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Abstract 

The dry reforming of methane is a promising technology for the abatement of CH4 and CO2. 

Solid solution Ni–La oxide catalysts are characterized by their long–term stability (100h) 

when tested at full conversion. The kinetics of dry reforming over this type of catalysts has 

been studied using both power law and Langmuir–Hinshelwood based approaches. However, 

these studies typically deal with fitting the net CH4 rate hence disregarding competing and 

parallel surface processes and the different possible configurations of the active surface. In 

this work, we synthesized a solid solution Ni–La oxide catalyst and tested six Langmuir–

Hinshelwood mechanisms considering both single and dual active sites for assessing the 

kinetics of dry reforming and the competing reverse water gas shift reaction and investigated 

the performance of the derived kinetic models. In doing this, it was found that: (1) all the net 

rates were better fitted by a single–site model that considered that the first C–H bond cleavage 

in methane occurred over a metal−oxygen pair site; (2) this model predicted the existence of 

a nearly saturated nickel surface with chemisorbed oxygen adatoms derived from the 

dissociation of CO2; (3) the dissociation of CO2 can either be an inhibitory or an irrelevant 

step, and it can also modify the apparent activation energy for CH4 activation. These findings 

contribute to a better understanding of the dry reforming reaction's kinetics and provide a 

robust kinetic model for the design and scale–up of the process. 

 

Keywords: Solid solution Ni–La oxide catalyst, dry reforming of methane, kinetic modelling, Ni-O 

active site. 
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1. Introduction 

The conversion of the two most abundant greenhouse gases, CO2 and CH4, into 

commercially valuable syngas, i.e., a mixture of CO and H2, via the dry reforming of methane 

(CH4 + CO2  2H2 + 2CO, ∆H298K
0  = 247.3kJ.mol–1, ∆G298K

0  = 170.9kJ.mol–1) remains a 

promising technology for mitigating climate change. The reaction yields a H2:CO molar ratio 

equal to unity which is adequate for the synthesis of methanol, dimethyl ether, and Fisher–

Tropsch derived hydrocarbons.1,2 Moreover, the reaction offers the possibility to exploit 

methane deposits that contains significant amounts of CO2 as well as methane from anaerobic 

digestion.3,4 

In general, the dry reforming of methane competes with parallel reactions such as the 

reverse water–gas shift reaction or RWGS (H2 + CO2  CO + H2O, ∆H298K
0  = 41.2kJ.mol–1, 

∆G298K
0  = 28.6kJ.mol–1) which lowers H2:CO molar ratios, methane dehydrogenation (CH4 

 C + 2H2, ∆H298K
0  = 74.9kJ.mol–1, ∆G298K

0  = 50.8kJ.mol–1) and the so–called Boudouard 

reaction (2CO  C + CO2, ∆H298K
0  = –172.5kJ.mol–1, ∆G298K

0  = –120.1kJ.mol–1). The latter 

two reactions are the sources of the chemisorbed carbon adatoms required for the diffusion 

and growth of carbon nanotubes.5,6 As shown in Figure 1, thermodynamically, dry reforming 

is promoted by a temperature increase and it prevails over its competing reactions at 

temperatures higher than 923K. However, the competing reactions are significant up to about 

1173K,7,8 with which the formation of water and carbon are virtually inevitable at the typical 

operational temperatures (873–1073K).  
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Figure 1. Logarithm of the equilibrium constant (Kj) at different temperatures. Dry reforming 

of methane (DRM), RWGS, methane dehydrogenation (MD), and Boudouard reaction (BR). 

The equilibrium constants were estimated with Aspen Plus® (AspenTech) using a Gibbs 

reactor model and the ideal gas package. 

Nickel–based catalysts are the most studied catalysts for dry reforming due to their 

high activity and lower cost compared to noble metals. Conventional catalysts consisting of 

supported nickel nanoparticles are prone to deactivation by coking due to the formation of 

carbon nanotubes because of the high carbon solubility (2.03atom % at 1270K) and diffusion 

rate in nickel.9,10 In fact, carbon nanotubes can grow either on top of the nickel nanoparticles, 

tip–growth, or on the interface between the metal nanoparticle and the support, base–growth, 

depending on both the operational conditions and the metal particle size and shape.10 The 

tip–growth of carbon nanotubes obstructs both the active sites and the pore network of the 

support, while the base–growth of carbon nanotubes pushes the metal nanoparticles away 

from the support hence destroying the catalyst and further plugging the reactor. Most 

strategies employed to reduce the coking degree of Ni–based catalysts focus on increasing 

the concentration of surface oxygen by alloying nickel with other metals, e.g., Ni–Co,11 and 

Ni–Fe,12 using oxide supports with high mobility of oxygen, e.g., CeO2,
3,13 ZrO2,

2,14 MnO,5 

or by using an oxide support able to generate carbonate–type species, e.g., CaO,15,16 La2O3,
17–

19 and Sm2O3.
20 Among the latter oxides, it is known that La2O3 reacts with CO2 to form 
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La2O2CO3 via acid–base interactions which may promote the removal of carbon species from 

the metal surface towards the metal–La2O2CO3 interphase.17–19,21–25 Therefore, this type of 

catalyst has raised considerable interest for the development of a scalable technology 

involving dry reforming. Particularly, Ni–La2O3 formulations obtained via the solid–state 

thermal decomposition of perovskite precursors (e.g., LaNiO3, La2NiO4) have been 

investigated since this synthesis route can increase the metal–support interaction, hence 

alleviating the sintering/agglomeration of nickel that is considerable at temperatures above 

863K.17,23,24,26 

Several investigations have been devoted to the kinetics of the dry reforming of 

methane over Ni–based catalysts using either power–law27–30 or Langmuir–Hinshelwood 

based models.4,31–35 In general, it has been considered that the reaction involves the following 

key steps:4,34,36 (1) the cleavage of the C–H and C–O bonds of CH4 and CO2, respectively; 

(2) the formation of products (namely, CO, H2, H2O) via surface reaction of intermediates 

derived from the reactant activation, e.g., chemisorbed C, H, O, OH species; and, (3) the 

desorption of products. The models usually consider that either the cleavage of the C–H bond 

in methane or another specific surface reaction can be the rate–determining step (RDS). The 

models also assume the existence of different types of active sites; particularly, a metallic 

single–site or a pair of sites located at the metal and at the support have been considered. 

Other approaches have also considered that one or more chemisorbed species are the most 

abundant surface intermediate (MASI).4,31–35 Given such a diversity of approaches, a 

substantial number of alternative and often discordant kinetic models for methane dry 

reforming exist.34 
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Concerning solid solution Ni–La2O3 catalysts, the catalytic cycle for the dry 

reforming of methane is commonly described by the following reaction steps:19,25,29,35,37 

R1: CH4 + *  CH4*; CH4 adsorption on Ni–sites denoted hereafter as *. 

R2: CH4*  C* + 2H2: dehydrogenation of methane leading to chemisorbed C atoms. 

R3: CO2 + La2O3  La2O2CO3: formation of lanthanum oxycarbonate. 

R4: La2O2CO3 + C*  2CO + La2O3 + *: decomposition of the oxycarbonate species to 

oxidize the chemisorbed C atoms over Ni–sites for the renewal of the metallic active site. 

The kinetic models derived in the literature from such a reaction pathway are summarized in 

Table 1. These expressions were developed by assuming that R2 and R4 are rate–

determining and that the net rate of the chemisorbed C adatoms equals zero, i.e., R2 – R4 = 

0. In general, the models differ from each other depending on the considered MASI over both 

the metal and support sites. Besides the disagreements stemming from the latter 

consideration, one of the critiques that may be posed over these studies is that none of them 

presented estimations of all kinetic and adsorption parameters. Indeed, some of the authors 

included in Table 1,37,38 fed their models with parameters taken directly from the literature, 

and this led to inconsistencies such as the determination of high activation energies (172–

187kJ.mol–1) for the oxidation of chemisorbed carbon (R4) which would imply that this step 

is rather difficult. Hence, the catalyst will deactivate by coking while they did not present 

experimental evidence for such behavior. Also, some other authors reported positive values 

of standard adsorption enthalpy which rarely occur besides reporting standard adsorption 

entropies that are higher than the limit of thermodynamic consistency (–41.8J.mol–1.K–1).39,40 

In some other instances, the models and their parameters were not subjected to statistical 

validation. All these aspects make these expressions inadequate for a robust reactor 
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modelling and design, where is desired a model that describes the catalytic sequence of the 

dry reforming of methane reaction with a physicochemical and statistical basis.41–43 

Table 1. Langmuir–Hinshelwood models for Ni–La2O3 catalysts. *MASI = Most Abundant 

Surface Intermediate. 
 

MASI* 
Rate expression Reference 

Ni La2O3 

C CO2 rCH4
=

KCH4
𝑘2KCO2

𝑘4pCH4
pCO2

KCH4
𝑘2KCO2

pCH4
pCO2

+ KCH4
𝑘2pCH4

+ KCO2
𝑘4pCO2

 

 

KCH4
𝑘2 = 2.61 × 10−3 e− 

4300
T  

KCO2
= 5.17 × 10−5 e 

8700
T  

𝑘4 = 5.35 × 10−1 e− 
7500

T  

 

35 

CH4 

C 

CO2 rCH4

=
KCH4

𝑘2KCO2
𝑘4pCH4

pCO2

KCH4
𝑘2pCH4

+ KCO2
𝑘4pCO2

+ KCH4
𝑘2KCO2

pCH4
pCO2

+ KCH4
KCO2

𝑘4pCH4
pCO2

 

 

KCH4
= 1.41 × 10−1 

𝑘2 = 2.23 × 10−4 

KCO2
= 1.60 × 10−2 

𝑘4 = 1.32 × 10−2 

 

29 

CH4 

C 

 
rCH4

=
KCH4

𝑘2KCO2
𝑘4pCH4

pCO2

KCH4
𝑘2K3pCH4

pCO2
+ KCH4

𝑘2pCH4
+ KCO2

𝑘4pCO2

 

 

K1 = 2.98 × 102 e− 
7500

T  

𝑘2 = 1.23 × 101 e− 
10200

T  

KCO2
𝑘4 = 3.40 × 10−2 e− 

7000
T  

37,38
 

Where, rCH4
 (mol.g–1.s–1) is the net CH4 rate, pi (kPa) the partial pressure of i–th compound, KCH4

 (kPa–1) 

and KCO2
 (kPa–1) are the adsorption constants for CH4 (R1) and CO2 (R3), respectively, while 𝑘2 (mol.g–1.s–

1) and 𝑘4 (mol.g–1.s–1) are the forward reaction constants for CH4 dehydrogenation (R2) and oxidation of 

chemisorbed carbon (R4), respectively. 

 Considering the above, the objective of this work was to study the kinetics of the dry 

reforming of methane over a solid solution Ni–La oxide catalyst of proven stability.44–46 

Particularly, seven kinetic models based on six plausible Langmuir–Hinshelwood reaction 

mechanisms were postulated and tested. These models considered that the catalytic cycles 

could occur over different types of active sites and that they could involve either a single 



8 

 

active site or a pair of active sites. Also, all the assessed kinetic models considered the 

influence of the reaction steps involved in the generation of water via the competing reverse 

water gas reaction over the kinetics of dry reforming. The results of the investigation led to 

conclude that the best kinetic model representing the dry reforming of methane stems from 

the consideration that the cleavage of the C–H bond from methane takes place over a 

metal−oxygen pair site instead of over a metal–metal site. The model also predicted that the 

dissociation of CO2 can inhibit dry reforming under certain reaction conditions by decreasing 

the apparent activation energy for CH4 activation. This behavior is related to the dynamics 

of competition between methane dry reforming and the reverse water gas shift reaction. 

Overall, the present study helps to build a more robust and profound comprehension of the 

behavior of solid solution Ni–La oxide catalysts and paves the way for the rigorous modeling 

and scale–up of methane dry reforming reactors. 
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2. Results and discussion 

In this section, the results of the physicochemical characterization of the synthesized 

catalyst, which includes a short–term stability test are presented first. Afterwards, the effect 

of the operation conditions over the net rates of reactions is studied. Then, a description of 

the reaction mechanism and of the assumptions made in the formulation of the kinetic model 

that best represented the kinetic performance of the synthesized solid solution Ni–La oxide 

catalyst under dry reforming of methane conditions is shown.  

The experimental methods used in this study are comprehensively described in the 

Supplementary information. In order to guarantee the absence of heat and mass gradients in 

the reactor, criteria to ensure negligible radial and axial dispersion effects, sufficiently small 

radial and axial temperature gradients, absence of interfacial and intraparticle mass and heat 

transfer limitations, and low–pressure drop across the catalytic bed were verified, as 

summarized in Table S2. The details of the performed calculations can be found in the 

Supplementary information, section C. Thus, all rate and selectivity data reported herein are 

assumed to reflect the intrinsic catalytic events of the dry reforming of the methane over solid 

solution Ni–La oxide catalysts. 

2.1. Physicochemical properties of the catalyst 

Concerning the crystallinity of the catalyst, the XRD pattern for the as–synthesized 

solid solution Ni–La oxide presented three phases (Figure 2A); namely, tetragonal La2NiO4 

or so–called Ruddlesden–Popper phase (layered–type perovskites), hexagonal La(OH)3, and 

cubic NiO whose compositions were 55, 25 and 20wt%, respectively, as determined via 

semi–quantitative analysis. After the hydrogen reduction treatment made before each 

catalytic test, the observed phases were cubic Ni and hexagonal La(OH)3 with a composition 
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of 24 and 76wt%, respectively. According to the above phase compositions, the total 

concentrations of Ni were 3992 and 4098μmol Ni.gcat
–1 for the fresh and reduced samples of 

the catalysts, respectively. These concentrations agreed with the nominal concentration of 

nickel of the material: 4072μmol Ni.gcat
–1. Crystallite diameters for NiO in the fresh sample 

and Ni in the reduced sample were estimated to be 30 and 50nm, respectively, as from 

calculations done with the Scherrer equation (eq S2) using the XRD peaks at 2θ of 37.3° and 

44.6°, which corresponds to the diffraction planes for NiO(111) and Ni(111), respectively.47 

The larger crystallite diameter for the Ni phase can be related to the fact that ~64mol% out 

of the total amount of Ni in the reduced sample was due to the reduction of the NiO phase 

present in the fresh catalyst. This also suggests that the increase in the crystallite size from 

NiO in the fresh sample to Ni upon reduction can be due to sintering.48,49 

 
Figure 2. XRD pattern (A) and N2 physisorption isotherms (B) of fresh (blue) and reduced 

sample (green, reduction under a H2 space velocity of 1.7cm3 g–1 s–1 and 1023K for 1h with 

a heating rate of 0.083K s–1) as well as the H2–TPR profile (C) of the fresh catalyst. XRD 

caption: Hexagonal La(OH)3 (●), tetragonal La2NiO4 (♦), cubic NiO (▲) and cubic Ni (▼). 

N2 physisorption caption: Adsorption (○∆) and desorption (●▲) branch.  
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On the other hand, the presence of La(OH)3 is likely because reduction was performed 

under pure H2. La(OH)3 is known to decompose to La2O3 and to a La2O2CO3 phase under 

the presence of N2 and CO2, respectively, at temperatures above 673K.50,51 Therefore, a Ni–

La2O2CO3 mixed phase should be present under the atmosphere of the dry reforming of 

methane process as demonstrated in previous works.17–19,25 However, no direct proof from 

the analysis of spent catalysts is presented herein because of the impossibility of recovering 

it after the catalytic tests considering the elevated bed dilution ratios (~99vol%) that were 

used to avoid temperature gradients in the catalytic bed. 

The temperature programmed reduction profile of the fresh catalyst is shown in 

Figure 2C. The profile displayed four reduction peaks. The first peak, which consumed 

1725μmol H2.gcat
–1, had its maximum at 604K and was assigned to the reduction of the nickel 

oxide phase into metallic nickel.48,49 The second peak with an uptake of 183μmol H2.gcat
–1 at 

668K was ascribed to the reduction of non–stoichiometric oxygen (+δ) in La2NiO4+δ to form 

La2NiO4. Where, the value of δ was determined to be 0.17 from the corresponding H2 uptake. 

The estimated value of δ was within the range reported for this kind of material.52 The third 

peak, which consumed 1229μmol H2.gcat
–1 at 744K, was associated with a second NiO 

reduction peak.48,49,53 According to the literature, this peak is due to the reduction of bulk 

NiO in larger oxide particles, where the nucleation rate of metallic Ni from the surface to the 

bulk NiO and the outward diffusion of water is low at reduction temperatures lower than 

700K hence leading to mixtures between NiO–Ni.48,49,53 In this sense, the noncomplete 

reduction of NiO in the first peak at 604K yielded a NiO–Ni product whose composition, as 

determined from the H2 uptakes, was 42 and 58mol% of NiO and Ni, respectively. After that, 

such mixture was reduced into metallic Ni in the third reduction step centered at 744K. 

Finally, the fourth peak with an uptake of 1076μmol H2.gcat
–1 and centered at 836K was 
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assigned to the reduction of La2NiO4 into Ni and La2O3 (La2NiO4 + H2  Ni + La2O3 + 

H2O).54,55 According to the stoichiometry of the above reduction steps and H2 uptakes, the 

total concentration of Ni in the sample was 4029μmol Ni.gcat
–1 from which 73mol% 

corresponds to NiO. Such values were close to those estimated by XRD hence indicating that 

the degree of reduction of the sample was about 100%. 

Regarding the texture of the catalyst, N2 physisorption results (Figure 2B) showed 

that both the fresh and the reduced catalyst presented IUPAC’s Type II isotherms, which are 

characteristic of macroporous materials.56 According to the calculations made from the 

physisorption data, the BET surface area decreased from 9m2.gcat
–1 (BET constant or CBET = 

770) for the fresh catalyst to 6m2.gcat
–1 (CBET = 500) for the reduced catalyst. According to 

the literature, metal oxides synthesized via the citrate complexing method are composed of 

agglomerated semispherical–shaped particles, where the macropores result from interparticle 

voids.57–59 In this context, when the reduction process was performed, the particles of the 

catalyst sintered, which was evidenced from the XRD results, hence making fewer 

macropores.60  

Calculations from H2 chemisorption data resulted in a concentration of 19μmol 

Ni.gcat
–1 at the surface of the catalyst. Accordingly, the dispersion of nickel was 0.46% and 

the mean particle diameter of nickel was 220nm (eq S1). Therefore, there was a four times 

difference between the mean crystallite and particle size estimated from the DRX and 

chemisorption methods, respectively. Such a large difference could either be because of the 

polycrystalline nature of the Ni particles 60 or because, for the type of catalyst studied herein, 

the Ni particles are typically encapsulated or incorporated into the oxide matrix of the Ni–

La2O3 phase 16,19,61. For the latter scenario, only a tiny fraction of the reduced metal is exposed 

on the surface hence yielding such a low H2 chemisorption capacity as the one determined 
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herein. Whatever the explanation for the differences found between the estimation of particle 

size from XRD and chemisorption may be, the fact remains that the latter is the most suitable 

metrics to be considered for interpreting the catalytic behavior. 

Finally, to assess the stability of the catalyst under the conditions of the methane dry 

reforming reaction, two catalytic tests were performed by flowing reactants (CH4 and CO2) 

and both reactants and products (CO and H2) at 873K for 10h. The results of these tests in 

terms of the net reaction rates of CH4 and CO2 with time on stream demonstrates that both in 

the absence, Figure 3A, and in the presence, Figure 3B, of products the net CH4 rate showed 

a steady state value of ~0.40mol.kgcat
–1.s–1, while the net CO2 rate displayed a steady state 

value of ~0.55 and 1.05mol.kgcat
–1.s–1 in the absence and presence of products, respectively. 

Therefore, the catalyst did not show deactivation within the sampling space of the current 

study; a result that agrees with previous findings concerning the behavior of Ni–La2O3 

catalysts synthesized by the solid–state decomposition of perovskite type precursors.17,23,29 

Furthermore, this result also shows that the steps for CH4 activation were not inhibited by the 

presence of reaction products. In contrast, the steps for the CO2 activation were favored 

because, as explained below, the larger availability of H2 in the reactor favors the conversion 

of this reactant via the RWGS reaction. 

 Ni–La2O3 based catalysts are usually synthesized via either the impregnation of 

nickel nitrate salts25,62,63 or the solid–state decomposition of the perovskites LaNiO3 and 

La2NiO4.
54,64–68 The latter method can yield solid solution Ni–La oxide catalysts with mean 

Ni particle sizes lower than 30nm and BET surface areas lower than 20m2.gcat
–1, depending 

on synthesis route of the parent perovskite, and stable after (very) long time on stream.44–

46,54,64–68  Thus, although the catalyst precursor herein synthesized was composed of different 

phases, namely, NiO, La2NiO4, and La(OH)3, its solid–state thermal decomposition yielded 
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a  Ni(220nm average particle size)–La oxide catalyst with stability comparable to that of the 

materials obtained from pure perovskite phases. 

   

Figure 3. Catalyst activity in the absence (A) and in the presence (B) of H2 and CO as a 

function of the time on stream (39.0kPa CH4, 39.0kPa CO2, 5.9kPa H2 (B), 5.9kPa CO (B), 

balance N2, 130kPa total pressure, and 873K). 

2.2. Overall catalytic performance 

First of all, an analysis to classify the reaction products as primary, secondary, or 

higher is presented using the so–called delplot analysis.69 For the analysis, when either the 

selectivity or the selectivity/conversion ratio was plotted versus the conversion and the 

intercept at zero conversion gives information about primary or secondary products, 

respectively. The intercept at zero conversion can be evaluated via linear regression. Herein, 

correlation coefficients R2 higher than 0.98 were always found (Figure 4, solid lines). Figure 

4 shows the first (Figure 4A) and second–rank (Figure 4B) delplot analysis plots for CH4. 

Accordingly, among the three reaction products, H2O, CO, and H2, only water was 

determined to be a secondary product derived from methane because it showed a zero and a 

finite intercept of 6.9 ± 1.0 in the first– and second–rank plots, respectively. On the other 

hand, CO and H2O were determined to be primary products from CO2 with finite intercepts 

of 0.6 ± 0.1 and 0.2 ± 0.1, respectively, in the first–rank plots, Figure 4C.  
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Figure 4. CH4 (A) and CO2 (C) first–rank as well as CH4 second–rank (B) delplot analysis 

(39kPa of CO2 (A and B) or CH4 (C), N2 balance, 130kPa total pressure, and 923K). Symbols 

represent experimental observations and solid lines were calculated via linear regression, 

correlation coefficients R2 > 0.98. 

The results of the delplot analysis agree with what is known about the occurrence of 

the reverse water gas shift reaction during dry reforming of methane over Ni–based catalysts. 

Particularly, experimental11,70–72 and molecular simulations36,73,74 studies have reported that 

the RWGS reaction can proceed through the interaction of chemisorbed hydrogen from the 

dehydrogenation of CH4 and oxygen adatoms from the dissociation of CO2 (CO2* + *  CO* 

+ O*) to produce chemisorbed hydroxyl species (H* + O*  OH* + *) that in turn would 

react with another hydrogen adatom to produce adsorbed water (H* + OH*  H2O* + *). 

The influence of the explored reaction conditions, i.e., the sampling space, on the 

catalyst activity and product distribution is presented below. In general, within the 

investigated sampling space, the effects of the partial pressure of the reactants and products 

as well as the temperature over the net reaction rates did not show statistically significant 
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deviations from linearity; i.e., no quadratic and interaction effects (eq S12) were detected, 

see details in the Supplementary Information, Section B. For the following analyses, t–

Student 95% confidence intervals were estimated for the grand media of the data, i.e., the 

media of all the performed experimental measurements, to provide a quick idea about which 

input variables have statistically relevant effects over the estimated reaction rates. In this 

sense, when the experimental values plotted in these graphs are found outside the estimated 

confidence interval for the grand media, the effect of the analyzed input variable over the 

response variable may be considered statistically significant. A similar method was proven 

to be of utility in previous works.75  

The effect of the partial pressures of the reactants over the net reaction rates is 

depicted in Figure 5. As observed, increasing the CH4 pressure from 16.9 to 61.1kPa, 

Figures 5A–C, increased the net rates of CH4, from 0.36 to 0.84mol.kgcat
–1.s–1, CO2, from 

0.57 to 0.98mol.kgcat
–1.s–1, CO, from 0.96 to 1.62mol.kgcat

–1.s–1, and H2, from 0.40 to 

1.01mol.kgcat
–1.s–1, significantly. In contrast, the net H2O rate was kept constant at an average 

of 0.27 ± 0.05mol.kgcat
–1.s–1, Figure 5C. On the other hand, increasing the CO2 pressure from 

16.9 to 61.1kPa, Figures 5D–F, kept both the net rates of CO2 and CO constant at an average 

of 0.75 ± 0.15mol.kgcat
–1.s–1 and 1.29 ± 0.28mol.kgcat

–1.s–1, respectively, while the net H2O 

rate increased significantly, from 0.18 to 0.33mol.kgcat
–1.s–1 and the net H2 rate decreased 

significantly, from 1.04 to 0.64mol.kgcat
–1.s–1, Figure 5E. On the other hand, the effect of the 

CO2 pressure over the net CH4 rate was negative, and the rate decreased from 0.66 to 

0.47mol.kgcat
–1.s–1, p–value of 0.055, Figure S2A. In this case, one would say that the effect 

of this input variable was negative but weak. 
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Figure 5. Main effect plots of the reactant pressure for the first set of experiments 

(conditions: 39kPa CH4 (A–C) or CO2 (D–F), balance N2, 130kPa total pressure and 923K). 

Shaded areas correspond to t–Student confidence intervals for the mean built at a confidence 

level of 95%, with nexp − 1 (i.e., 16) degrees of freedom. 

The influence of feeding products on the reactor performance is shown in Figure 6. 

In general, increasing the CO pressure from 0.3 to 11.4kPa, Figures 6A–C, did not affect 

any net rates. Therefore, one may conclude that all the reactions are zero–order with respect 
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to CO. Similarly, when the partial pressure of H2 was increased, from 0.3 to 11.4kPa, Figures 

6D–F, the net CH4 rate did not change significantly hence indicating that there was not 

inhibition of the methane dry reforming reaction by this product. This can also be perceived 

by comparing the grand media for the net CH4 rate in the two experimental sets: 0.57 and 

0.62mol.kgcat
–1.s–1 for the first and second one, respectively. Therefore, it is safe to assume 

that the dry reforming reaction is zero–order with respect to both CO and H2. On the other 

hand, such an increment in the H2 pressure significantly increased the net rates of CO2, from 

0.91 to 1.85mol.kgcat
–1.s–1, CO, from 1.32 to 2.26mol.kgcat

–1.s–1, and H2O, from 0.28 to 

1.36mol.kgcat
–1.s–1, although the H2 rate decreased significantly, from 0.76 to –0.46mol.kgcat

–

1.s–1, Figure 6F. These trends were also observed when the two experimental sets were 

contrasted; specifically, there was an increment from the first to the second set in the grand 

media of the net rates of CO2, from 0.75 to 1.47mol.kgcat
–1.s–1, CO, from 1.29 to 

2.05mol.kgcat
–1.s–1, and H2O, from 0.27 to 0.94mol.kgcat

–1.s–1, while the net H2 rate was 

reduced from 0.75 to 0.17mol.kgcat
–1.s–1. In this instance, the negative values of the net H2 

rates are due to a higher conversion rate of the product in the RWGS reaction in front of its 

production rate from the dry reforming of methane reaction. For example, the stoichiometric 

relationship between the dry reforming of methane and RWGS reaction, as determined with 

the CH4/H2O ratio of the net rates, is 0.40 at 9.1kPa H2 that, in other words, indicates 0.8mol 

H2 produced in the dry reforming per 1mol H2 converted in the RWGS reaction, so leading 

to the additional requirements of H2. 

It is well–known that products can inhibit catalytic reaction rates because of 

competitive adsorption over the free active sites of the catalyst and because of an increase of 

the reverse reaction rate of the steps involved in the product formation given its higher surface 
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concentration. Taking this into account, the current results suggest that the CO coverage is 

low enough to avoid the inhibition of the dry reforming and RWGS reactions. 

  

  

  
Figure 6. Main effect plots of product pressure for the second experimental set (conditions: 

5.9kPa H2 (A–C) or CO (D–F), 39kPa CH4, 39kPa CO2, balance N2, 130kPa total pressure, 

and 923K). Shaded areas correspond to t–Student confidence intervals for the mean built at 

a confidence level of 95%, with nexp − 1 (i.e., 16) degrees of freedom. 

0

0.5

1

1.5

0 5 10 15N
e

t 
C

H
4

ra
te

 (
m

o
l 
k
g

-1
s

-1
)

CO pressure (kPa)

Grand Average ~ 0.63

0

0.5

1

1.5

0 5 10 15N
e

t 
C

H
4

ra
te

 (
m

o
l 
k
g

-1
s

-1
)

H2 pressure (kPa)

Grand Average ~ 0.63

0

1

2

3

0 5 10 15N
e
t 

C
O

2
ra

te
 (

m
o

l 
k
g

-1
s

-1
)

CO pressure (kPa)

Grand Average ~ 1.47

0

1

2

3

0 5 10 15N
e
t 

C
O

2
ra

te
 (

m
o

l 
k
g

-1
s

-1
)

H2 pressure (kPa)

Grand Average ~ 1.47

-1

-0.5

0

0.5

1

1.5

2

2.5

3

3.5

0 5 10 15

N
e
t 

ra
te

 (
m

o
l 
k
g

-1
s

-1
)

CO pressure (kPa)

H2: Grand Average ~ 0.17

H2O:Grand Average ~ 0.94

CO: Grand Average ~ 2.05

-1

-0.5

0

0.5

1

1.5

2

2.5

3

3.5

0 5 10 15

N
e
t 

ra
te

 (
m

o
l 
k
g

-1
s

-1
)

H2 pressure (kPa)

H2: Grand Average ~ 0.17

H2O: Grand Average ~ 0.94

CO: Grand Average ~ 2.05

A 

B 

C F 

D 

E 



20 

 

In the literature, the CH4 conversion rate was reported to be independent of the partial 

pressure of CO2, CO, and H2 over the partial pressure range of 5–400kPa for supported 

Ni(10nm)/MgO71, Ni(26nm)/MgO−ZrO2
11 and Ni(30nm)/La2O3

35 catalysts. Herein, we 

found evidence, supported by statistics, that the CO2 affected weakly the net CH4 rate while 

the CO and H2 did not influence it. It has been reported that nonconfined Ni clusters on the 

support are more susceptible to oxygen deactivation by promoting the CO2 dissociation than 

those embedded in the oxide.76 In this sense, the discrepancy with the cited reports that 

discarded the effect of the CO2 over the CH4 conversion rate could be caused by the 

difference in Ni particle size and, in turn, by the metal–support interactions. Indeed, 

transmission electron microscopy analysis revealed that for spent solid solution Ni–La2O3 

catalysts (923–1073K, space velocity = 3–35cm3.g–1.s–1, 10–20kPa for both CH4 and CO2) 

with a mean metal size of 10–30nm there was a continuous layer of La2O2CO3 covering the 

Ni particles.17,23 However, such a layer may not exist for the large Ni particles of the solid 

solution Ni–La oxide catalyst studied herein. 

To further explore the above hypothesis, a thermodynamic analysis of the chemical 

state of the Ni particles in the synthesized solid solution Ni–La oxide catalyst under the 

operational conditions was done. The analysis was made considering the free reaction energy 

required for the formation of bulk NiO with CO2 (Ni + CO2  NiO + CO) that is related to 

the CO2/CO pressure ratio in the reactor according to the following equation: 

 ∆G0 = RT ln (
aNi

aNiO

pCO2

pCO
) (1) 

Where, aNi and aNiO refer to the thermodynamic activity of solid Ni and NiO, whose values 

are the unity for pure phases.11 According to calculations, the free energy ranges from 47 to 

48kJ.mol–1 under the temperatures (838–1008K) tested herein. With which, the CO2/CO 
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pressure ratio required for the formation of bulk NiO is between 270–945, which are values 

significantly higher than those used in the present tests: 2–70. Thus, the bulk Ni atoms 

belonging to the solid solution Ni–La oxide catalyst should remain in a metallic state while 

the metal surface atoms should be oxidized under the current reaction conditions. In this 

sense, it is likely that the net CH4 rate decreases because of an increment in the oxygen 

coverage when the CO2 pressure increase. This behavior was also observed for a Ni–

Co(26nm)/MgO−ZrO2 catalyst, where the incorporation of cobalt increased the cluster 

oxophilicity leading to a nearly saturated metal surface with chemisorbed oxygen adatoms 

derived from the CO2 dissociation.11 In such a report, it was shown that an increase of the 

CO2 pressure from 5 to 30kPa with 20kPa CH4 at 873K decreased the forward turnover of 

CH4 rate from about 14 to 7s–1. In our case, the increase of the CO2 pressure from 26 to 52kPa 

with 26kPa CH4 at 873K decreased the forward turnover CH4 rate (eq S6) from 15 to 11s–1, 

i.e., the current solid solution Ni–La oxide catalyst would be less sensitive to an increment 

of CO2 pressure in comparison to the Ni–Co/MgO−ZrO2, hence agreeing with the fact that 

Ni would be less oxophilic in these systems than in a Ni–Co alloy.11 

To summarize, the kinetic measurements showed that the dry reforming of methane 

reaction (or net CH4 rate) was (1) promoted by increasing the CH4 pressure, (2) weakly 

suppressed by the increment in the CO2 pressure, and (3) unaffected by the CO and H2 

pressure. Such behavior suggests that the chemisorbed oxygen adatoms are a key 

intermediate in the catalytic sequence of dry reforming of methane over solid solution Ni–

La oxide catalysts. The following section is devoted to further exploring this hypothesis. 
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2.3. Kinetic analysis of the results 

2.3.1. Postulation of reaction mechanisms and kinetic models 

Six different Langmuir–Hinshelwood reaction mechanisms and seven kinetic models 

were proposed to analyze the kinetics of methane dry reforming over the synthesized solid 

solution Ni–La oxide catalyst. These mechanisms were based on both the data collected 

herein and on the extensive literature on this topic.4,5,10,11,17,19,25,35,36,71,73,74,76–80 In this section, 

the kinetics of the process is analyzed under the light of the model that best fitted the 

experimental data and fulfilled the thermodynamic consistency criteria, Table 2. The 

competing models are comprehensively explained in the Supplementary Information, section 

E, and summarized in Table S8. 

Table 2. Dry reforming and RWGS reaction steps with corresponding stoichiometric 

numbers. 

Step Elementary step Dry reforming RWGS Kinetic descriptor 

1 CH4 + O* + *  CH3* + OH* 1  𝑘1, K1 

2 CH3* + *  CH2* + H* 1  𝑘2, K2 

3 CH2* + *  CH* + H* 1  𝑘3, K3 

4 CH* + *  C* + H* 1  𝑘4, K4 

5 CO2* + *  CO* + O* 1 1 𝑘5, K5 

6 C* + O*  CO* + * 1  𝑘6, K6 

7 H* + O*  OH* + * –1 1 𝑘7, K7 

8 OH* + H*  H2O* + *  1 𝑘8, K8 

9 CO2 + *  CO2* 1 1 KCO2
 

10 H2 + * + *  H* + H* –2 1 KH 

11 CO + *  CO* –2 –1 KCO 

12 H2O + *  H2O*  –1 KH2O 

 Global reaction    

A CH4 + CO2  2CO + 2H2 1   

B CO2 + H2  CO + H2O  1  

Key to symbols: *, an unoccupied metal site; #, an unoccupied oxide site; , a quasi–equilibrated step; and 

, a reversible step; 𝑘n and Kn are the forward reaction rate constant and the reaction equilibrium coefficient 

of the n–th elementary reaction step 
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The selected model was based on a reaction mechanism that considered a single–site 

mechanism in which both CO2 and CH4 are activated over Ni–sites (symbolized by *). 

Specifically, it considers that the first C–H bond cleavage on methane takes places over a 

metal–oxygen pair site (*–O*, step 1), which is followed by a cascade of C–H cleavage steps 

until chemisorbed C adatoms (step 2–4). In parallel to this, CO2 is adsorbed (step 9) and 

dissociated into chemisorbed CO and O (step 5); afterwards, the interaction between 

chemisorbed C and O adatoms produces another molecule of CO (step 6). Finally, the 

interaction of chemisorbed H and O adatoms produce OH species (step 7) which react with 

another H adatom to yield water (step 8). 

The CO2, CO, H2, and H2O (i–th species) adsorption steps were assumed to be quasi–

equilibrated (eq 2). Specifically, dissociative adsorption of H2 on Ni–sites were considered 

(eq 3). All the adsorbed reactants and product as well as the reaction intermediates; namely, 

CH3, CH2, CH, C, O and OH (j–th species), were accounted for the metal site balances (eq 

4): 

 [i∗] = Ki

pi

p0
 [∗] (2) 

 
[H∗] = √KH

pH2

p0  [∗]  
(3) 

 [∗]tot = ∑[i∗] + ∑[j∗] + [∗]  (4) 

Where, pi is the partial pressure of the i–th species, p0 the standard pressure (1bar or 100kPa), 

[i∗] is the surface concentration of i–th specie over a Ni–site, [∗] is the concentration of 

unoccupied metal sites and [∗]tot is the total concentration of active sites that were 

determined to be 19mol Ni.gcat
–1 from H2 chemisorption. The reaction rate constant for the 
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reverse reactions (𝑘n
r ) was expressed by the forward reaction rate constant (𝑘n

f ) and the 

reaction equilibrium coefficient (Kn): 

 
𝑘n

r =
𝑘n

f

Kn
=

𝑘n

Kn
 (5) 

The pseudo–steady state approximation was applied to the concentration of the 

intermediates (j–th species), i.e., their net production rate was set equal to zero.81,82 With this, 

the following system of differential–algebraic equations (or DAE) was obtained: 

 dFCH4

dw
= −𝑘1

pCH4

p0
[O∗][∗] +

𝑘1

K1

[CH3
∗][OH∗] (6) 

 dFCO2

dw
= −𝑘5[CO2

∗ ][∗] +
𝑘5

K5

[CO∗][O∗] (7) 

 dFCO

dw
= 𝑘5[CO2

∗ ][∗] −
𝑘5

K5

[CO∗][O∗] + 𝑘6[C∗][O∗] −
𝑘6

K6

[CO∗][∗] (8) 

2
dFH2

dw
= 𝑘2[CH3

∗][∗] −
𝑘2

K2

[CH2
∗][H∗] + 𝑘3[CH2

∗][∗] −
𝑘3

K3

[CH∗][H∗] + 𝑘4[CH∗][∗]

−
𝑘4

K4

[C∗][H∗] − 𝑘7[H∗][O∗] +
𝑘7

K7

[OH∗][∗] − 𝑘8[OH∗][H∗] +
𝑘8

K8

[H2O∗][∗] 

(9) 

 dFH2O

dw
= 𝑘8[OH∗][H∗] −

𝑘8

K8

[H2O∗][∗] (10) 

 
𝑘1

pCH4

p0
[O∗][∗] −

𝑘1

K1

[CH3
∗][OH∗] − 𝑘2[CH3

∗][∗] +
𝑘2

K2

[CH2
∗][H∗] = 0 (11) 

 
𝑘2[CH3

∗][∗] −
𝑘2

K2

[CH2
∗][H∗] − 𝑘3[CH2

∗][∗] +
𝑘3

K3

[CH∗][H∗] = 0 (12) 

 
𝑘3[CH2

∗][∗] −
𝑘3

K3

[CH∗][H∗] − 𝑘4[CH∗][∗] +
𝑘4

K4

[C∗][H∗] = 0 (13) 

 
𝑘4[CH∗][∗] −

𝑘4

K4

[C∗][H∗] − 𝑘6[C∗][O∗] +
𝑘6

K6

[CO∗][∗] = 0 (14) 

 
−𝑘1

pCH4

p0
[O∗][∗] +

𝑘1

K1

[CH3
∗][OH∗] + 𝑘5[CO2

∗ ][∗] −
𝑘5

K5

[CO∗][O∗] − 𝑘6[C∗][O∗]

+
𝑘6

K6

[CO∗][∗] − 𝑘7[H∗][O∗] +
𝑘7

K7

[OH∗][∗] = 0 

(15) 
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𝑘1

pCH4

p0
[O∗][∗] −

𝑘1

K1

[CH3
∗][OH∗] + 𝑘7[H∗][O∗] −

𝑘7

K7

[OH∗][∗] − 𝑘8[OH∗][H∗]

+
𝑘8

K8

[H2O∗][∗] = 0 

(16) 

Where, the number two on the left term in eq 9 corresponds to the stoichiometric coefficient 

in the dissociative H2 adsorption (step 10 in Table 2) since the right term corresponds to the 

net H species rate, i.e., 2 rH2
= rH∗. The temperature dependence of the rate and equilibrium 

coefficients were expressed by the Arrhenius (eq 17) and van’t Hoff (eq 18) equations, 

respectively: 

 
𝑘n = An e−

Ea,n
RT  (17) 

 
Kn = e

∆Sn
0

R  e−
∆Hn

0

RT  (18) 

Where, for the n–th reaction, An is the pre–exponential factor, Ea,n the activation energy, ∆Sn
0 

the standard reaction or adsorption entropy, ∆Hn
0 the standard reaction or adsorption 

enthalpy, T the reaction temperature, and R the universal gas constant. As it can be noted, 

this model accounted for eight rate coefficients, eight surface reaction equilibrium 

coefficients, and four adsorption coefficients, with which the total number of kinetic 

parameters to be estimated equals forty. To reduce the number of the parameters to be 

estimated during the solution of the system of equations, the transition state theory (or TST) 

together with statistical thermodynamics was used to determinate the pre–exponential factors 

as well as the standard reaction and adsorption entropies of the model. This is explained in 

detail in the Supplementary Information, section D. These parameters were kept fixed during 

the regression of models, with which the number of adjustable parameters was halved. 
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2.3.2. Analysis of the solution of the kinetic models 

The estimates for activation energies and standard surface reaction, and adsorption 

enthalpies obtained from the weighted regression of the best kinetic model are presented in 

Table 3. Table S9 shows these estimates for the competing models. The agreement between 

the experimental and calculated net rates with corresponding F–values and BIC is depicted 

in Figure 7. As observed, the model showed an F–value for the global significance of the 

regression that exceeded the tabulated F–value of 2.79. Furthermore, all parameters were 

estimated statistically significant with t–values ranging from 30 to 300, which are larger than 

the tabulated t–value of 1.96, as well as with very narrow confidence intervals. This model 

was the one that best described the experimental net rates, as it can be noted by comparing 

its parity diagram in Figure 7 to that of the other models in Figure S5, and displayed the 

highest F–value and lowest BIC (eq S46), which implies the best fitting of the data. 

 
Figure 7. Parity diagram for comparing the experimental and calculated net rates of reactants 

conversion and products formation. 

The physicochemical analysis of the kinetic and adsorption parameters showed that 

all adsorption enthalpies and entropies presented thermodynamic consistency (eq S41–S45) 

and both forward and reverse activation energies (∆Hn
0 = Ea,n
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r ) in the model were 
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within the range of thermodynamic consistency proposed by Santacesaria83, which goes from 

21 to 210kJ.mol–1. Moreover, the calculated dry reforming and RWGS overall standard 

reaction entropies for the developed model were equal to 286 and 32J.mol–1.K–1, respectively, 

and they agreed with the experimental data; namely, 284.5 and 33.0J.mol–1.K–1 at 923K for 

the dry reforming and the RWGS reactions, respectively.84 Similarly, the model displayed an 

overall dry reforming and RWGS standard reaction enthalpy of 260 ± 2 and 35 ± 1kJ.mol–1, 

respectively, which is consistence with the experimental data, namely: 260.3 and 35.8kJ.mol–

1 at 923K for the dry reforming and the RWGS reactions, respectively.84  

In general, the estimated pre–exponential factors (eq S50) were identical to those 

reported by Dumesic et al.85 and estimated with the methodology proposed by Campbell et 

al.86, Table 3. Similarly, the activation energies, as well as the standard reaction and 

adsorption enthalpies in this model, matched those reported in microkinetic modelling 

studies,41,74,80 molecular simulations over Ni surfaces,36,73,76,77,87,88 and experimental data.11,71 

For example, the activation energy for the oxygen–assisted C–H bond cleavage (step 1, Table 

2) was in close agreement with the experimental value of 95kJ.mol–1 for Ni–Co catalyst11 

and microkinetic studies of 88−93kJ.mol–1 for Ni–based catalysts.74,80 Likewise, the reaction 

enthalpy for this step matched with the value of  –8.0kJ mol–1 reported elsewhere.87 The 

values of the activation energy and reaction enthalpy for the sequential H–abstraction 

reactions (step 2–4) were in the range of 65–130kJ.mol–1,36,41,73,74,80 and even their trend, i.e., 

a decrease in the activation energy upon the first H–abstraction and increase again for the 

last H–scission was similar to those predicted with molecular simulations.36,73,76,88 Moreover, 

the steps involved in H2O production (steps 7 and 8) displayed activation energies of  89 ± 3 

and 48 ± 3kJ.mol–1, respectively, which were close to the values of 104 and 41kJ.mol–1 

reported in microkinetic models.74,80 Also, the corresponding standard enthalpies of 28 ± 1 
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and –27 ± 1kJ.mol–1 were in the reported range from 18 to 74kJ.mol–1 and –52 to 41kJ.mol–

1, respectively.36,41,73,74,80 Finally, the current model presented energy barriers for the CO2 

dissociation (step 5) and carbon oxidation (step 6) of 66 ± 2 and –95 ± 5kJ.mol–1, 

respectively, that agreed with the ranges reported in the literature and that goes from 65–

89kJ.mol–1 and 54–153kJ.mol–1, respectively.36,73,74,76,80,88 

Table 3. Kinetic parameters with their t–Student confidence intervals built at a 95% 

confidence level. 

 

Kinetic descriptor 𝐀𝐧 (kg.mol–1.s–1) 𝐄𝐚,𝐧 (kJ.mol–1) ∆𝐒𝐧
𝟎 (J.mol–1.K–1) ∆𝐇𝐧

𝟎 (kJ.mol–1) 

𝑘1, K1 1.4×109 93 ± 1 –41 –10 ± 1 

𝑘2, K2 7.1×1013  90 ± 3 34 63 ± 2 

𝑘3, K3 6.1×1013 83 ± 3 49 57 ± 2 

𝑘4, K4 3.1×1015 90 ± 3 12 –28 ± 1 

𝑘5, K5 1.2×1013 (3×1014)a 66 ± 2 34 –53 ± 1 

𝑘6, K6 2.8×1013 (8×1013)a 95 ± 5 –2 –37 ± 2 

𝑘7, K7 7.4×1013 89 ± 3 2 28 ± 1 

𝑘8, K8 4.1×1011 (2×1011)a 48 ± 3 –53 –27 ± 1 

KCO2
   –89 –13 ± 1 

KH   –51 –65 ± 1 

KCO   –94 –89 ± 3 

KH2O   –96 –76 ± 2 

DRM   286  260 ± 2 

RWGS   32 35 ± 1 

Pre–exponential factors for LH reactions according to Dumesic et al.85: 1011kg.mol–1.s–1 for mobile transition state with 

rotation; 1013kg.mol–1.s–1 for mobile transition state without rotation; and 1015kg.mol–1.s–1 for immobile transition state 

without rotation. 
a Pre–exponential factor estimated with the methodology proposed by Campbell et al.86 

2.3.3. Coverage and degree of rate control analysis 

Surface coverages (θi = [i∗]/[∗]tot) for the intermediates CO, H, O, OH, and free Ni–

sites are depicted in Figure 8. The coverages predicted for CO2, H2O, and CHx were lower 

than 0.001 so they were excluded from the analysis. It can be observed that by increasing the 

CH4 pressure from 16.9 to 61.1kPa (Figure 8A, solid lines), the CO, H adatoms, OH and free 

sites coverages increased 1, 6%, 1% and 10%, respectively, while the O atoms coverage 
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decreased 18%, respectively. However, raising the CO2 pressure by the same magnitude as 

the one for CH4 (Figure 8B, dashed lines) led to the opposite behavior with similar values, 

except for OH coverage that stayed constant at 0.01. These trends show that an excess and a 

reduction of the oxygen adatoms over the surface, respectively, may either hinder or promote 

the net rates of CH4, CO, and H2. 

Once the products are co–fed (Figure 8B), the grand media for the oxygen coverage 

decreased 21%, while for H, free sites and OH coverages increased 12%, 6%, and 1%, 

respectively. Particularly, raising the H2 pressure from 0.3 to 11.4kPa (Figure 8B, solid lines) 

increased the OH, H, and free sites coverages 1%, 19%, and 8%, respectively, which caused 

the promotion in the RWGS reaction as observed experimentally. Even though the oxygen 

coverage decreased, it remained as the most abundant surface intermediate. Thus, the 

mechanism of CH4 activation was unaffected. Of course, an increase of the H2 partial 

pressure above 11.4kPa should lead to a reduction in the O coverage enough to shift the C−H 

bond cleavage from occurring on a metal−oxygen pair site (*−O*) to a metal−metal pair site 

(*−*). This, together with the larger increase in free site coverage than that of OH, may 

explain why raising the H2 pressure did not inhibit the net rate of CH4 within the sample 

space considered herein. 

On the other hand, rising the CO partial pressure from 0.3 to 11.4kPa (Figure 8B, 

dashed lines) led to an increase in the CO and free site coverages of 4% and 1%, respectively. 

In comparison, the O coverage decreased 5%, suggesting a promotion of the CO oxidation 

into CO2, thus inhibiting the net CO2 rate. However, it was estimated that the reduction in 

the calculated net CO2 rate was only 8% and statistically insignificant in the range of CO 

pressure studied (0.3−11.4kPa). Similarly, the low CO coverage as well as these small 
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variations in the surface state caused by its pressure increase, did not affect the net CH4 rate, 

as said earlier. 

  
Figure 8. Calculated Ni surface coverage plotted versus reactants (A) and products (B) 

partial pressure. Dashed lines indicate the effect of the CO2 (A) and CO (B) pressure. 

(conditions: 39.0kPa CH4, 39.0kPa CO2, 5.9kPa H2 (B), 5.9kPa CO (B), balance N2, 130kPa 

total pressure and 873K). 

Figure 9 depicts the degree of rate control (eq S47) analysis at different operational 

conditions. It was found that only two steps out of the twelve considered in the mechanism 

presented non–zero XRC values; namely, the oxygen–assisted CH4 activation step, step 1 in 

Table 2, and the CO2 dissociation step, step 5. The degree of rate control values of the steps 

changed markedly in both the presence and absence of H2 and CO, as observed in Figure 9. 

It was found that the C–H bond activation step presented a DRC value of 1.37 at 39.0kPa of 

both CH4 and CO2 and 923K, which was reduced to 1.00 once 5.9kPa of both H2 and CO 

were co–fed. Also, at such conditions, the CO2 dissociation steps showed a degree of rate 

control value of –0.40 in the absence of products, which changed to zero in the presence of 

products. Therefore, the oxygen–assisted C–H cleavage was the rate–determining step (or 

RDS) under all experimental conditions in agreement with that reported for Ni11,71 and Pt70,72 

clusters, while the CO2 dissociation was an inhibition step (i.e., XRC < 0) for the dry reforming 

reaction that became irrelevant by co–feeding products. As observed, raising the CO2 partial 
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pressure from 16.9 to 61.1kPa (Figure 9A, dashed lines) increased the inhibition degree of 

the CO2 dissociation by 22% and the degree of rate control value for the CH4 activation step 

by 30%. Such a trend is explained by the increment in oxygen coverage that nearly saturates 

the nickel active sites (Figure 8A). On the other hand, increasing the CH4 partial pressure 

(Figure 9A, solid lines) led to the opposite behavior, a decrease of 22% in the inhibition 

effect of the CO2 dissociation while the degree of rate control value for CH4 activation was 

reduced at the same proportion towards the unity as it corresponds to a reaction determining 

step. This was due to the fact that a raise of the CH4 pressure reduced oxygen coverage 

(Figure 8A) at the same time that it increased that of the free sites leading to an adequate 

metal–oxygen (*−O*) pair site balance, thus reducing the inhibition effect caused by the 

excess of chemisorbed O adatoms. Indeed, increasing the H2 pressure from 0.3 to 5.9kPa 

(Figure 9B, D; solid lines) made the CO2 dissociation step irrelevant, while the DRC for CH4 

activation step reached unity. The change in the CO2 dissociation step from inhibiting to 

irrelevant after co–feeding products directly affected the CH4 apparent activation energy (eq 

S49) that is representative for dry reforming. Indeed, the CH4 apparent activation energy 

increased from 65 ± 10 to 91 ± 10kJ.mol–1 when products were co–fed. On the other hand, 

increasing the CO pressure did not change the degree of rate control values (Figure 9B, 

dashed lines). 
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Figure 9. Calculated DRC of the oxygen–assisted CH4 activation and CO2 dissociation. 

Dashed lines indicate the effect of the CO2 (A) and CO (B) pressure. (conditions: 39.0kPa 

CH4, 39.0kPa CO2, 5.9kPa H2 (B), 5.9kPa CO (B), balance N2, 130kPa total pressure and 

873K).  

Finally, the changes in apparent activation energy when a reaction is carried out in 

the presence of reaction products was recently discussed by Harris et al.89, who found that 

the apparent activation energy of the NO oxidation (NO + ½ O2  NO2) over a Cu–based 

catalyst increased from 22 to 45kJ.mol–1 when NO2 was co–fed with the reactants. The 

authors reported that NO2 inhibited the forward rate and demonstrated that this unaccounted 

NO2 inhibition effect, in reactions performed without products in the input stream, breaks the 

differential reactor approximation (or CSTR) and leads to errors in the measured kinetic 

parameter. However, in this case, the inhibition of CO and H2 were not significant (i.e., zero–

order). In order to explain this trend, let us rearrange eq S47 by taking the partial derivative 

with respect to the temperature on both sides of the division term and by using the concept 

stated in eq S49 which leads to eq 19. This expression shows that the contribution of the n–

th elementary step to the apparent activation (termed as [Ei
app

]
n
) of the net rate of i–th 

compound is its activation energy (Ea,n) weighted by its degree of rate control: 

 

XRCi,n =

∂ ln ri

∂T
∂ ln 𝑘n

∂T

=
[Ei

app
]

n

Ea,n
 ⟹   [Ei

app
]

n
= XRCi,nEa,n   (19) 

This expression is a generalized form of that reported by Jørgensen & Grönbeck90 

and Mao & Campbell91. In this way, as mentioned above, the grand average for the DRC 

value of the CO2 dissociation step on the dry reforming was –0.4 that change to zero in the 

presence of a product, the former value together with its activation energy of 66 ± 2kJ.mol–1 

leads to a contribution of –26 ± 1kJ.mol–1, which is precisely the observed energy gap in 

apparent activation energies. Therefore, the measured increment in activation energy was due 



33 

 

to a change in the degree of rate control by feeding products, in specific, a shift from an 

inhibitory to an irrelevant step. This behavior can also be interpreted as a change in the kinetic 

behavior as the dry reforming reaction approaches equilibrium, where the availability of H2 

is higher, so kinetic measurements performed at different conversion levels can lead to 

different interpretations of the CO2 influence over the reaction, and even a discrepancy in the 

kinetic parameters.  

All the evidence presented above validates the working hypothesis that oxygen is a 

key intermediate in the catalytic sequence of dry reforming of methane over solid solution 

Ni–La oxide catalysts obtained via thermal decomposition of perovskite type precursors. 

Indeed, the kinetic modelling showed that such an intermediate almost saturated the nickel 

surface and allowed the C–H bond activation of methane to occur over a metal−oxygen pair 

site (CH4 + O* + *  CH3* + OH*) instead of a metal−metal pair site (CH4 + * + *  CH3* 

+ H*) as it occurs over supported Ni catalyst.11,35,71,72 In this sense, we suggest that such 

difference is due to the Ni particle size domain and, in turn, to the presence of exposed Ni 

particles which are more susceptible to oxidation, i.e., a more oxophilic metal surface, caused 

by a poor interaction of between Ni and lanthanum oxide. The latter agrees with the fact that 

the CO2 dissociates over a metal site (CO2* + *  CO* + O*) instead of the support (#) or 

interphase Ni−La2O3 (IN) sites (Table S8). Therefore, the metal particle size and the 

metal−support interactions, which depend on the synthesis route of the catalyst, may 

influence the activation mechanism of the C–H and C–O bonds of both CH4 and CO2, 

respectively. 

  



34 

 

3. Conclusions 

This contribution made a kinetic assessment of the dry reforming of methane reaction 

over a solid solution Ni–La oxide based catalyst. This material was obtained via an in–situ 

reduction of a mixture between La(OH)3, NiO, and La2NiO4 phases. The reduced catalyst 

was composed of polycrystalline Ni particles whose average size was 220nm dispersed 

0.45% over the lanthanum oxide matrix. The influence of the dry reforming reactants and 

products partial pressure as well as the temperature over the net CH4, CO2, CO, H2 and H2O 

rates was assessed after planning and executing a series of central composite statistical 

experiments. Based on these results and previous literature studies, seven kinetic models 

based on six Langmuir–Hinshelwood type reaction mechanisms were formulated and tested 

for describing the dry reforming reaction and the influence of the competing reverse water 

gas shift reaction over the catalytic behavior. Among the tested models, the one considering 

that the first C–H cleavage of CH4 takes place over a metal−oxygen (*−O*) pair site 

described best statistically and thermodynamically the kinetic of the studied reaction system. 

The first C–H cleavage of the CH4 molecule was also determined to be the rate–determining 

step of the reaction. A degree of rate control analysis of the model allowed establishing that 

the CO2 dissociation step may inhibit the dry reforming reaction when products are absent of 

the reaction environment. Such behavior caused an increase in the apparent activation energy 

of methane and it was explained by a saturation of the surface of nickel with chemisorbed O 

adatoms. The results of this study help explain why solid solution Ni–La oxide catalysts 

perform highly and stably during methane dry reforming. Also, they provide a robust kinetic 

basis for the design and scale–up of the process. 
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