the study of
the reverse water gas reaction presented (Fig. 4) highlights the influence

of the partial pressure of CO on the rate of its reverse reaction of the
water gas. It is therefore possible to conclude that there is also an in-
fluence of the partial pressure of CO on the rate of methanation of CO,,
with the appearance of the term bcg x Pco in the denominator of the rate
equation in the term of adsorption on the nickel surface. However, the
addition of methane in the feed did not lead to a significant decrease in
the CO, methanation rate (Fig. 2d) indicating that methane adsorption
can be neglected. Therefore, the equation of CO, methanation rate takes
the following final form (Eq. (4)):

kmetCOZ -bC02 'PCOZ -szperi ~PH2
1 + bco, -Pco, + ngO-PH20)~(1 +bco.Pco + bHZpeerHz)

T'metco, = ( @

The linear variation of 1/rmetco2 With 1/Pcoz at fixed Pyy and the
linear variation of 1/rmetcoz With 1/Py; at fixed Pcoy were verified on
Fig. 7a) and b) respectively, attesting the possible validity of such a
model for the tested catalyst.

The influence of water is verified by linearization of Eq. (4) which
leads to plot 1/rmetcoz as a function of Pyso at fixed Pcoz and Pys and
with small quantities of CO produced (Fig. 8). Indeed, linear variations
are well observed at 350 and 400 °C, as shown in Fig. 2d), and no in-
fluence of methane partial pressure was observed.

The rate law adopted for the methanation of COs is therefore Eq. (4).
This equation includes a rate constant (kpetco2) and 4 adsorption con-
stants (bu2peri, bco2, buzo and beo). As the presence of CO in the feed
would make it impossible the individual methanation of CO and COo,
the influence of CO on CO; methanation has not been directly studied.
As a consequence, only bpaperi, Dco2, bu2o parameters values were
estimated from the slopes and y-intercepts of the lines shown in Figs. 7
and 8.

The values of the rate constant and the adsorption constants are then
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Table 1

Constants estimated from Ussa Aldana model for CO2 methanation.
Eq metcoz (kJ mol ™) 153 Ametcoz (mol g ™' s71) 1.63.10"
Qads 12 peri (kJ mol 1) 115 bl peri (bar 1) 2.07.1071°
Qads coz (kJ mol™) 99.0 b0z (bar™!) 4.01.1077
Qads 120 (kJ mol ™) 32.4 bfizo (bar™1) 4.50.102

4.2. Reverse water gas shift rate equation

In addition to CO, methanation mechanism, in their work, Ussa
Aldana et al. [40] have also described the RWGS occurring on
Ni/Ceria-based catalyst. Indeed, they demonstrated that CO, dissocia-
tion occurs on Ni° surface which is then cleaned by adsorbed hydrogen.

This mechanism can be decomposed in the following steps, in addi-
tion to the carbonate formation on Ce*" sites:
CO, + Ce** & Ce**-carbonate (Reaction 4)
2 Ni + Hy « 2 Ni-H (Reaction 5)
Ni-H + Ce*t = Ni + Ce®* + 1/, H,0 (Reaction 6)
CO, + Ce*" - CO + Ce*t (Reaction 7)

RWGS rate can be expressed as the rate of Reaction (7):
rrwas = k7 Pcoa [Ce*'] %)

Moreover, at steady state the concentration of Ce>* surface sites is
constant, which implies that rates of Reactions (6) and (7) are equal.
This leads to:

ke [Ni-H] [Ce*"] = k7 Pcop [Ce?'] (6)
This allows to link [Ce3*] and [Ce*']:

k7 Pcoz [C63+]

Ke[Ni — H] )

[Ce*'] =

By using thermodynamic equilibrium between neighbour pairs of Ni-
H and Ni free sites as well as hydrogen partial pressure, Eq. (7) becomes:

k7 Pc()2 [C63+]

41

[Ce™] = Ksbrr,Pre ®
Balance on surface cerium sites leads to Eq. (9)

[Cesurf] = [Ce3F1 + [Ce**] + [Ce**-carbonate] )

By using thermodynamic equilibrium between carbonates, Ce** free
sites and CO; partial pressure, Eq. (9) becomes:

k7Pco,

_ 3+ —2
[Cesur] = [Ce™] |1 +k6bH2PH2

(1 + beo,Pco, ) (10)
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By using krwgs = ky [Cegyrf]l and ke = kyeq, this finally leads to the
expression of RWGS rate:

KrwosKreab, Pu, Peo, an
reabr, Pr, + KrwosPco, (1 + beo,Peo, )

TrwGs = Kk

The rate law described in Eq. (11) was tested by plotting Pya/Trwas
as a function of Py at fixed Pcoz (Fig. 10 b). Linear relationships were
indeed obtained for the three temperatures. However, negative in-
tercepts were obtained. As the model requires positive values for this
parameter, the fitting was defined as inconsistence and this model will
not be retained.

The Wheeler et al. model (Eq. (12)) was then tested by linearizing the
rate law obtained for low conversions [48].

kgwas-bco, -Pco, by, -Ph, 12)
(1 + by, Py, + beo, Pco,)?

Trwes =

It is checked whether there is indeed a linear variation of
v/Pco, /Trwes With Pcog at fixed Hy partial pressure and a linear variation

of /Py, /rrwes With Py at fixed partial pressure of CO2. A good line-
arization was obtained in both cases as presented in Fig. 11 a) and b).
Arrhenius plots of the kinetic constant and adsorption heat also led to
satisfactory linear trends (not shown). Nevertheless, calculation of the
heat of adsorption of CO; below 10 kJ mol ! (Table 2) seems not real-
istic as already discussed. Moreover, heat of adsorption obtained for Hy
(26.2 kJ.mol ) is very far from the value previously obtained for Hy peri
(115 kJ.mol 1), which is, as already mentioned, in good agreement with
values of the literature, and led us to reject this model.

Thus, the Xu and Froment model was tested by linearizing the rate
law obtained in Eq. (13) [39].

Krwas-Pco, 13)

Trwes =
(1 + sz 'PHZ)Z

Here, the RWGS rate was plotted as a function of P¢og at fixed Py
(Fig. 12a), and the square root of the inverse of the velocity of RWGS was
plotted as a function of Py at fixed P¢oy (Fig. 12b). A proportionality in
the first case and a linear variation in the second case are well observed.
As can be noticed on Fig. 3c) and d), methane and water partial pres-
sures have no significant influence on RWGS reaction rate.

As it was mentioned previously, the partial pressure of CO influences
the WGS reaction. Thus the term bgo.Pco was introduced at the de-
nominator of the rate equation to consider the competitive adsorption
between CO and Hj on nickel. The equation thus becomes:

krwes-Pco, 14)

TrRwGs =
(1 + beo-Pco + by, -Pr, )

From the above equation, the WGS reaction rate equation, obtained

by the formula rygs = ercs-%, can be written as follows:

800 -
R
£
= 600 - & 400°C
o H  375°C
E 350°C
% 400 -
g
&
2200 - e
= |
~ o
b S g g
a ‘ e *
0 F——=— . . )
0.00 0.25 0.50 0.75
Py, (bar)

Fig. 10. Linearization of H, partial pressure of Eq. (11) for the reverse water as
shift reaction.
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Fig. 11. Linearization of a) CO, and b) H; partial pressure of Eq. (12) for the RWGS reaction.
Table 2
Parameters associated with the model of Wheeler for RWGS. 5 -
Ea rwes (kJ mol™1) 164 Arwas (mol g7t s71) 5.05 108
Qads 12 (kJ mol™1) 26.2 bl (bar™) 3.07 1072 a
Qads coz (kJ mol™) 9.94 bloz (bar™1) 2.4810°! 5 47 e
nw £ ..
=3 3.
8= ¥ )
Iwes = kRWGS~PCO~PH20 . (15) Eg - ®
wn
KRWGS~PH2~(1 +bCO-PCO +bH2.PH2) <O°C 2 ®--- L J
O o
As shown in Fig. 13, this last equation is verified by linearization of = ..-,E o a75°C
data from Fig. 4 and is thus used for the reverse water gas reaction Suq o 400°C
equation rate. o
The parameters kgywgs and by were calculated for each temperature 0
. Fig. 12 T T T T )
tested for RWGS from the parameters of the trend lines ‘of ig 0.00 0.05 0.10 015 0.20 0.25
whereas bco was calculated at 400 and 425 °C from the ratio slope/y- Pco (bar)

intercept of the trend lines of the linearization of WGS reaction
(Fig. 13). Arrhenius and Van’t Hoff plots of these parameters (Fig. 14)
allow the determination of the activation energy of RWGS and the heat
of adsorption of Hy and CO on the nickel surface (Table 3), as well as the
corresponding pre-exponential factors. Adsorption heats of hydrogen on
nickel Qags 12 and on the periphery of nickel particles Qads 12 peri Were
found similar with 106 and 115 kJ.mol ! respectively. Moreover, same
order of magnitude was observed for the corresponding pre-exponential
factors of buaperi and byy (Tables 1 and 3). The value of the heat of
adsorption of carbon monoxide on the nickel surface Q,q4s co obtained is
close to the ones reported in the literature [49,50].

% 400°C
a) ,
W 375°C
0.014 350°C
— 0.012 - >
e P
£ >
E o010 - e
0 .
o3 0.008 -
0.006 - -
£ * n-
8 -
20.004 - B
3 .
1 )
0.002
0.000 ; . . . .
0.00 0.10 0.20 0.30 0.40 0.50
Pco, (bar)

Fig. 13. Linearization CO partial pressure of Eq. (15) for the water gas shift
reaction rate.

4.3. CO methanation rate equation

Finally, a plot of the results obtained with regard to CO methanation
was conducted based on the kinetic model proposed by Alstrup [51],
where the rate determining step is assumed to be the hydrogenation of
the surface atomic carbon issued from dissociative CO adsorption. The
CO methanation rate (Eq. (16)) is obtained by considering pairs of sites
for Hy adsorption and CO dissociation. It has been observed in Fig. 3d for

0 T T ]

0.00 0.25 0.50 0.75
Py, (bar)

Fig. 12. Linearization of a) CO, and b) H, partial pressure of Eq. (13) for the reverse water as shift reaction.
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RWGS that Pyoo does not have influence on the rate of reaction. As the
same metal Ni° active sites are involved for both RWGS and CO
methanation, the effect of water was also neglected for CO methanation.
This is in good agreement with the model proposed by Alstrup et al. [51]
which was selected in this work. This model also neglects the CHx sur-
face concentration on Ni and thus the effect of methane on the CO
methanation kinetics. The influence of the presence of COy was not
initially taken into account because it was previously shown that the
CO, was mainly activated on the support and not on the metal.

Kmetco-bco-Pco-bu, -Pu,
(1 +bco-Pco + by, Pr,)°

(16)

T'metco =

The expression is checked by plotting r:;go as a function of Pco

(Fig. 15). A linear trend is indeed obtained for the two temperatures of
350 and 375 °C. Moreover, the quasi proportionality between rpetco and
Py observed in Fig. 5b) seems to indicate a lower value of byy x Py
compared to 1 + bgo X Pco in the range of the studied partial pressures.
This is consistent with values of Table 3 in which bco is one order
magnitude higher than by,. The rate equation is therefore validated in
CO methanation.

The kinetic constant kyeico and the adsorption constant bco were
calculated from the slopes and the y-intercepts of the trend lines of
Fig. 15 as well values of by calculated from Table 3. The corresponding
activation energy and adsorption heat were calculated from the Arrhe-
nius laws and reported in Table 4. Values obtained for CO adsorption are
consistent with the ones obtained from RWGS and average values will be
taken as a starting point for parameters adjustment (Table 5).

Thus, the three kinetics equations of CO5 methanation, RWGS and
CO methanation that well fit the experimental results have been iden-
tified and are summarized below together with the 16 estimated pa-
rameters (Table 5). For each reaction, reverse reaction rate is included
by the addition of the thermodynamic term in which thermodynamic
constant was calculated as a function of the temperature from data from
WebBook Nist.

Kmetco, -bco, -Pco, -Bryperi -Ph,

Tmetco, =
T (1 4 beo, Peo, + bi,0-Ph0)- (1 + beo-Pco + bryperi-Pr, )
Pp,02.P
x <1 — MO TCH 4) a7)
Kinetcoz-Pcoz-Pra

Table 3
Constants calculated with the model of Xu and Froment for RWGS.

Ea rwas (kJ mol™) 80.4 Arwes (mol g~ st bar 1) 2.00 10

3
Qads 12 (kJ mol™1) 106 b, (bar1) 4331071
Qads co (kJ mol™) 114 b&o (bar™) 8.31107°
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Fig. 15. Linearization of CO partial pressure for Eq. (16) of CO methanation
reaction for influence of Pco.

Table 4
Constants calculated for the CO methanation reaction.

Constants for CO methanation

Ea metco (kJ mol™1) 173 Amerco (mol g71s71) 7.16 10*?
Qads co (kJ mol ™) 117 bo (bar™) 2.6510°1°
Fwes — krwes-Pco, _x ( _ Py,0.Peo ) 1s)

(1 +bco-Peo + b, -Pa,) Krwes-Pcoz2 -Pu2
P = kmetco-bco-Pco-bu, P, _x (1 _ Pyyo.Poy, 3> 19)
(1 + bco-Pco + by, -Pu,) Kinetco -Pco Pz

5. Kinetic parameters adjustment

The results of the kinetic experiments carried out at low conversion
permitted to select a kinetic model for each reaction involved and esti-
mate their kinetic parameters. It also allowed to roughly calculate
adsorption parameters of the five compounds present in the mixture.
However, to validate the predictions resulting from these equations and
from the 16 calculated parameters, the modeled values must be
compared with experimental data obtained at higher conversions,
assuming integral reactor behavior, using parity plots. In this way, it will
be possible to refine the values of the 16 calculated parameters mini-
mizing the difference between the modeled and the experimental values.

For this reason, the rate equations were applied in an isothermal plug
flow reactor (PFR) model at different temperatures and GHSV. The PFR
configuration allowed to introduce some approximations that simplifies
the calculations of an integral reactor: (i) the reactants and products
progress in successive parallel sections, neglecting axial diffusion, thus
the composition varies continuously only along the longitudinal axis of
the reactor; (ii) the catalytic bed was considered as one hundred suc-
cessive slices corresponding to one hundred perfectly stirred reactors;
(iii) the outlet partial flow of a components of each slice is considered to
be the inlet flow of the next slice; (iv) the flow rate at each unit outlet is
calculated from the unit inlet flow rate, the mass of catalyst in the slice
and the formation and consumption rates in the slice. In this way, it was
possible to estimate the partial flow rates along the PFR through the
kinetics of CO, methanation, RWGS reaction and CO methanation and
the estimated parameters at the corresponding temperature considering
isobaric and isothermal reactor. The outlet molar flows obtained by the
model with the estimated parameters in Table 5 were then compared to
experimental values. Pre-exponential factors and activation energies
were adjusted in a second step in order to minimize the root mean
squared difference between the simulated partial molar outlet flows and
the experimental ones. The global minimum was obtained using the
Levenberg-Marquardt algorithm.



A. Waldvogel et al.

Table 5

Summary of the 16 parameters estimated without adjustment.

Journal of CO2 Utilization 85 (2024) 102864

Activation Energy
E, (kJ molfl)

Pre-exponential factor
Ay (mol g*1 sh

Heat of Adsorption
Qaas (kJ mol™)

Pre-exponential factor
bo (bar™ 1 )

CO, Methanation

RWGS

CO Methanation
CO, on support

H, on peri-nickel

H; on nickel
CO on nickel
H,0 on support

153
80.4

173

1.63.10'!

2.00 10
3

7.16 10'2

99.0
115
106
115
32.4

4.011077
2.0710°1°
4331071
4.28107°
4501072

The operating conditions applied are those of post co-electrolysis
mixtures (feeding a Hy/CO5/CO/CH4/H20 mixture with a 70/8/12/5/
5 molar ratio) and also of CO/CO2 methanation (feeding a Hy/CO5/CO

Conversion CO from model (%)

Conversion H, from model (%)

CO conv. without adjustment
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Fig. 16. Parity plots of modeled and experimental CO, CO, and H, conversion and CH, yield.

10

mixture with a 78/9/13 molar ratio). At first, a low catalyst loading
(3.0 mg diluted in SiC) was used at different flow rates (100, 70 and/or
40 N mL min~!) and different temperatures (450, 430, 410, 390 and/or

100

100
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Fig. 16. (continued).

370 °C). Then the catalyst amount was increased (12.0 mg diluted in
SiC) tested under the same conditions. In the end, a set of data from 42
different reaction conditions have been used for adjustment study.
Following the experimental tests carried out for each of the 42
different conditions, the conversions of CO, CO, and Hy as well as the
yield in CH4 were obtained and were plotted over the corresponding
modeled values. Fig. 16 presents the parity plots obtained, in post-co-
electrolysis condition, before and after the adjustments of the kinetic
parameters. An accurate model is obtained when conversion points
calculated by modelling are close to the experimentally obtained con-
version points. The two thin dotted lines delimit the + 10 % deviation
from the first bisector line. Without adjustment, the results obtained are
quite satisfactory and the estimated methane yields have an error of
+ 10 % compared to the values obtained experimentally. The parity
plots obtained with adjustments of some kinetic parameters (activation
energies, adsorption heats and pre-exponential factors) show a better

11

correlation between the experimental values and the modeled values for
low CO conversions (Table 6).

The activation energy of CO methanation was decreased to smooth
out differences between modeled and experimental CO conversions at
low temperatures. Moreover, the variation of the impact of CO,
methanation with temperature was more consistent after adjustment.
Nevertheless, the fitting is not excellent at low CO; conversions which
could be due to competition between RWGS and methanation as well as
experimental accuracy. The adjustment mainly affects the activation
energy of COy methanation. The parameters of the RWGS reaction were
weakly tuned. The values of the activation energies obtained for the
methanation of COs, the reaction of RWGS and the methanation of CO
are 274,79 and 176 kJ mol ! respectively. It should be precised that the
high value of Ea obtained for CO, methanation does not correspond to
the apparent activation energy of the reaction but to the Ea of the rate-
determining step of CO methanation. When substracting the adsorption
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Table 6
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Final kinetic parameters estimated for the CO, and CO methanation and RWGS over Ni/CZP.

Activation Energy

Pre-exponential factor

Heat of Adsorption Pre-exponential factor

E, (kJ mol 1) Ay (mol g’1 sh Qaas (kJ mol 1) bo (bar 1)
CO, Methanation 274 3.4310'® - -
RWGS 79.1 5.62 102 - -
CO Methanation 176 2.77 10'? - -
CO, - - 99.3 3.86 1077
Hy peri - - 115 2.07 1071
H, - - 106 4331071
co - - 121 2.89107°
H,0 - - 31.4 5.24 1072

heats of CO, and of Hoperi to 274 kJ mol’l, the resulting value of
60 kJ mol ! is in good agreement with values recently reported on Ni-
based catalysts [52,53]. Overall, the results are very satisfactory with
good agreement between the experimental values and the modeled
values.

The final parameters, reported in Table 6 were able to predict with a
satisfactory accuracy the experimental catalytic behavior.

6. Conclusions

In this study a kinetic model was developed based on experimental
results of a Ni(10 %wt)/Ceq.33Zrg 63Pro.0402 catalyst considering COy
methanation and the indirect RWGS + CO methanation pathways. After
evidencing the effect of the effect of partial pressure of reactants and
products, obtained data were fitted to already reported models. Con-
cerning CO, methanation, none of the established models was appro-
priate to describe the reaction kinetics on the Ni(10 %wt)/
Ceo.33Z10.63Pr0,0402 catalyst. However, following the mechanistic study
carried out by Ussa Aldana et al. on a Ni-CeZr oxide catalyst, a rate
equation associated with the mechanism was developed by considering
two sites related to the adsorption sites on the surface of the nickel and
on the surface of the support. This rate equation showed good agreement
with the experimental data. Regarding the reverse reaction of gas with
water, it was concluded that the model of Xu and Froment was the most
suitable for describing the kinetics of the reaction, while concerning the
methanation of CO, the model envisaged, where the determining step is
assumed to be the hydrogenation of the surface atomic carbon, showed a
very good fit of the experimental data. The kinetic parameters were
calculated after the linearization of the adjusted models and the estab-
lishment of Arrhenius plots and the adjusted model well fitted the
experimental data.
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