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The methanation rate of CO, over nickel-alumina was studied under differential reactor 
conditions between 210 and 315°C at a total pressure of 1 atm, with He used as diluent in some 
experiments. The rate was one-half order in both reactants. When the H,/CO, ratio was varied, the 
rate exhibited a maximum in the Hz-rich region. Based on these observations, a reaction mechanism 
in which there are 2 slow steps, either of which can be rate determining, is suggested. The site- 
density criterion for allowable rate-determining steps was also used. This criterion was applied to 
15 steps and only 7 meet the criterion. The 2 steps postulated to be slow are among the 7. The 
activation energies for the reactant mixtures which were 30, 50, and 70% in H, (using no diluent) 
were found from Arrhenius plots to be 21.4, 19.1, and 21.9 kcal/mole, respectively. 

INTRODUCTION 

In the catalyzed hydrogenation of COP 
either CHI or CO can form, according to 
the following reactions: 

CO, + 4Hz + CH, + 2Hz0, 

CO, + H, * CO + H,O. 

The methanation reaction, the Sabatier 
reaction, occurs in a lower temperature 
range than the second reaction, the water 
gas shift reaction. The most frequently used 
catalysts are transition metals, such as Ni, 
Fe, Co, and Ru, either pure or supported. 

We have studied the kinetics of the meth- 
anation reaction catalyzed by nickel-alum- 
ina for the purpose of elucidating the reac- 
tion mechanism. Even though many 
kinetics studies of this reaction are in the 
literature, there were two reasons for carry- 
ing out this work: (i) Most of the studies 
reported have been carried out using an 
excess of H,. We have, however, also 
studied the CO,-rich region, enabling us to 
determine the dependence of the rate on the 
concentration of H, as well as CO,; only a 
few previous workers have looked at this 
latter question. In addition, we have made 
tentative conclusions about the mechanism 
from the observation that the maximum 

rate apparently occurs when there is more 
H, than CO, in the system. (ii) Another 
reason for studying this system was to 
obtain data which would enable us to use 
the site-density criterion in the elucidation 
of the mechanism. This criterion, used by 
various workers and described in detail in 
earlier work (l), enables one to eliminate 
postulated rate-determining steps that re- 
quire a physically impossible number of 
active sites. 

To minimize back reaction and other 
complications associated with high conver- 
sion, we carried out the reaction under 
differential reactor conditions. 

EXPERIMENTAL 

Materials 

The catalyst was Houdry NiO-A1203, 42% 
NiO, with a surface area of 180 m’/g. Just 
prior to use the catalyst was reduced in the 
reactor with H2 at 450°C for 1 hr. Nitrogen 
was used to flush the reactor. All the gases 
used-H,, COZ, He, and N-passed 
through a Drierite column before entering 
the reactor. In addition, 0, was previously 
removed from H, by a catalytic converter 
and from N, by a bed of hot, reduced 
copper. No product of the CO,-H, reaction 
could be detected in any of the gases used. 
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Procedure 

Carbon dioxide and H, flowed into a 
conventional differential reactor, which 
consisted of a 25cm heated horizontal Py- 
rex tube of 24 mm i.d., after being pre- 
heated to the catalyst temperature. They 
reacted over 0.0500-g 100 to 200-mesh re- 
duced catalyst on a glass tray 5 cm long 
situated in the middle of the reactor. He- 
lium was used whenever a diluent was 
needed; nitrogen interfered in the gas chro- 
matographic analysis. The total pressure 
was always 1 atm and the total flow rate 
was always about 100 ml mm-‘. Conversion 
was usually less than 5% of the limiting 
reactant. By means of a gas sampling valve, 
effluent samples were taken at 15-min inter- 
vals, starting 30 min after the beginning of 
the run, and analyzed using a 12-ft Porapak 
Q column at 26°C. The rate for a run was 
taken to be the average of the four samples 
taken between 30 and 75 min after the 
beginning of the run. Catalyst decay was 
not observed during that period. It was in 
some cases possible-as proven by com- 
parison with fresh-catalyst results-to use 
the same catalyst for the following run, 
usually after rereduction. Otherwise, fresh 
catalyst was used. 

Mass and Heat Transfer 

To determine whether or not our mea- 
sured rates were limited by mass transfer in 
the pores, we applied the criterion of Weisz 
and Prater, who showed that a catalytic 
reaction is not diffusion limited if 

(R,2/DN lc)(dn,ldt) < 1, 

where R, is the particle radius; 0, the gas 
diffusion constant applicable to the oxide 
pores, l-3% of D, the ordinary diffusion 
constant; c the concentration of that gas; 
and (dn,/dt) the observed rate per unit 
volume of catalyst (2). Thus, if the criterion 
is met when we take the largest values of 
the quantities in the numerator and the 
smallest values of the quantities in the 
denominator of the left side of the inequal- 

ity, then the criterion is met for all condi- 
tions used. Our highest rate was 3 x 10-j 
mole CH, cmm3 s-l (assuming the catalyst 
particle density to be about 1 g cm-?, 
measured at 315°C with pco2 = 0.3 atm. For 
these conditions, ccoZ = 6.2 x IO+ mole 
cmm3; also, Dcot, taken to be about 0.32 cm* 
s-l (2), is the smallest of the diffusion 
constants of the molecules of the reaction. 
To minimize the denominator, we let D, = 
0.01 D. For our largest particles (100 mesh), 
& = 0.013 cm. Then the left side of the 
inequality is only -0.24 in this extreme 
case. We conclude that there was no diffu- 
sion limitation in the pores. 

Nor was heat transfer a problem. To 
calculate the temperature differential within 
the pores we used the method developed by 
Prater, who showed that 

T - T, = -(AHDJK)(c, - c), 

where T is the temperature in the pores 
where the concentration of reactant is c, T, 
and c, are the corresponding values at the 
surface, AHis the heat of reaction, and Kis 
the thermal conductivity of the catalyst (3). 
Our “worst case” is for the 315°C 30% 
C02-70% Hz case described above. Thus, 
the conversion here was about 15%, far 
above the most of the conversions (usually 
below 5%), corresponding to (if a linear 
approximation can be made) 3% conver- 
sion per cm for the 5-cm catalyst bed. Let 
us consider rows of particles lying perpen- 
dicular to the direction of gas flow. Assum- 
ing the bed is loosely packed and all parti- 
cles are 100 mesh, the size for which there 
would most likely be a problem, each row 
occupies about 0.05-cm bed length. There- 
fore, the conversion per row is -0.15% 
(i.e., 0.05 x 3%). It follows that the “aver- 
age” reactant concentration difference be- 
tween the surface and the center of the 
particle is -0.15%. If we assume that there 
is a linear decrease in concentration be- 
tween the surface and the center, the reac- 
tant concentration is 0.3% (i.e., 2 x 0.15%) 
less in the center than at the surface of the 
particle. Therefore, in our “worst case,” 
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(c/c3 = 0.997. AH is -38 kcal mole-‘. The 
D values for CO, and Hz at 315°C are 0.32 
and 1.81 cm* s-l, respectively (2), and we 
take a weighted value of 1.36 cm* s-’ for a 
70-30% mixture. Then, taking the largest 
estimated value of D,, i.e., 3% of D, we 
have D, = 0.041 cm* s-l. We do not have a 
K value for our catalyst, and so we use the 
value 5.3 x lo-” cal s-l cm-’ deg-I, the 
value Rater used for a similar material, 
Pt/A1203. As given above, c = 6.2 x 10m6 
mole cme3 at these conditions. Then, for 
this “worst case,” T - T, is O.OYC. Our 
other runs were such that (T - TJ was 
much smaller, and so it seems that the 
intraparticle temperature differential was 
not large enough to cause difficulty. 

In our system heat transfer away from 
the particles was also satisfactory. At our 
highest rate, 3.5 x 10-j mole CH, g-’ SK* at 
31s”C, the heat produced by 0.0500-g cata- 
lyst is 6.5 x lo-* cal s-l for a reaction in 
which AH = -38 kcal mole-‘. But that part 
of the reactor immediately adjacent to the 
5-cm catalyst tray produced -25 cal s-l at 
315°C. Thus, the reaction produced only 
0.3% as much heat as the furnace. These 
calculations convince us that bulk heat 
transfer was good enough to insure a rea- 
sonably uniform particle-to-particle tem- 
perature. 

RESULTS AND DISCUSSION 

Reaction Mechanism 

We carried out all runs between 210 and 
315°C and therefore only the low-tempera- 
ture reaction, the methanation reaction, 
occurred. Our results are summarized in 
Figs. l-6. Figure 1 shows the reaction rate 
as a function ofp,, andpi!/:, withpCOl = 0.3 
atm; in Fig. 2 the rate is given as a function 
of pco2 and P%,, with ml, = 0.3 atm. In Fig. 
3,PHz + PC02 = 1 atm; the rate is given as a 
function of pco2. Least-mean-squares Ar- 
rhenius plots of the rates using 30-70, 50- 
50, and 70-30% CO*-Hz mixtures, at a total 
pressure of 1 atm but without a diluent, are 
shown in Figs. 4-6. The activation energies 
are, respectively, 21.4, 19.1, and 21.9 
kcal/mole. 

In spite of the rather large deviations 
(shown by the error bars) of Figs. 1 and 2, it 
seems that one can conclude that the rate is 
more nearly linear in p’/* than p in both 
figures. Thus, our results suggest that the 
rate is one-half order in both H, and CO,. 
Also, our results indicate that our condi- 
tions were such that for neither Fig. 1 nor 
Fig. 2 was the partial pressure of either 
reactant large enough so that the rate de- 
pended entirely on the partial pressure of 
the other reactant. Thus, rate vs pa,2 is 

S- 

RATE, 4- 

MOLES CH4 
PER G CAT. 
FERSEC 3- 

(x106) 

FIG. 1. Rate as a function of pHI (0) and of pgt (m). Conditions: peon = 0.3 atm; total pressure is 1 
atm, with He diluent; T = 250°C. Points with average deviation error bars are the averages for three to 
nine runs. 
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RATE, 
MOLES CH4 
PER G CAT. 
PER SEC 

FIG. 2. Rate as a function of pcor (a) and of pk., (m). Conditions: pHn = 0.3 atm; total pressure is 1 
atm, with He diluent; T = 250°C. Points with averge deviation error bars are the averages for two to 
eight runs. 

. . 
lmear m Fig. 1 as pco2 is held constant at 0.3 
atm. One point on this curve is for pHZ = 
pco2 = 0.3 atm, and this point is also on the 
curve of Fig. 2, a curve which seems to 
indicate that the rate is linear in p$‘$. It 
would seem that we could not have such 
results if either of the steps we refer to as 
rate limiting was much more rapid than the 
other. 

Our conclusion that the reaction is one- 
half order in each reactant does not depend 
entirely on our own results. An order of 

are variables in Fig. 3 and therefore only 
one point of Fig. 1 and one of Fig. 2 are 
included in this figure.) The curve of Fig. 3 

ln(rate)= -1.10 x lOYl/T) + 8.80, 

suggests the possibility that the maximum 
rate occurs in the HZ-rich region. Since the 

ln(rate)= -0.959 x 104(1/Z’) + 5.88, 

average deviation, indicated by the error 
bars, was large here also, we checked our 
conclusion about the maximum rate using 
the more reliable constant-pressure plots of 
Figs. 4-6. The least-mean-squares equa- 
tions for the three plots of Figs. 4-6, each 
for 14 or 15 points, are 

one-half for CO, has been reported for 

ilasenko and co-workers found that the 

nickel and nickel-supported catalysts 

reaction over a nickel-chromia catalyst is 
first order in CO, (6). Dwyer and Somojai 

(4, 5). Under certain conditions, however, 

reported turnover numbers for CO, sites on 
an Fe catalyst, thus implying that with their 
operating conditions the reaction is zero 
order (7). However, such a finding is not 
unreasonable; their experiments were car- 
ried out at a pcop value of 4.5 atm, much 
higher than our maximum of 0.7 atm. 
Others have implied an order of one-half for 
H,. For example, Shultz, Kam, and Ander- 
son reported a rate which was one-half 
order in total pressure (8). 

ln(rate) = - 1.08 x 104(1/T) + 8.07, 

for 30, 50, and 70% COZ, respectively. The 
corresponding 250°C rates are calculated to 
be 4.9 x 10V6, 3.9 x 10e6, and 3.4 x 10es 
mole CH,/g cat-set; that is, the rate is 
greatest in the HZ-rich region. 

If it is indeed true that the rate is greater 
when pH2 > pcoz, then the slow dissociative 
adsorption of H2 is more important in deter- 
mining the overall rate than the slow disso- 
ciative adsorption of COZ. The Hz reaction 
could be more important because this reac- 
tion is somewhat slower (although not 
much slower, as noted above) than the CO, 
reaction; or, it could be more important 
because the H, reaction must occur more 

To understand further the relation be- 
tween the two slow reactions, we now turn 
to Fig. 3. (Both reactant partial pressures 
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FIG. 3. Rate as a function of percentage CO, in CO,-H, mixtures; no diluent; total pressure 1 atm; 
T = 250°C. Each point is the average for 2-12 runs; the error bars indicate the average deviations. 

than once for each time the CO* reaction 
occurs. The first possibility-that the H, 
reaction is slower than the CO, reaction- 
seems unlikely from the point of view of 
ordinary chemical considerations. Rather, 
the second possibility, in which it is postu- 
lated that the hydrogen reaction must occur 
more often than the CO, reaction (that is, 
the H2 reaction has the greater stoichiome- 
tric number), seems to be more likely. 

We therefore propose the following 

IO‘ 

RATE, 
MOLES Ctle 
PER G CAT. 
PER SEC 

1.7 I.3 Y,” c. 
1000/T 

FIG. 4. Arrhenius plot for 30% C02-70% Hz mixture. 

mechanism, using some of the suggestions 
of Dwyer and Somojai for CO, hydrogena- 
tion over Fe (7), where A’ and A are 
surface sites: 

H, + 2A’ --, 2HA’ (1) 

CO,+2A+OCA+OA (2) 

2HA’ + OCA + H,O + 2A’ + CA (3) 

2HA’ + OA + Hz0 + 2A’ + A (4) 

H2 + CA + H&A (5) 

Hz + H&A -+ CH, + A. (6) 

We assume that steps (1) and (2) are much 
slower than steps (3)-(6). We do not make 
any assumptions about the nature of bond- 
ing in any of the intermediates in step (l)- 
(6). For example, we do not have evidence 
that adsorbed CO (“OCA”) or a carbide 
(“CA”) exists in our system. 

If steps (1) and (2) are both slow with 
respect to steps (3)+6), then the reaction is 
one-half order in both reactants, provided 
that(i) the coverage is relatively low and (ii) 
slow dissociation follows rapid adsorption. 
Steps (l)-(6) add up to the stoichiometric 
methanation reaction, provided that step 
(1) is multiplied by two: the slow step (1) 
must occur twice each time slow step (2) 
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RATE, 
MOLES cli.q 
PER G CAT. 
PER SEC 

~“-L--2!J 
117 I.8 1.9 2.0 2.1 

1000/T 

FIG. 5. Arrhenius plot for 50% CO,-50% H, mixture. 

occurs. A rate maximum in the HZ-rich 
region of Fig. 3 is therefore reasonable, 

Our conclusions do not enable us to 
distinguish between steps (3) and (4) and 
possible alternatives, or steps (5) and (6) 
and possible alternatives. We can state only 
that there are surface species of oxygen and 
carbon which, when hydrogenated, pro- 
duce water and methane, respectively. 

Site-Density Criterion 

The site-density criterion can be used to 
reject some postulated slow steps (I). Just 
as the determination of the order of the 
reaction enables one to reject certain steps 
as rate determining, a postulated slow step 
is possible only if the site density calculated 
for that step is physically possible. The 
order and the site-density criteria comple- 
ment each other. 

From transition-state theory for a solid- 
catalyzed gas reaction, 

L=c(*T), 

where L is the site density (or, in some 
cases, one or two magnitudes less than the 
site density), o is the reaction rate per unit 

area of catalyst, E is the activation energy, 
T is the absolute temperature, R is the gas 
constant, k and h are the Boltzmann and 
Planck constants, respectively, and C is a 
function of the partition function and con- 
centration of reactants and activated com- 
plex (9). The function C depends upon 
which step is postulated to be rate deter- 
mining. When the reaction is gas adsorption 
not accompanied by dissociation, C = 
FIGS> where F and c, are the partition 
function and concentration per unit vol- 
ume, respectively, of the reactant gas. (The 
partition functions of bare and occupied 
sites as well as the symmetry factors are 
taken to be close to unity, and they can 
therefore be neglected.) For adsorption 
with dissociation, C = (F/c&~‘~; for a sur- 
face reaction, C = 1. Only the translational 
and rotational contributions to F need be 
taken into account; the vibrational contribu- 
tion is negligible in the catalytic systems 
normally encountered. We have given else- 
where a fuller description of the calculation 
methods for many steps, including all those 
listed in Table 1 (I, 10). 

In Table 1 we give the site density for 
each of 15 postulated slow steps, using our 
experimental results at three H&O, ra- 

I I I . 
It7 I.8 1.9 2.0 2 

lOOO/ T  

FIG. 6. Arrhenius plot for 70% CO,-30% H2 mixture. 
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TABLE 1 

L Values for Various Postulated Rate-Determining Steps” 

Step 
No. 

Stepb 

1 
2 
3, 4 
5, 6 
7 
8 

9 

10 

11 

12 

13 

14 

15 

Dissoc. ads. of H, 
Dissoc. ads. of CO, 
Surface reaction 
Nondissoc. ads. of Hzd 
Nondissoc. ads. of COZd 
Act. complex: surface- 

mobile H,’ 
Act. complex: surface- 

mobile CO,’ 
Surface sparsely covered 

with reacting H, and CO, 
Strongly ads. H, reacts 

with ads. CO, 
Strongly ads. CO, reacts 

with ads. H, 
Ads. H, reacts with ads. 

CO,; both appreciably ads. 
Both H, and CO, surface 

mobile; react on fixed sites 
Like 14, but act. 

complex retains rotation 

30% Hz-70% CO, 

3 x 10” 
2 x 10’3 
9 x 10’ 
8 x lOI* 
5 x 10’” 
4 x 10-d 

8 x lo-’ 

2 x 1O’j 

3 x 10” 

6 x lo3 

5 x 10’8 

6 x 10” 

1 x 10” 

L sites/cm’)’ 

50% Hz-SO% CO, 

2 x 1010 
3 x 10’2 
1 x 10’ 
6 x lOI 
9 x 10” 
3 x lo-” 

1 x 10-d 

3 x 1024 

9 x 10’0 

3 x 102 

9 x 10” 

8 x 10’” 

1 x 10’3 

70% HZ-30% CO, 

4 x 10” 
8 x lOI 
2 x 10” 
8 x 10” 
3 x 101” 
4 x 10-a 

4 x 10-Z 

6 x lo= 

4 x 10’2 

3 x 103 

3 x 1019 

2 x 10’” 

3 x 10’4 

n Total pressure, 1 atm; no diluent. T, 523°K. See Ref. (I) for methods of calculation. 
b See the text for a description of steps (l)-(6). 
c Moments of inertia used to calculate the rotational partition functions of H, and CO*, respectively: 4.59 x 

lO-41 g cm2, 7.187 x 10es9g cm2. Reaction rate, molecules per cm2, and activation energy, kcal/mole, for the 30- 
70, 50-50, and 70-30% Hz-CO2 mixtures, respectively: 1.2 x lo’*, 21.4; 1.3 x lOI*, 19.1; 1.6 x lo’*, 21.9. 

d Any dissociation which occurs is not part of the rate-determining step considered here. 
e The physically possible value for L for this step is of the order of unity, not lO”lO” sites/cm2. See Ref. (I). 

tios. Each calculation requires that that 
step be assumed to be the rate-determining 
step and that the reaction order be what- 
ever is required by that step. Thus, we do 
not use our earlier conclusions that steps 
(1) and (2) are slow and that the reaction is 
one-half order in each reactant. Six of the 
steps given in the table are steps (l)-(6); the 
others, not included in our mechanism, are 
a priori conceivable rate-determining steps. 
The range of site densities which are in 
most cases physically allowable is rather 
large, partly because some catalysts do 
indeed have very low site densities (II), 
and partly because there are approxima- 
tions in the method used. For our purpose, 
the extremes in the allowable site-density 

range are 1Oj and 10” sites/cm2; usually a 
fully covered surface is considered to have 
the order of 101j sites/cm2. 

We now compare the site-density calcu- 
lations in Table 1 with the mechanism we 
have proposed. The results for the three 
H&O, ratios are so close that we can 
neglect differences between columns 3, 4, 
and 5. 

Step (1): The reaction can be one-half 
order in hydrogen over a pressure range 
only if the surface is well below saturation 
even at the highest pressure used. There- 
fore, the L value calculated for this step 
should be appreciably less than the actual 
site density, and so the value of 101o-lO1’ is 
quite reasonable. 
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Step (2): The same conclusion holds for L 
values of 1012-1013 for the CO, sites. 

Steps (3) and (4): Although these are 
surface reactions, they are not to be con- 
fused with steps (lO)-( 15) discussed below. 
The chance that L values as low as lo’-lOa 
are correct is not large. There would cer- 
tainly be no measurable reaction if such a 
small number of A and A’ sites were spread 
uniformly over the surface: species ad- 
sorbed on A and A’ would be too far apart 
to react with each other. This calculation is 
made assuming no appreciable movement 
of the activated complex. Any other as- 
sumption for the activated complex leads to 
an even smaller L value (I, 10). Also, it is 
almost certain that steps (3) and (4) would 
not be one-half order in either reactant over 
the range of pressure used. 

Steps (5) and (6): The L values of 10’s 
1014 are possible, but the steps are ruled out 
as rate determining because they require 
that the reaction be first order in hydrogen. 
The observed order rules out both the first- 
order adsorption of Hz and the first-order 
reaction of Hz adsorbed on a sparsely cov- 
ered surface. 

Of the steps included in Table 1 but not 
part of the proposed mechanism, steps (7)- 
(15), only three need be considered. For 
step (11) the L values are allowable but it 
would be required that the reaction be first 
order in CO* and - 1 order in Hz. The L 
values for step (14) could at the outside be 
allowable; the order for each reactant 
would probably be less than one but, how- 
ever, not one-half over the range of pres- 
sure used. For Step (15) the L values are 
reasonable, but the orders would be the 
same as in Step (14). 

In summary, steps (1) and (2) seem to be 
the most likely rate-determining steps. 
Since steps (3)-(6) are postulated to be fast 
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steps following the rate-determining steps, 
they are somewhat speculative. From site- 
density considerations alone, either step (5) 
or step (6) could be the rate-determining 
step; these steps are, however, ruled out on 
the basis of order. None of the nine steps 
included in Table 1 but not in the proposed 
mechanism meets both the order and the 
site-density criteria. 
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