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Abstract
A thermodynamic model is developed using a one-dimensional model, LOGEcat to 
understand the dry reforming of methane over nickel-based catalysts. To do so, we 
have extended our previously developed mechanism (Rakhi and Shrestha in React 
Kinet, Mech Catal 135:3059–3083, 2022) which contains 21 reversible reactions by 
adding 5 more reversible reactions and updating the thermochemistry of one inter-
mediate species. The adjusted mechanism contains 26 reversible reactions obtained 
with the help of thermodynamic analysis. This study focuses on using the thermody-
namic model for dry reforming of methane and insights into the reaction pathways 
and sensitivity analysis for the kinetically consistent surface reaction mechanism. 
The applicability of the mechanism is examined for reactor conditions in terms of 
parameters such as temperature by comparing the results with the available refer-
ence data. The mechanism is able to accurately express the reforming conditions 
of methane over the nickel catalyst for complete range of temperature and also pro-
vide useful insights into the reaction pathways established with the thermodynamic 
model.
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Introduction

The most common catalytic technologies for converting natural gas to synthe-
sis gas in various compositions involves processes, for instance, steam reforming 
(SR), partial oxidation (POX), autothermal reforming (ATR), and dry reforming 
(DR) [1, 2]. These processes have been considered in literature, such as, SR in 
[1–3, 3–5], DR in [5–7], CPOX in [8–12].

All these processes suffer coke formation at different conditions and the depo-
sition of coke on catalysts and reactor pipe walls are serious problems in many 
industrial reactors that involve methane as fuel leading to the blockage of reactor 
tube. This can also physically disintegrate catalyst structure [13–17]. One of the 
mitigating measure to reduce the coke formation is proposed by Blekkan et  al. 
[16] where the dry reforming of methane can be investigated at higher pressures 
and temperatures by using hydrogen and water as co-feed. Pure dry reforming 
process would produce very hydrogen deficient syngas and does not lead to net 
consumption of CO2 without an external source of hydrogen when thermodynam-
ics and process efficiencies are taken into account.

Further investigations are needed to understand and reduce the coke forma-
tion problem with different fuel ratio which also demands a better understanding 
of the processes of catalytic oxidation and reforming of methane at a molecular 
level. Various kinetic models are proposed in literature and the elementary steps 
involved in the reaction mechanism have been investigated in [1, 3, 7, 18–21]. 
Despite all these studies, the detailed path for the conversion of methane to syn-
gas and carbon remains a controversial issue [22].

Another problem in setting up a reaction mechanism is due to the difficulty to 
define the thermodynamic data for intermediate surface species. Hence, most of the 
mechanisms available in literature are kinetic models which uses the kinetic param-
eters for forward and backward reactions making the mechanism thermodynamically 
consistent. These mechanisms do not use the thermochemistry of the species.

In this paper, a thermodynamic model is used to understand the dry reforming 
of methane over a nickel catalyst. Further, a detailed sensitivity analysis of reac-
tions and reaction pathways for the thermodynamic model is analysed and the 
major differences are noted between the available kinetic schemes and the used 
thermodynamic model after a successful validation of the model by comparing 
the simulation results with the literature [23] for various inlet gas compositions 
in a wide temperature range. In future, the model can be applied to check the fuel 
ratio limit to mitigate the coke formation problem.

Surface reaction mechanism

Methane is converted into a mixture of hydrogen, carbon monoxide, and carbon 
dioxide via different molecular paths indicated as an overall reaction [23] and 
Delgado et  al. [23] developed a detailed surface reaction mechanism using the 
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overall/global reactions to model the various reforming processes which covers 
all the ways from total oxidation to pyrolysis. Their kinetic scheme consists of 52 
reactions with 6 gas-phase and 14 surface species.

In the present study, a thermodynamic model is developed taking the mechanism 
from Delgado et al. [23] as base. This work is also an extension of our previously 
developed surface reaction mechanism [24] which comprises of 21 reactions by 
adding new reaction scheme involving carboxyl species as intermediate along with 
carbon formation paths. Our previous mechanism [24] was limited only for steam 
reforming of methane over nickel, however, the developed mechanism in the pre-
sent investigation is also applicable to oxidative and dry reforming along with steam 
reforming. In this paper, our focus is only to discuss dry reforming process in detail 
and the other reforming processes will be discussed in a separate paper.

The thermodynamic model consists of 26 reactions in total with 7 gas-phase and 
14 surface species. The set of 21 reactions have been directly taken from Rakhi et al. 
[24] and only 5 more reversible reactions have been added here and these reactions 
are taken from Delgado et al. [23], summarized in Table 1. Therefore, the kinetic 
data remains same as Delgado et al. [23] and the thermodynamic data is taken form 
Rakhi et al. [24]. The thermochemistry of the new species, COOH(s) is taken from 
Liu et al. [25].

Simulation set‑up

The thermodynamic model is developed with the help of a one-dimensional tool, 
LOGEcat [26]. The model is a part of the LOFEsoft software suite for chemical 
reaction calculations and a complete description of the model is omitted to avoid 
repetition and is given in our previous publication [24]. The pressure gradient along 
the inhomogeneity of the mixture is neglected due to the small diameter of the cata-
lytic channel and the external diffusion is modeled by a separate pore gas zone close 
to the wall. The model is based on the single-channel 1D catalyst model where the 
single channel is divided into a finite number of cells with each cell treated as a per-
fectly stirred reactor (PSR).

A single layer of washcoat is used to perform the simulations with the reactor 
consisting of a circular catalyst of radius 5 mm and a reaction zone of 27 mm length. 

Table 1   The new reaction pathways added to Rakhi et al. [24]. A
r
 is the pre-exponential factor, E

r
 is the 

activation energy and �
r
 is the temperature exponent

Rx Reaction A
r
 (cm,mol,s) E

r
 (kJ/mol) �

r
(−)

R1 CO(s) + H(s) = C(s) + OH(s) 3.522×10+18 105.5 − 0.2
R2 2CO(s) = C(s) + CO2(s) 1.624×10+14 241.8 0.5
R3 CO(s) + OH(s) = COOH(s) + Ni(s) 6.003×10+20 97.6 0.2
R4 CO2(s) + H(s) = COOH(s) + Ni(s) 6.250×10+24 117.3 − 0.5
R5 H(s) + COOH(s) = HCO(s) + OH(s) 6.000×10+22 104.9 − 1.2
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We have used the geometric data and catalyst parameters same as the reference 
paper [23]. The surface area per catalyst length is adjusted by a sensitivity analysis. 
Nitrogen dilution is nearly 96% and the surface site density, � for Ni is 2.6 × 10

−5 
mol/m2.

As done by Delgado et  al. [23] for the kinetic model, the simulations are per-
formed at 4 slpm (standard liters per minute, T=298.15 K and p=1.01325 bar) 
for our thermodynamic model. The reaction temperatures are varied in a range 
[400–1200] K for various reactor conditions. Three cases have been considered for 
the analysis in the chosen temperature range while keeping all the other parame-
ters constant. The inlet gas composition is varying for all the cases summarized in 
Table 2. The simulation results for these cases, i.e., DR as well as DR with hydrogen 
and water as co-feed over a Ni-coated monolithic catalyst, are discussed in next sec-
tion and the applicability of the thermodynamic model developed in this study is 
tested by comparing the simulation results with literature.

Methane dry reforming (DR)

The developed mechanism with 26 reversible reactions is utilized to check the pre-
dictability of the model for dry reforming, i.e., methane reforming with CO2 . The 
concentration of gas-phase species, CH4 , CO2 , H2 , CO and H2O , computed with our 
model at the reactor outlet as a function of temperature along with the reference data 
from Delgado et al. [23] is displayed in Fig. 1.

Both the reactants are shown in Fig. 1a, i.e., methane and carbon dioxide con-
centration, computed with the LOGEcat. Note that the reactant consumption starts 
at ≈600 K and as expected, the concentration for both the reactants decreases with 
increasing temperature similar to the reference data. A full consumption of CH4 as 
well CO2 happens at temperature ≈1000K.

The reforming with the thermodynamic model is slightly away from the kinetic 
model which is very close to the equilibrium calculations for the considered reform-
ing conditions. The deviations in the species concentration with the thermodynamic 
model can be explained by looking into the reactions sensitivity analysis and the 

Table 2   Summary of the simulation cases as dry reforming (DR), DR with hydrogen as co-feed 
(DR_H2 ), and DR with water as co-feed (DR_H2O ). The temperature used to perform the simulations is 
varied in the range [400–1200] K for each case given below. The inlet composition of the species is given 
in volume %

Case DR DR_H2 DR_H2O

Fuel composition CH4/CO2 CH4/CO2/H2 CH4/CO2/H2O

CH4 (vol. %) 2.00 1.62 1.67
H2O (vol. %) – – 2.13
CO2 (vol. %) 2.00 2.08 2.13
H2 (vol. %) – 1.80 –
N2 (vol. %) 96.00 94.50 94.07
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reaction pathways followed for consumption of methane and carbon dioxide along 
with the formation of the product species and will be discussed shortly.

Fig.  1b illustrates the concentration of the products, H2 , CO and H2O . With the 
consumption of CH4 and CO2 , a gradual increase in the formation of H2 and CO is 
noted in the whole temperature range, leading to the thermodynamic equilibrium for 
temperatures above 1000 K.

The computed water concentration in Fig.  1b shows increase in the concentra-
tion profile in temperature range 400–700 K reaching a maximum at around 800 K 
and then starts to decrease with increasing temperature. The qualitative behaviour of 

Fig. 1   The concentration of a 
reactants and b products for dry 
reforming are shown as a func-
tion of temperature along with 
the reference data from Delgado 
et al. [23]. The unfilled squares 
represents reference simulations, 
filled squares: reference experi-
ments, solid lines: reference 
equilibrium calculations and 
dash lines: LOGEcat calcula-
tions with the thermodynamic 
model
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this species matches with the reference data for the developed mechanism, however, 
overall the thermodynamic model over-predicted the species concentrations almost 
by a factor of two in case of dry reforming of methane. This hints towards the indi-
rect path for formation of H2 and CO through H2O whereas, a direct oxidation is fol-
lowed for the kinetic model.

The gas-phase species concentration predicted with the thermodynamic model 
shows deviation compared to the reference data in the considered temperature range. 
Hence, we next show the reaction pathways in Figs. 2 and 3 for steam-, dry-reform-
ing as well as partial oxidation based on C-atom and H-atom flow, respectively, at a 
temperature higher than the ignition temperature, 1073 K, in order to understand the 
differences between computed and reference results.

The formation of CO2 gas-phase species based on C-atom (Fig. 2) at 1073 K is 
maximum via direct route through CO(s) to CO2(s), i.e., ≈ 50% for SR and ≈ 86% 
for CPOX, and using indirect route from COOH(s) is ≈ 13% for SR and 0.4% for 
CPOX, whereas, the formation of CO gas-phase species from CO(s) is ≈ 36% for 
SR and ≈ 14% for CPOX. However, for the DR, CO2 is used as an inlet gas and is 
being used which leads to the 100% formation of CO gas-phase species displayed 
in the figure. Note that the reaction pathways are temperature dependent and the 

Fig. 2   Reaction flow analysis for steam reforming (SR), catalytic partial oxidation (CPOX) and dry 
reforming (DR) of methane on nickel for constant fuel ratio and pressure at 1073 K based on C-atom
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formation of these gas-phase species might behave differently with varying tem-
peratures. Based on H-atom (Fig.  3), the reaction pathways for SR, CPOX and 
DR are also changing. In case of DR, formation of OH(s) takes place from H(s) to 
COOH(s) route whereas SR and CPOX follows the reverse path and leads to the 
formation of H(s) from OH(s) through COOH(s). In case of CPOX, direct forma-
tion of H(s) from OH(s) also happens without using intermediate COOH(s).

The most sensitive reactions from the developed mechanism for methane 
conversion by different methods considered, for instance, steam reforming, dry 
reforming and partial oxidation are shown in Fig. 4. The sensitive analysis is per-
formed at same conditions as mentioned in Fig. 2. Similar to the reference results 
[23], CH4 conversion by oxygen assisted methane dehydrogenation given by R11 
as CH4(s) + O(s) = CH3(s) + OH(s) is a sensitive step for all processes (DR, SR 
and CPOX) at 1073 K particularly for CPOX. However, methane dehydrogena-
tion by R7 ( CH4(s) + Ni(s) = CH3(s) + H(s)) is important only in SR and DR and 
not for CPOX of methane. The desorption of CO by R5 (CO(s) = CO + Ni(s)) is 
sensitive only for DR and methane dehydrogenation by R8 ( CH3(s) + Ni(s) = CH2

(s)) is only sensitive for SR. For CPOX, R2 (2O(s) = O2 + 2Ni(s)), R12 ( CH3(s) 

Fig. 3   Reaction flow analysis for the same processes and at the same conditions as previous figure based 
on H-atom
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+ O(s) = CH2(s) + OH(s)), R16 (H(s) + O(s) = OH(s) + Ni(s)) and R19 (CO(s) 
+ H(s) = C(s) + OH(s)) are also slightly sensitive.

Effect of hydrogen and water on DR

The coke deposition on catalysts and the reactor pipe walls is a major issue with 
reactors using methane as fuel and this can lead to even complete catalyst deacti-
vation or lower catalytic activity depending on the amount of solid carbon depos-
ited on the catalyst surface [13–16]. Blekkan et  al. investigated dry reforming of 
methane at higher pressures and temperatures by co-feeding hydrogen and water as 
inhibitors of coke formation.

So, in order to check the predictability of the thermodynamic model and impact 
of reactions of the new surface reaction mechanism developed in this study, we have 
further performed the simulations utilizing H2 and H2O as inhibitors in methane 
reforming with CO2 . The influence of H2 and H2O is shown in Figs. 5 and 6, respec-
tively. In both the figures, (a) shows the computed reactant species concentration 

Fig. 4   Sensitivity coefficients of CH4 at 1073 K for SR, DR and CPOX conditions
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and (b) depicts the concentration of product species using LOGEcat. We have used 
the same simulating conditions as given in Delgado et al. [23].

The consumption of CO2 species profile for dry reforming (Fig. 1a) and co-feed 
H2 (Fig.  5a) are gradually decreasing with temperature increase. For dry reform-
ing the full consumption of reactant species is noted at 1000 K whereas for co-feed 
H2O , the consumption stops at around 700 K and then this species starts to form 
with increasing temperature. With the co-feed H2O (Fig.  6b), the variation of the 
concentration of this species as a function of temperature is different and there is 
formation of the species in medium temperature range for the present case as well as 
for the reference data considered for comparison.

Fig. 5   a CH4 and CO2 , b H2 , 
CO and H2O concentration as a 
function of temperature for cata-
lytic dry reforming of methane 
with co-feed H2 for fixed inlet 
gas composition and pressure 
along with the reference data 
from Delgado et al. [23]. The 
unfilled squares represents refer-
ence simulations, filled squares: 
reference experiments, solid 
lines: reference equilibrium 
calculations and dash lines: 
LOGEcat calculations with the 
thermodynamic model
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The formation of H2 gas-phase species for dry reforming as well as H2O co-feed 
(Fig. 1b and Fig. 6b) starts at around 700 K and increases with temperature increase 
until thermodynamic equilibrium is reached. Whereas for H2 co-feed, Fig. 5b, a drop 
is observed indicating the consumption of the species in temperature range 400–800 
K. From 800 K, formation of the species shows same qualitative behaviour as other 
two cases and increases with temperature to attain equilibrium.

It is also interesting to note the variation of H2O concentration as a function of 
temperature with different inlet fuel compositions. For dry reforming (Fig.  1b), 
the species concentration is noted over-predicted in comparison with the reference 
data. The H2O concentration computed with our model using the thermodynamic 

Fig. 6   a CH4 and CO2 , b H2 , 
CO and H2O concentration as a 
function of temperature for cata-
lytic dry reforming of methane 
with co-feed H2O while keeping 
all other parameters constant 
along with the reference data 
from Delgado et al. [23]. The 
unfilled squares represents refer-
ence simulations, filled squares: 
reference experiments, solid 
lines: reference equilibrium 
calculations and dash lines: 
LOGEcat calculations with the 
thermodynamic model
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analysis is maximum at around 750 K which is ≈0.31% and for reference results ≈
0.18% . Whereas, for H2 co-feed (Fig.  5b), the peak for the present case is shifted 
towards higher temperature compared to the reference profile. This peak is still over-
predicted with our model, however, the difference is small compared to the methane 
reforming without any co-feed ( ≈0.8% at 800 K for LOGEcat and ≈0.6% at 600 K for 
reference case).

Delgado et al. [23] showed that for H2O co-feed, Fig. 6b, the H2O species is being 
consumed in temperature range 400–800 K showing a minimum concentration of 
the species at 900 K, i.e., ≈0.9% and for the temperatures above 900 K, the forma-
tion of this species is seen. However, the computed species concentration with the 
thermodynamic model using the new surface reaction mechanism shows deviation 
in comparison with the reference profile. For our case, the species is formed in tem-
perature range 400–700 K and then it is consumed until 1000 K followed by the 
formation of the species at higher temperature. Nonetheless, the behaviour of the 
profile is qualitative similar starting from 700 K when compared to the reference 
results.

Note that the production of hydrogen is increased for the DR process with addi-
tional co-feed, H2 as well as H2O . The CO gas-phase species formation is reduced 
with additional inlet gases in DR and is seen minimum with H2O as co-feed indicat-
ing the importance of hydrogen and water on DR.

The sensitivity analysis for formation of carbon, C(s), during dry reforming in 
the presence of H2 and H2O at 1123 K is described in Fig. 7. Note that we have a 
different set of reactions which are most sensitive towards carbon formation with 
the kinetically consistent developed surface reaction mechanism as compared to the 
reactions mentioned in the reference paper [23]. Nevertheless, the reaction set for 
both the cases considered, DR with additional H2 (R5, R7, R24, R11, R19, R16, R8 
and R23) as well H2O (R24, R11, R7, R5 and R8), remains almost same with some 
extra reactions (less sensitive) noted in the former case. The most sensitive reaction 
for adding H2 are R5, R7 and R24, whereas for adding H2O are R25, R11 and R7.

For a better understanding, we have summarised the most sensitive reactions in 
the reforming processes considered in this paper in Table 3 for the thermodynamic 
model developed in this work along with the kinetic model from Delgado et al. [23]. 
The common reactions found in both the models are highlighted in blue color in the 
table. Note that the sensitive reactions summarised for the DR process are same as 
for Fig. 4 whereas for DR with hydrogen and water as co-feed are same as Fig. 7. 
The differences in the sensitivity analysis are noticeable in DR with co-feed gases.

Conclusions

A thermodynamic model is used to investigate dry reforming of methane over nickel 
catalyst. The model is applicable for modeling the other reforming processes as well, 
for instance, steam reforming (SR) and catalytic partial oxidation (CPOX) of meth-
ane over a nickel-based catalyst. However, in this paper our main aim is to under-
stand the CO2 reforming and other reforming processes are discussed elsewhere.
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The thermodynamic model is tested against literature experiments and simu-
lations with the kinetic model from Delgado et  al. [23] for DR and DR in the 
presence of hydrogen and water. The model is able to predict the reactants and 
products distribution for the whole temperature range considered for the simula-
tions for dry reforming as well as with the co-feed of products, H2 and H2O on the 
DR process over methane. However, a further investigation is recommended to 
improve the concentration of the species under different conditions, for example, 
H2O concentration for DR and co-feed of H2 and H2O on the DR process.

The focus of the paper is also to perform a detailed sensitivity analysis for 
our reversible reactions or thermodynamic model considered in addition with the 
reaction flow analysis at various conditions. This is done to understand the carbon 
formation process for dry reforming with a thermodynamic model and to report 
the differences in the reaction pathways between the thermodynamic model and 
the kinetic schemes from literature. This helps us to understand the role of ther-
mochemistry of the intermediate species in coke formation process.

Fig. 7   Sensitivity analysis for formation of carbon by DR in the presence of H2 and H2O at 1123 K
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