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Abstract
A kinetic study for dry reforming of methane over Ni–Ce/Al2O3 catalyst was performed, taking into account both the main 
reactions and the catalyst deactivation. The catalyst was prepared by a sequential wet impregnation process, with load-
ings of 5 wt.% Ni and 10 wt.% Ce. Experimental tests were carried out in a fixed bed reactor between 475 and 550 °C and 
several spatial times, using nitrogen as diluent. Several kinetic equations were compared. The best fit of experimental data 
was achieved using a Langmuir–Hinshelwood mechanism which takes into account the presence of two active sites. Pre-
exponential factor and activation energy were calculated. the kinetics of deactivation was also determined. The relationship 
between catalyst activity and coke concentration was also studied. Several deactivation equations were considered in order 
to choose the best fit with experimental data.
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1 Introduction

Numerous efforts attempt to limit  CO2 and  CH4 emissions 
in order to minimize the global greenhouse warming. The 
production of synthesis gas via dry reforming of methane (1) 
is an attractive way to use  CO2 in the valorization of natural 
gas or to upgrade biogas obtained by anaerobic degradation 
of organic materials [1].

In addition to the main reaction, several (deleterious) 
side reactions may be involved in the process. The reverse 
of Water Gas Shift (WGSR) (2), methane decomposition 
(3), the Boudouard reaction (4) and the carbon gasification 
reverse reaction (5) are the reactions with the greatest impact 
on the composition of the product gas.

Coke formation on the catalyst is one of the main dis-
advantages of this process and thus many researchers have 
aimed to obtain catalysts that would reduce the activity loss 
by coke. Reaction (3) is thermodynamically favored at high 
temperatures, while carbon generation is fostered at low tem-
peratures in (4) and (5) [2].

An intense work focused on the development of catalysts 
capable of maintaining a good level of activity during a suf-
ficiently long operating time, by decreasing coke formation 
rate [3]. Although catalysts based on noble metals such as 
Pd, Pt, Rh and Ru have been proposed [4, 5], their high price 
makes their industrial use unprofitable. Nickel catalysts pre-
sent a good activity for this process [6, 7] as well as being 
economical. Other metals have been incorporated to reduce 
the coke formation, such as, for example, Ce [8] or Co [9]. 
The support used for these catalysts is usually alumina due 
to its low cost, high surface area and good mechanical prop-
erties. In particular, its resistance to attrition is a key need 
in a fluidized bed reactor.

Our group has found that the use of a two-zone fluid-
ized bed reactor can counteract the catalyst deactivation, by 
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providing simultaneous reaction and regeneration in a single 
vessel [10]. In order to simulate this reactor and to search 
for the optimal operation conditions, a good knowledge of 
the process kinetics is needed, including also the catalyst 
deactivation kinetics.

Different kinetics for the dry methane reforming reaction 
have been published [11, 12]. The proposed reaction mecha-
nisms depend on the catalyst studied. Reaction rate expres-
sions are highly non-linear with respect to their parameters, 
particularly those models where the adsorption constants 
appear in both the numerator and the denominator of the 
expression.

The most common fittings are to Power-law, Eley–Rideal 
and Langmuir–Hinshelwood models [13]. The first one is the 
simplest but does not account for the reaction mechanisms.

The second one assumes that only the methane or  CO2 
molecule is associatively adsorbed and the other one 
reacts from the gas phase. It assumes that rate-determining 
step is the reaction of the adsorbed species  (CH4 or  CO2) 
with the gas phase one to yield products. However, Lang-
muir–Hinshelwood kinetic models are the result of reaction 
mechanisms which imply adsorption of the reactants and a 
later rate-determining surface reaction of these species to 
products.

The Langmuir–Hinshelwood model supposes that one 
reaction step is slow enough to become rate limiting while 
the other ones are in thermodynamic equilibrium. This last 
model has been used more frequently for nickel-based cata-
lysts because it provides a more-realistic reaction kinetic 
model of comparable fitting quality especially in the low 
temperature range of T < 720 °C. Methane decomposition 
reaction controls at higher reaction temperature regime [14]. 
We have reviewed mechanistical models for the reaction 
kinetic in literature finding out that only one of them [15] 
takes into account simultaneously reactions (1) and (2) and 
catalyst deactivation.

Therefore, the objective of this work is to obtain a kinetic 
model of both reaction and deactivation with the Ni–Ce/
Al2O3 catalyst and to obtain a relationship between the cata-
lyst activity and the amount of coke deposited.

2  Experimental Section

2.1  Catalyst Preparation

A Ni–Ce/Al2O3 catalyst was synthetized in our lab. The met-
als were added by the incipient wetness method. First, the 
 Al2O3 support (Sasol, Puralox®SCCa-150/200) was sieved 
to a size between 106 and 180 µm, and calcined in a muffle 
furnace (Nabertherm, B180) with a heating rate of 1°C/min 
until 950 °C, keeping this temperature for 1 h. The support 
was then impregnated with a solution of Ce(NO3)3·6H2O 

(Sigma Aldrich, 99.999 wt.%) with an appropriate con-
centration to achieve the desired metal load. The resulting 
product was dried at 120 °C for 24 h and calcined at 950 °C 
for 1 h. The procedure was repeated with a second solution 
of nickel nitrate (Ni(NO3)2·6H2O, Sigma Aldrich, 99.999 
wt.%). Finally, the product was dried and calcined, applying 
the same procedure as with the first precursor.

2.2  Reactor Setup

The catalytic experiments were carried out in a fixed-bed 
quartz reactor (1 cm i.d.), for which a laboratory-scale plant 
was assembled. Gaseous species were analyzed on-line by 
gas chromatography and coke formation was determined by 
carbon balance and by combustion with oxygen. Previous 
studies were carried out to ensure that the reaction rate was 
completely controlled by the intrinsic kinetics, thus avoiding 
mass transfer effects.

2.3  Fixed Bed Reactor Tests

Several series of experiments were carried out in a fixed 
bed reactor. Reactant fed was varied, using nitrogen as dilu-
ent, from a  CH4:CO2:N2 molar ratio 1:0.6:0.4 to 1:1.6:0.6, 
temperatures between 475 °C and 550 °C and space times 
(

W∕F
CH

4

)

 between 0.5 and 2.0 gcat h mol− 1 were employed. 
Exhaust gases were analyzed every 20 min during 4 h. 
Table 1 presents the employed operating conditions.

Diffusional control studies were carried out in order to 
find the maximum values of particle size, as well as the 
minimum flow rate, at which the reaction is controlled only 
by the kinetics, i.e. the observed reaction rate is not affected 
by mass transfer.

First, we performed experiments with different particle 
sizes (catalyst). We found out that with particle sizes larger 
than around 180 µm conversions were not reproducible. On 
the other hand, with very small particles (sizes lower than 
around 100 µm) too high pressure gradients were generated 
inside the reactor (ΔP ≥ 0.2 bar). Therefore, the most suit-
able catalyst size was 106–180 µm. The conversion values 

Table 1  Operating conditions

T (ºC) CH4:CO2:N2 W∕F
CH

4
o
  (gcat mol−1 h)

475 1:1:0.5 0.5 | 0.7 | 1.0 | 1.5 | 2.0
500 1:1:0.5 0.5 | 0.7 | 1.0 | 1.5 | 2.0
525 1:1:0.5 0.5 | 0.7 | 1.0 | 1.5 | 2.0

1:1:0.0 0.4 | 0.6 | 0.8 | 1.2 | 1.6
1:1:1.3 0.6 | 1.0 | 1.3 | 2.0 | 2.6
1:0.6:0.4 0.4 | 0.6 | 0.8 | 1.2 | 1.6
1:1.6:0.6 0.6 | 1.0 | 1.3 | 2.0 | 2.6

550 1:1:0.5 0.5 | 0.7 | 1.0 | 1.5 | 2.0
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and operating conditions for these experiments are given in 
Supplementary information section.

Later, experiments were conducted operating with the 
same spatial time ( W∕F

CH
4
o
= 2.2  gcat h mol− 1) but with dif-

ferent feed flow rates, in order to determine the minimum 
flow rate to prevent the external mass transfer from acting 
as the limiting step. Results are given in the Supplementary 
information section.

Methane and  CO2 conversion and yield to gaseous prod-
uct were defined as follows.

After each experiment, the catalyst was regenerated 
at 600 °C with a stream of diluted  O2 (2% in nitrogen) to 
remove the formed coke. Throughout the reduction process 
the carbon oxides content in the exit gas was analysed to 
estimate the coke amount in the spent catalysts. Then it was 
reduced for 3 h in a stream of  H2 at 700 °C for its activation, 
before the next experiment.

Instantaneous water and coke yields were calculated 
by mass balance. The total carbon balance, when the coke 
measured during the catalyst regeneration was included, was 
99 ± 0.5%. A list with the results for every operational condi-
tion is provided in the Supplementary information section.

2.4  Modelling

Several programs developed in MatLab® were used to fit the 
kinetic models to the experimental data. The programs per-
form the fitting by numerically integrating the design equa-
tion of the plug flow reactor applied to each gaseous specie 
and minimizing the sum of squared residuals. The routines 
for resolution of ODEs and global optimization from Matlab 
Toolboxes were employed.
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The discrimination and selection of models were made 
based on statistical criteria of model selection, such as the 
Akaike Information Criterion (AIC), the Bayesian Informa-
tion Criterion (BIC) and the Fisher’s F Test. The calculation 
of these criteria, and of the indicators for the goodness of fit 
for each model, was included within the above programs. In 
addition, we checked that the models were thermodynami-
cally consistent. More details about the model comparison 
criteria are provided in the Supplementary information 
section.

An extensive bibliographical review was made by com-
piling several kinetic models proposed in previous works 
for the dry methane reforming, mostly on nickel catalysts. 
The following models, taken from literature, were compared 
(Supporting information section, Tables S41–S44): Basic 
model, Eley–Rideal (ER) [16, 17], Stepwise (SW) [18] and 
Langmuir–Hinshelwood [19–23] (LH). For the dry reform-
ing reaction (1) a total of 13 mechanistic-type models 
obtained from the literature (i.e. [24–26]) were considered. 
The secondary reaction (2) was studied in other works [27, 
28] not devoted to dry reforming of methane or was sup-
posed to be in chemical equilibrium [11, 14]. Commonly, 
reactions (3), (4) and (5) were not taken into account in the 
kinetic models, but some authors have added the rate equa-
tions corresponding to these reactions [29–31].

As we will describe in more detail in the next section, the 
kinetic modelling of the reactions was performed in several 
steps:

(a) Starting kinetic model for the initial reaction rate. In 
this step the experimental data were extrapolated to 
zero time, where the catalyst is fully active. These ini-
tial values of molar flow for each species (i.e., [Fi]out at 
t = 0) were employed to obtain the equations describing 
the kinetics at zero time.

(b) Kinetic modelling of deactivation. Using the kinetics 
obtained from the initial reaction rate, the deactivation 
equation that best fitted the change of product distribu-
tion along time-on-stream was obtained.

(c) Refinement of the values for the kinetic constants, using 
all the experimental data, with the equations obtained 
in the previous steps and using the previously obtained 
kinetic constants as initial values.

In addition, since it will be necessary for the reactor 
design, a relationship between activity and coke content 
was developed, based on the mechanistic model previously 
selected.

As aforementioned, to obtain the values of reaction rate 
without deactivation the experimental results were extrapo-
lated to zero time. For the kinetic modelling, reactions 1 
and 2 were considered as the reactions that generate and 
consume part of the product respectively, while the reactions 
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3, 4 and 5 generate or gasify coke depending on the gas 
phase composition. Due to the uncertainty of the number 
of secondary reactions that actually occur in the process, 
different simulation scenarios (SC) were proposed, consid-
ering from 2 to 5 simultaneous reactions. The scenario with 
the reactions (1), (2) and (3) was the one that presented the 
best results.

All the models considered in the fit of reaction rate at 
zero-time, for both the main reaction and the secondary 
ones, are detailed in Supplementary Information. Table 2 
presents the equations for LH type models that offered the 
best fit to the experimental data.

We have not found previous studies on the kinetic model-
ling of catalyst deactivation by coke in dry methane reform-
ing. The only one previous study on the kinetic modelling 

catalyst deactivation by coke in dry methane reforming, that 
kinetic model was developed for Ni–Co/Al2O3, while Ni–Ce/
Al2O3 is known to be more stable. In addition, that kinetic 
model does not account for the influence of the operating 
conditions on the deactivation constant. We considered for 
the catalyst deactivation the kinetic deactivation model of 
Levenspiel (LDKM) [32] and the models of deactivation 
with residual activity (DMRA) [33]. Table 3 summarizes 
the equations used in the kinetic modelling of catalyst deac-
tivation. Deactivation models are explained in detail in the 
Supplementary information section (Table S45), taking into 
account the number of active sites involved in the rate deter-
mining step of the main reaction and of the coke formation.

3  Results and Discussion

3.1  Zero‑Time Data Fitting

The modelling of the reaction kinetics at zero time was 
carried out by comparing models proposed in different 
scenarios. A first approximation (SC1) was made by con-
sidering only reactions (1) and (2). Different models from 
literature were considered for reaction (1), while a basic 
power-law model was adopted for reaction (2). Reaction (2) 
was considered as a non-equilibrium reaction, because such 
behaviour was observed in some of our experimental data. 
According to this first approximation we concluded that the 
type of model that best fit the experimental data were the 
Langmuir–Hinshelwood one for 1 (Table 2). LH1 is the best 
model according to statistical criteria (AIC, BIC, F).

The second scenario (SC2) considered all the models col-
lected from the bibliography for 1 reaction and a LH type 
model for reaction (2) [27, 28]. Again, LH1 model provided 
the best fit to the experimental data and, additionally, an 
improvement was found in the adjustment with respect to 
the first approximation (Table 4). This means that the LH 
model describes the reaction 2 better than the power law 
type model.

Once the models for reaction 1 and 2 were set, several 
other scenarios were considered, where the participation of 
reactions 3, 4 and 5 was considered, either forward (forming 
coke) or backward (gasifying coke). Most of these results 
were discarded since some constants were not significantly 
different from zero or because the lack of physical sense (for 

Table 2  Rate models expressions for methane dry reforming
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Table 3  Catalyst deactivation models compared

Where φd is the deactivation function, φr is the regeneration function, 
a is the activity, m and h are the number of active sites involved in 
the rate determining step of the main reaction and of coke formation, 
respectively, as is the residual activity, d =

m+h−1

m
,dm =

m−1

m
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Table 4  Zero-time kinetic 
model (SC2)

Model R2 AR2 SSE AIC BIC F

LH1 0.67 0.66 0.040 − 1219 − 7.99 17,043
LH2 0.65 0.63 0.043 − 1208 − 7.92 16,371
LH3 0.64 0.62 0.044 − 1205 − 7.89 16,079
LH4 0.64 0.62 0.044 − 1204 − 7.89 15,988
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example, negative activation energies). However, there was 
a scenario (SC3) that presented kinetic constants reliable 
enough: this was the scenario that considered the reactions 
1, 2 and the reaction 3 as a coke former. The experimental 
results were fit by firstly considering a power law model for 
reaction 3, and then considering a LH type model obtained 
from the literature [27, 29]. Table 5 presents the statistical 
criteria comparing models for the three scenarios with the 
highest data reliability.

Therefore, the scenario that best fits the data is scenario 3 
(SC3) which considers three reactions (1, 2 and 3). In addi-
tion, the models selected for these three reactions are LH-
type models, which consider the participation of two active 
sites in the rate determining step. So, scenario 3 will be used 
from now on. Another important aspect to take into account 
is the use of the same adsorption constant ( K

CH
4
 , K

CO
2
 , K

H
2
 ) 

for the three reactions. Some researchers consider different 
adsorption constants for each reaction, giving greater free-
dom to the data fitting, but achieving kinetic equations with 
less mechanistic meaning.

An example of  CH4 and  CO2 conversion and CO and  H2 
yield evolution with space time and different fed composi-
tions, is shown in Fig. 1. A good fit of the selected model 
to the experimental data can be seen. The influence of tem-
perature is shown in Fig. 2. Again, a good fit between model 
and experimental data is observed. As could be expected, 
the higher the temperature the higher are the  CH4 conver-
sion and  H2 yield, which is consistent with other works [34]. 
The  H2/CO molar ratio is presented in Fig. 3. The obtained 
values are lower than unity, which suggests the occurrence 
of side reactions (2) in addition to the main reaction (1). 
Moreover, this ratio slightly increases with temperature and 
space time up to 1  gcat h  mol− 1. Above this value, the behav-
ior remains stable. Parity plot is presented in Fig. 4. It can be 
seen that all results are between the ± 15% lines.

3.2  Deactivation Fitting

The catalyst deactivation modeling was carried out by 
integrating the differential equations presented in Table 3, 
considering only the physically more probable cases, i.e. 
with values of 1 or 2 for the coefficients m and h (number 
of actives sites involved in the rate determining step of the 
main reaction and of the coke formation, respectively). In 
addition, from the zero-time kinetic modeling, according 

to the reaction mechanism of the selected model (LH1) for 
reaction 1, there are two active sites involved in the rate 
determining step. Taking this into consideration, the coef-
ficient m should be 2. Thus, taking values of 1 and 2 for 
the parameter h, the resulting different deactivation models 
were tested. Having fixed the values of m and h, the kinetic 
parameters in functions φd and φr should be estimated from 
the experimental data. These functions were deduced by the 
procedure described in other works [29, 33] and consider-
ing different scenarios and coke gasification with reactions 
3, 4 and 5. The scenario that presented the best fit to the 
experimental data was that in which the reactions 3 and 5 
were considered as the coke-forming reactions and the 4 
reverse reaction as a reaction that gasifies the coke formed 
or inhibits its formation. Taking into account the above, the 
following model was derived for the deactivation functions:

kd1 and  kd2 constants result from lumping kinetic con-
stants of elemental steps and equilibrium adsorption con-
stants, while  kd3 constant is an equilibrium adsorption 
constant.

This assumption agrees with the capability of coke 
removal by  CO2 at high temperatures [35–37]. These kinetic 
functions (φd, φr) include the influence of operating condi-
tions on catalyst deactivation.

The five deactivation models proposed in Table 3 were 
considered for deactivation process with m = 2 and h = 1 or 
2. All models exhibited better results when h = 2, which is 
consistent with the hypothesis of other authors [29]. The 
goodness of fit and the statistical criteria of model selec-
tion are presented in Table 6. The best results were obtained 
when DMRA 2 equation was employed, so it was incorpo-
rated to the total model (Table 7).

A comparison of experimental data and simulations 
(using the selected total model, Table 7) for the main com-
pounds involved in the process is presented in Fig. 5, for 
a given temperature and feed composition. A good agree-
ment between experimental and simulated data can be 
observed.
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Table 5  Comparison of 
scenarios

Scenarios R2 AR2 SSE AIC BIC F Description

SC1 0.66 0.64 0.042 − 1214 − 7.95 16,646 r1 + r2
SC2 0.67 0.66 0.040 − 1219 − 7.99 17,043 r1 + r2
SC3 0.80 0.78 0.028 − 1267 − 8.30 18,572 r1 + r2 + r3
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3.3  Relationship Between Catalyst Activity 
and Coke Concentration

The coke content deposited on the catalyst depends on the 
reaction conditions such as temperature, time on stream, 
spatial time and feed composition. The presence of carbon 
filaments deposited on the catalyst was verified by means of 
FESEM analysis (Fig. 6).

The effect of feed composition on coke content on the 
catalyst after a time-on-stream of 4 h at different spatial 
times is shown in Fig. 7. The coke content was measured 
during catalyst regeneration by analyzing the gases by gas 
chromatography.

As can be seen in Fig. 7, the greatest coke content was 
produced in the experiments with excess of  CH4 in the feed, 
while less coke deposits were generated with excess of  CO2. 
There is a maximum in the coke content with space time, 
which may be related to the fact that the main reaction (1) 

approaches the thermodynamic equilibrium at high space 
times and the coke formation reactions, i.e. (3) and (5), are 
less favoured as space time increases and inverse of (4) gains 
importance.

A relationship between activity and the fraction of active 
sites occupied by coke was previously given in other works 
[33, 38]. The value m = 2 was found in the kinetic modelling 
at zero time. Considering that the fraction of active sites cov-
ered by coke is proportional to the coke concentration, the 
following relationship can be deduced between the activity 
and the coke content:

where  Cc is coke concentration and  Ccmax is maximum 
coke concentration.

(13)a =

(

1 −
C
c

C
cmax

)2

Fig. 1  Conversions and yields 
at different feed compositions. 
Reaction temperature 525 °C. 
Experimental data (marker), 
model data (line)

a b

c d
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The final activity of the catalyst was calculated (t = 4 h) 
with the activity model DMRA2 previously obtained, and it 
was related with the coke content experimentally measured 
for each one of the experiments with different feed composi-
tions. As can be seen in Fig. 7, the effect of spatial time on 
the coke content is quite complex. Probably there are axial 
variations of coke content but only the mean value at the end 
of each experiment was measured. As a simplified approach, 
an average value of coke concentration was taken for each 
feed composition and then these values were fitted to the 
activity model described by Eq. 8.

Figure 8 shows the relationship between calculated activ-
ity at the reactor output and coke content in the catalytic bed 

for experiments carried out with different feeding condi-
tions. The fitting was made by linearizing Eq. 8. The best 
fit, with  R2 = 0.93, was obtained for a value of  Ccmax = 277.2 
 (mgcoke/gcatalyst). Both activity-coke content and  Ccmax value 
were incorporated to the total model (Table 7).

3.4  Global Fitting

The procedure that has been explained up to now pro-
vides a good approach for the equations but it does not 
take full use of all the experimental data. Therefore, with 
all the equations obtained, a new fitting was carried out 
including all experimental data and using the values of 

Fig. 2  Conversions and yields 
at different reaction tempera-
tures. Molar ratio of the feed 
 CH4:CO2:N2 = 1:1:0.5. Experi-
mental data (marker), model 
data (line)

a b

c d
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kinetic constants obtained up to now as initial values. The 
obtained parity plot is shown in Fig. 9. A good concord-
ance between experimental and simulated data can be 
observed.

Parameter values with 95% confidence are presented in 
Table 8. Activation energy for the main reaction (Ea1) is 
similar to other studies [39].

4  Conclusions

A kinetic study, based on a wide experimental program, 
has been developed for the dry reforming of methane on 
a Ni–Ce/Al2O3 catalyst. Several scenarios were considered 
with different sets of reaction in each scenario. The kinetic 
model that provided the best fit includes the initial reaction 
rate for the dry reforming, WGSR and methane decomposi-
tion reactions. Langmuir–Hinshelwood type models were 
employed to fit the experimental data. The equations that 
provided the best fit correspond to a rate determining step 
with two active sites involved.

In addition, a kinetic model was developed for the cata-
lyst deactivation. Among the models considered, the best fit 

Fig. 3  Ratio  H2/CO at different reaction temperatures. Molar ratio of 
the feed  CH4:CO2:N2 = 1:1:0.5. Experimental data (marker), model 
data (line)

Fig. 4  Parity plot (± 15% deviation) for zero-time kinetic modelling. 
 Fi = F

CH
4
 , F

CO
2
 , F

CO
 , F

H
2

Table 6  Deactivation model 
results

Model m h R2 AR2 SSE AIC BIC F

LDKM 2 2 0.82 0.82 0.54 − 15,972 − 8.18 609,642
DMRA 1 2 2 0.83 0.83 0.49 − 16,161 − 8.28 491,973
DMRA 2 2 2 0.85 0.85 0.44 − 16,360 − 8.40 527,904
DMRA 3 2 2 0.84 0.84 0.48 − 16,207 − 8.30 499,628
DMRA 4 2 2 0.82 0.82 0.54 − 15,973 − 8.18 457,707

Table 7  Selected models for dry reforming of methane with catalyst 
deactivation and activity-coke concentration relationship
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Fig. 5  Exit flow of every specie 
versus time on stream. Temper-
ature reaction 525 °C and feed-
ing ratio  CH4:CO2:N2 = 1:1:0. 
Experimental data (marker), 
model data (line), space time 
( W∕F

CH
4
o
= gcat h  mol− 1)

a b

c d

Fig. 6  FESEM analysis, coke filaments deposited on catalyst. Molar 
ratio of the feed  CH4:CO2:N2 = 1:0.6:0.4, reaction temperature 
T = 525 °C, time on stream t = 4 h, space time W∕F

CH
4
o
 = 1.6  gcat h 

 mol− 1

Fig. 7  Effect of space time on coke deposition for different feeds. 
Time on stream = 4 h. T = 525 °C. P = 1 atm
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was obtained when a residual activity was included in the 
model, as a result of the competition between coke forma-
tion and coke removal, with two active sites involved in the 

rate determining step of coke formation. Finally, an equation 
providing the relationship between activity and coke content 
is proposed.
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