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Mechanistic aspects of carbon dioxide reforming of methane 
to synthesis gas over Ni catalysts 

Zhaolong Zhang and Xenophon E. Verykios 

Department of  Chemical Engineering and lnstitute of  Chemical Engineering and High Temperature Processes, 
University of  Patras, PO Box 1414, GR-26500, Patras, Greece 

Received 21 June 1995; accepted 23 January 1996 

A study of the kinetic isotope effect (CH4/CO2 ---r CD4/CO2) for carbon dioxide reforming of methane to synthesis gas shows 
that an isotope effect exists with kcm/kco4 ratio of 1.05-l.97, depending on reaction temperature and catalyst applied. The 
attainment of stable performance over Ni/La203 catalyst is found to be related to the strong chemisorption of CO2, weak chem- 
isorption of CH4 and slow rate of CHx formation, and fast rate for CHx removal by oxidation. 
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1. Introduct ion 

Synthesis gas (CO/H2) is an important feedstock for 
the production of methanol and synthetic fuels [1] which 
is currently produced by catalytic steam reforming of 
natural gas. However, the synthesis gas produced by the 
steam reforming process has a high hydrogen to carbon 
monoxide ratio which is undesirable for certain applica- 
tions [2]. In this respect, the process of dry reforming of 
methane (with carbon dioxide) is superior to that of 
steam reforming, because it produces synthesis gas with 
a low hydrogen to carbon monoxide ratio. Furthermore, 
the former process has other important advantages 
over the latter [2-4] and, for this reason, it is receiving 
increasing attention in recent years. 

Numerous materials have been tested as potential cat- 
alysts for reforming of methane with CO2, while Ni- 
based catalysts [5-9], as well as supported noble metal 
catalysts [10-15] have been found to exhibit .promising 
catalytic performance in terms of methane conversion 
and selectivity to synthesis gas. The catalysts which are 
based on noble metals are reported to be more active and 
less sensitive to coking than Ni-based catalysts. How- 
ever, a recent study conducted in this laboratory [16] 
shows that when Ni is supported onto a La203 carrier 
and properly activated, it can exhibit good activity and 
excellent stability, in sharp contrast to other Ni-based 
catalysts, such as Ni/A1203. It has been observed that 
the stable performance of the Ni/La203 catalyst can 
even be obtained at temperatures as low as 550~ a tem- 
perature at which even supported noble metal catalysts 
suffer carbon deposition and deactivation [17]. It has 
been shown that this is due to the formation of a new 
type of surface structure on the Ni/La203 catalyst which 
is resistant to catalyst deactivation [18]. In the present 

study, the kinetic behavior of the reforming reaction 
over the Ni/La203 and Ni/A1203 catalysts is compared. 
The kinetic isotope effect (CH4/CO2 ~ CD4/CO2) for 
carbon dioxide reforming of methane to synthesis gas is, 
for the first time, investigated over these catalysts. 
Primary purpose is to reveal any differences in the 
mechanistic scheme concerning conversion of CH4 / CO2 
to H2/CO. 

2. Experimental 

The 17 wt% Ni/La203 and 17 wt% Ni/A1203 cat- 
alysts were prepared by the method of wet-impregna- 
tion, using Ni(NO3)2 as the metal precursor. Detailed 
procedures of preparation of these catalysts have been 
described elsewhere [ 16]. 

Kinetic studies were conducted under differential 
reaction conditions, using a total feed flow rate of 
300 ml/min which was found experimentally to be suffi- 
cient to eliminate interparticle mass transport resis- 
tances. The conversion of methane was controlled to be 
less than 10% by adjusting the amount of catalyst (1- 
5 mg), which was in the form of powder (< 0.02 mm) and 
was diluted with a-A1203 powder (one portion of cat- 
alyst was diluted with five portions of a-A1203). The cat- 
alyst particle size (< 0.02 mm) was found experimen- 
tally to be small enough so as to eliminate internal mass 
transport limitations. A quartz tube with inner diameter 
of 3 mm was used as the fixed-bed microreactor. Tem- 
perature was measured by two thermocouples placed 
inside a thermowell which was running along the reactor 
length. One thermocouple was placed just prior to the 
catalyst bed and the second one in the middle of the cat- 
alyst bed. Under the present experimental conditions, 
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the temperature difference registered by the two thermo- 
couples never exceeded 5~ The reactor effluent was 
analyzed by on-line gas chromatography. H2/D2, 02, 
N2, CO, CH4/CD4 and CO2 were separated and ana- 
lyzed by a Carbosieve SII column connected to a TC 
detector. The concentration of water was estimated 
from hydrogen and oxygen mass balances. 

The influence of the partial pressure of CH4 or CO2 
in the feed mixture on the kinetic performance was inves- 
tigated by variation of the initial partial pressure of 
CH4 (10-500 Torr) at a constant initial pressure of CO2 
(152 Torr) and by variation of the initial partial pressure 
of CO2 (10-500 Torr) at constant pressure of CH4 
(152 Torr). It was used to keep the total pressure at 1 bar. 
For the studies of the kinetic isotope effect on the reac- 
tion rate, a feed consisting of CH4(CD4)/ 
CO2/He = 5/5/90 vol% was used. Rate limitations by 
external or internal mass transfer resistances were pro- 
ven to be negligible under the present reaction condi- 
tions, by applying suitable criteria. 

3. Results and discussion 

3.1. General observation 

The reaction of C O 2  reforming of methane to syn- 
thesis gas was studied over Ni / La203 and Ni/A1203 cat- 
alysts in the temperature range of 580-750~ Fig. 1 
shows the variation of reaction rate with time on stream, 
obtained at 750~ It is observed that the reaction rate 
over the Ni/La203 catalyst first increases with time on 
stream, during the initial 2-5 h of reaction, and then 
tends to be essentially invariable with time on stream. In 
contrast, the reaction rate over the Ni/7-A1203 catalyst 
exhibits continuous deactivation with time on stream. 
However, the rate of deactivation decreases when time 
on stream exceeds 5 h. This reaction state can then be 
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Fig. 1. Variation of reaction rate as a function of time on stream at 
750~ over 17 wt% Ni/La203 and 17 wt% Ni/"/-A1203 catalysts. Reac- 
tion conditions: Ftot = 300 ml/min; meat = 10 mg; CH4/CO2 = 1, 

Pcrh = 152 Torr, Ptot = 760 Torr, He as the balance gas. 

treated as pseudo-steady state. The reaction rates over 
the Ni/7-A1203 andNi/La203 catalysts after 5 h of reac- 
tion differ somewhat but are still of the same order of 
magnitude. After having run the reaction for 5 h at 
750~ the reaction temperature is varied in the range of 
580-750~ and the respective rate is recorded. The 
apparent activation energy, estimated from the Arrhe- 
nius equation, is found to amount to 72.7 kJ/mol and 
62.7 kJ/mol over the Ni/'~-AI203 and Ni/La203 cat- 
alysts, respectively. This leads to the suggestion that the 
reaction over the Ni/La203 catalyst proceeds through a 
pathway with somewhat lower apparent activation 
energy requirements. 

3.2. Influence o f  partial pressure o f  Cn4  and C02 on 
rate o f  reaction 

The influence of the partial pressure of CH4 and CO2 
on the kinetics of carbon dioxide reforming of methane 
was studied over the Ni/'~-A1203 and Ni/La203 cat- 
alysts at 750~ at atmospheric pressure. Prior to vary- 
ing the individual partial pressures, the reaction was run 
for at least 5 h, under a constant feed composition 
(CH4/CO2/He = 20/20/60 vol%), so as to reach the 
stable performance of the Ni/La203 catalyst and the 
pseudo-stable performance of the Ni/7-A1203 catalyst. 
It is observed that, within a fairly wide range of feed 
compositions (e.g. CH4/CO2-~ 0.5-2.0), the rate of 
reaction changes rapidly upon increasing or decreasing 
the individual partial pressures and remains essentially 
invariable with time on stream between the measure- 
ments. However, when high partial pressure of methane 
(CH4/CO2 > 2.0) and high partial pressure of CO2 
(CH4/CO2 < 0.5) are used, the rate of reaction is found 
to decrease or increase with time on stream, respectively. 
These changes are much smaller and slower than the 
ones caused by changing feed composition. Therefore, 
the global behavior of the catalyst, as revealed by chan- 
ging of the partial pressures of the reactants in the feed, 
is still valid even though the absolute experimental data 
suffer from small deviations. 

Fig. 2 shows the influence of the initial partial pres- 
sure of CO2 on the reaction rate obtained over the Ni/7- 
A1203 and Ni/La203 catalysts at 750~ The reaction 
rate is normalized with respect to the maximum rate 
observed over each of the two catalysts. Is is seen that the 
rate of reaction is rapidly increased with increasing 
CO2 partial pressure at low Pco2 and then tends to be 
almost constant at the high CO2 partial pressure region. 
The rate of reaction over the Ni/La203 catalyst levels 
off at a relatively lower partial pressure of CO2 (at 75- 
100 Torr) than the one over the Ni/7-A1203 catalyst (at 
ca. 200 Torr), indicating that CO2 chemisorption on the 
Ni/La203 catalyst is stronger than that on the Ni/7- 
A1203 catalyst. This may be attributed to the basic na- 
ture of the La203 support which favors chemisorption of 
CO2, in the form of, e.g. La2CO2CO3. Fig. 3 shows the 
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Fig. 2. Influence of the partial pressure of CO2 on the reaction rate 
obtaincd over the Ni/7-Al203 and Ni/La203 catalysts at 750~ Reac- 
tion conditions: Ftot = 300 ml/min; PcH4 = 152 Torr, Ptot =760 
Tort, He as the balance gas. The normalized reaction rate values refer 

to the maximum rate observed over the two catalysts. 

influence of the initial partial pressure of C H 4  o n  the 
rate of reaction obtained over the Ni/7-A1203 and Ni/  
La203 catalysts at 750~ As in the previous case, the 
normalized rate is observed to rapidly increase with 
i n c r e a s i n g  C H 4  partial pressure at the low P e n  4 region 
and then to be constant at the high PCH, region. 
Although the kinetic differences between the Ni/7- 
A1203 and Ni/La203 catalysts, shown in fig. 3, are not 
so significant as the ones shown in fig. 2, they are still 
quite discernible. It is noted that the reaction rate over 
the Ni/La203 catalysts starts to level off at higher partial 
pressures of CH4 (ca. 220-300 Torr) than the one over 
the Ni/7-A1203 catalyst (ca. 100-200 Torr). This obser- 
vation suggests that the chemisorption of methane on 
the Ni/La203 catalyst is weaker than the one on the Ni/  
7-A1203 catalyst. 

The stronger chemisorption of CO2 and weaker 
chemisorption of C H 4  o n  the working Ni/LaEO3 cat- 
alyst, as compared to those on the Ni/7-A1203 catalyst, 

should be related to the kinetic behavior of the two types 
of nickel catalyst (i.e. Ni/La203 and Ni/7-A1203): the 
former offers a stable performance, while the latter 
exhibits continuous deactivation. 

3.3. Kinetic isotope effect 

The results of the kinetic isotope effect for the reac- 
tion of carbon dioxide reforming of methane to synthesis 
gas over the Ni/La203 and Ni/'y-A1203 catalysts are 
presented in table 1. Before switching the mixture from 
CHa/COz/He to CDa/CO2/He, the reaction was run 
for at least 5 h to reach stable performance of the Ni/  
La203 catalyst and pseudo-stable performance of the 
Ni/7-A1203 catalyst. It is shown in table 1 that the rate 
of CO formation (Rco) over the Ni/La203 catalyst is 
significantly reduced upon replacing CH4 with C D 4  in 
the feed mixture, indicating that breaking of the C-H 
bond of the CH4 molecule is a slow step over the Ni/  
La203 catalyst. The value of the oCH4/oCD4 ratio over ~ ' c o  / ~ ' c o  
the Ni/La203 is found to be sensitive to the reaction tem- 
perature, increasing from 1.19 to 1.97 as temperature 
decreases from 750 to 650~ The kinetic isotope effect 
for the rate of hydrogen formation (Rn2) over the Ni/  
La203 catalyst is found to be weaker than the respective 
one for CO formation. While the pCH4/oCD4 ratio ~ c o  /~ 'CO 
amounts to 1.31 at 700~ and 1.19 at 750~ the respec- 
tive values of the oCH4/oCD~ ratio amount to 1.12 at ~'H2 /Jt~'D2 

700~ and 1.08 at 750~ This might be attributed to the 
fact that the consumption of one methane molecule in 
the reaction results in the formation of one CO and two 
hydrogen molecules. As a consequence, the global obser- 
vation of the kinetic isotope effect for H2 formation is 
weaker than that for CO formation. In contrast to the 
case of the Ni/La203 catalyst, the rate of CO formation 
over the Ni/7-A1203 catalyst is found to be only weakly 
affected by changing the CH4/CO2/He mixture to the 
C D 4  / C O 2  / He mixture (see table 1). A small but discern- 
ible reduction in the rate of CO formation over the Ni/  
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Fig. 3. Influence of the partial pressure of CH4 on the reaction rate 
obtained over the Ni/7-AI203 and Ni/La203 catalysts at 750~ Reac- 
tion conditions: Ftot = 300 ml/min; Pco2 = 152 Tort, Ptot = 760 Torr, 

He as the balance gas. 

Table 1 
Kinetic isotope effect for the reaction of carbon dioxide reforming of 
methane to synthesis gas over supported Ni catalysts 

Catalyst Temperature kcH~/kcD4 a 
17wt%Ni/  (~ 

RCH4 //~CD4 ~Cl-h / 17CD4 
CO /~ 'CO ~'H2 /~ 'D2 

La203 650 1.97 :k 0.05 n.d. b 
700 1.31 _-k 0.05 1.12 4- 0.05 
750 1.19 :t: 0.05 1.08 -4- 0.05 

7-A1203 580 1.08 -~ 0.05 n.d. 
650 1.05 -4- 0.05 n.d. 
700 1.04 d: 0.05 0.99 d: 0.05 
750 1.02 -4- 0.05 1.02 -4- 0.05 

a kc~/kcD4 corresponds to the ratio of the rate obtained when using 
CH4 / CO2 mixture to that when using CD4 / CO2 mixture. 
b n.d. implies that the concentration of H2 and D2 was too low to be ac- 
curately measured. 
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7-A1203 catalyst is observed when CH4 is replaced with 
ocI~'/~ ratio amounts to CD4, i.e. the value of the "'co / " c o  

1.0-1.08. It is noted that this ratio is also temperature- 
dependent, increasing with decreasing temperature. 
However, no detectable kinetic isotope effect for the rate 
of hydrogen formation is observed over the Ni/7-A1203 
catalyst. 

One of the major side-reactions of CO2 reforming of 
methane is the reverse water-gas shift reaction 
(CO2 + H2 ~ CO + H20). This reaction involves the 
cleavage of H - H  and H-O  bonds, and is expected to be 
affected by replacing CH4 with CD4. Table 2 presents 
the results of the influence of the replacement of CH4 / 
CO2/He with CD4/CO2/He on the product distribu- 
tion, obtained over the Ni/La203 catalyst at 750~ It 
is shown that the ratios PcoPH20/Pco2PH2 and 
PcoPD20/Pco2PD2 amount to 0.031 and 0.016, respec- 
tively, which are smaller than the corresponding thermo- 
dynamic equilibrium constants, which, at the stated 
conditions, are estimated to be equal to 0.80 and 1.11, 
respectively. These findings dearly demonstrate that the 
reverse water-gas shift reaction under the present condi- 
tions of CH4 reforming with CO2 is far away from ther- 
modynamic equilibrium. Because of this, some kind of 
kinetic isotope effect for the reverse water-gas shift reac- 
tion is expected when CH4 is replaced with CD4. This is 
confirmed by the observation of a significant reduction 
in the concentration of water when CH4 is replaced with 

pCH4/pCD4 COg, i.e. the ra t io ,  n2o/" D:O amounts to ca. 1.56. This 
implies that a significant kinetic isotope effect exists for 
the reverse water-gas shift reaction. Since the concentra- 
tion of water produced under the conditions applied is 
one order of magnitude lower than the concentrations of 
HE and CO, i.e., the ratio of CO or hydrogen concentra- 
tion to water concentration ranges from ca. 16 to ca. 23 
(see table 2), the kinetic isotope effect for the reverse 
water-gas shift reaction is estimated to cause less than 
5% alteration in CO and H2 (or D2) concentrations. 
Therefore, the global observation of the alteration of the 
formation rate of CO and HE (i.e. kcI~/kcD4 in table 1) 
should not be due to the kinetic isotope effect for the 
side-reaction (reverse water-gas shift) but due to that of 
the major reaction of CO2 reforming of methane to syn- 
thesis gas. 

For the reaction of methane reforming with carbon 
dioxide, the most probable slow steps are those of 
methane activation to form CHx (x ---- 0-3) species, and 
the reaction between CHx species and the oxidant, either 
in the form of oxygen adatoms originated from CO2 dis- 
sociation or CO2 itself (including CO2 activation). A 

Table 2 
Influence of kinetic isotope effects on product distribution over the 
Ni/La203 catalyst at 750~ 

15,9 4- 1,0 22.9 4- 1.0 17.9 + 1,0 23.5 4- 1.0 1.56 

previous FTIR study [15] showed that the surface carbon 
species on the working Ni catalysts contain no C- H  
bond, indicating that the surface carbon species are H- 
deficient (CHx, x is equal to or close to zero). From the 
present kinetic isotope effect study, it becomes apparent 
that methane activation is the slow step over the Ni/  
La203 catalyst but is a relatively fast step over the Ni/7- 
A1203 catalyst. Accordingly, it can be reasonably 
assumed that methane activation is the rate-determining 
step for the formation of synthesis gas over the Ni/  
La203 catalyst, while the reaction between surface car- 
bon species (CHx, x = 0) and the oxidant (including CO2 
activation) is the rate-determining step over the Ni/7-  
A1203 catalyst. Considering the facts that the overall 
rates obtained over the Ni/La203 and Ni/7-A1203 cat- 
alysts are of the same order of magnitude and that the 
apparent activation energy obtained over the Ni/La203 
catalyst is smaller than that over the Ni/7-A1203 cat- 
alyst, it can be further derived that the activation energy 
of the slow step, i.e. the reaction between the surface car- 
bon species and the oxidant, over the Ni/7-A1203 cat- 
alyst is larger than that over the Ni/La203 catalyst and 
that the energy for methane activation over the Ni/  
La203 catalyst is larger than that over the Ni/7-A1203 
catalyst. From the above assessment, it is clear that the 
step of CHx formation is faster while the step of removal 
of the surface carbon species by reaction with the oxi- 
dant is slower over the Ni/7-A1203, as compared to 
those over the Ni/La203 catalyst. This is also in line with 
the preceding results (figs. 2 and 3) which show that 
methane chemisorption is stronger and carbon dioxide 
chemisorption is weaker on the Ni/7-A1203 catalyst 
than the respective processes on the Ni/La203 catalyst. 
Probably, this is the reason why the Ni/7-A1203 catalyst 
exhibits continuous deactivation with time on stream, 
caused by excess carbon accumulation, while the Ni/  
La203 catalyst is capable of showing a stable perfor- 
mance, which may be due to establishment of equili- 
brium between the formation and the removal of the 
surface carbon species on the working catalyst surface 
[16]. 

4. Conclusions 

The following conclusions can be drawn from the 
results of the present study. 

(1) It is confirmed that the Ni/La203 catalyst exhibits 
good activity and excellent stability whereas the Ni/  
A1203 catalyst shows continuous deactivation with time 
on stream in the process of CO2 reforming of methane 
to synthesis gas. 

(2) The reaction rate is rapidly increased and then 
tends to be essentially constant with increasing partial 
pressure of CH4 or CO2 in the reaction mixture. CO2 
chemisorption is relatively stronger and CH4 chemisorp- 
tion is relatively weaker on the Ni/La203 catalyst as 
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compared  to the respective processes on the Ni/A1203 
catalyst. 

(3) A reduction of  the rate of  CO format ion,  by a fac- 
tor o f  1.19-1.97, was observed over the Ni /La203  cat- 
alyst upon switching the reaction feed f rom CH4/CO2 to 
CD4/CO2,  indicating that  methane  activation over the 
Ni /La203  catalyst  is a slow step. 

(4) Only a small reduction in the rate of  CO forma-  
tion, by a factor  o f  1.02-1.08, was detected over the N i /  
A1203 catalyst  upon switching CH4 / CO2 to CD4 / CO2, 
suggesting that  methane  activation over the Ni/A1203 
catalyst  is a fast  step. 

(5) The fact  that  the Ni /LazO3 catalyst  exhibits stable 
per formance  while the Ni/'),-A1203 catalyst  shows con- 
tinuous deact ivat ion by  accumulat ion of  excess carbon 
on its surface can be explained by the present results 
which show that  the rate of  CHx format ion  is slower, 
and the rate of  CHx removal  is faster while the adsorp- 
tion of  CO2 is stronger, and the adsorpt ion of  CH4 is 
weaker over the N i /La203  catalyst  compared  to the 
respective parameters  over the Ni/~,-A1203 catalyst. 
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