
Methane Steam Reforming, Methanation 
and Water-Gas Shift: 1. Intrinsic Kinetics 

Intrinsic rate equations were derived for the steam reforming of 
methane, accompanied by water-gas shift on a Ni / MgA1204 catalyst. A 
large number of detailed reaction mechanisms were considered. Ther- 
modynamic analysis helped in reducing the number of possible mecha- 
nisms. Twenty one sets of three rate equations were retained and 
subjected to model discrimination and parameter estimation. The pa- 
rameter estimates in the best model are statistically significant and 
thermodynamically consistent. 

Introduction 
Steam reforming on nickel-alumina catalysts is the main pro- 

cess for the production of hydrogen or synthesis gas. It is a large- 
scale operation carried out in rows of tubular reactors inserted 
into a gas-fired furnace. The temperature in the tubes evolves 
from 675 to 1,000 K, necessitating very high heat fluxes. Com- 
bined with a pressure of the order of 30 bar, this leads to severe 
demands for the tube material. The simulation and design of the 
tubular reactor requires information on thermodynamics and on 
the kinetics. Whereas the first aspect is fairly well accounted for 
in the design, the second is often neglected or reduced to very 
simple elements. It will be shown in the present paper that sev- 
eral reactions have to be considered for a proper description of 
the process and that the reaction mechanism has to be investi- 
gated in some depth to come to a reasonable description of the 
kinetics. Also, although it is known that the diffusion limitations 
are severe, most of the kinetic studies either neglect these or 
resort to so-called “effective” rate equations which do not 
explicitly account for the resistance to diffusion. The present 
paper deals with true, intrinsic kinetics on a Ni/MgAl,O,-spi- 
nel catalyst. 

Experimental Study 
Equipment and materials 

The equipment is classical. The preheater and the tubular 
reactor are made of HK 40 stainless steel (25-20 Cr-Ni). The 
reactor tube has an inner diameter of 1.07 cm. A thermocouple 
is sliding in a central tube of 0.35 cm outer diameter. The reac- 
tion zone containing the catalyst and inert solid diluent has a 
length of 10 cm. It is heated by two heaters, each 5 cm long. 
Four thermocouples are welded on the external reactor wall. 
Pure a-alumina spheres are used in the preheating section and 
the section after the catalyst bed. The latter is diluted with a- 
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alumina spheres of the same diameter. The flows of CH, and H2 
are measured by rotameters and that of C02 by a mass flow 
meter. Deionized water is fed through a volumetric pump. The 
hydrogen and methane used are N40 (99.99% purity) and N35 
(99.95%) supplied by L’Air Liquide. Carbon dioxide is N25 
(99.5%), also from L‘Air Liquide. The back pressure is regu- 
lated by a membrane pressure regulator. After condensation of 
the steam and drying, the effluent gas is directed to two gas 
chromatographs (GC) or to the gas meter and then to the vent. 

One of the gas chromatographs uses hydrogen as the carrier 
gas. The column, with a length of 15 m, is packed with Porapak 
Q. The other GC, which uses nitrogen as the carrier gas, is used 
to detect the concentration of hydrogen. The column is filled 
with 10 m of Porapak Q and 5 m of Porapak N. 

Pretreatment of the catalyst 
The catalyst contains 15.2% nickel, supported on magnesium 

spinel. Its BET-surface area is 58 m2, the nickel surface area 9.3 
m2/gca, (fresh catalyst) and the void fraction 0.528. The original 
ring-shaped catalyst with outer diameter of 10 mm is crushed 
into particles of 0.18-0.25 mm. 

The amount of catalyst is 0.4 g, which is mixed with about 8 
mL of a-alumina diluent. The reactor is first heated in a hydro- 
gen flow, a t  about 2 K/minute to about 1,083 K. It is kept a t  
that temperature for 12 hrs, after which the temperature is 
reduced to 823 K. Upon reaching this temperature the pressure 
is set to 5 bar and the water feed is switched on. The flow con- 
trollers are then adjusted to set the reference conditions for test- 
ing the activity for steam reforming: W/F& = 0.2 g,, - 
h/mol,,, molar ratio H20/CH4 = 5.0, molar ratio Hz/CH, = 

1.25. The activity of the catalyst drops very rapidly during the 
first 24 hours, but then much more gradually. The kinetic study, 
with its specific conditions, is started after some 70 hours on 
stream, when the deactivation has become so slow that only 
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Figure 1. Methane conversion as a function of time at 
55OOC, pt = 5 bar, steam to methane molar 
ratio = 5,  hydrogen to methane molar ratio = 

1.25, W/F& = 0.2 gc., . h/mol CH,. 

minor corrections, as explained below, are sufficient to account 
for it. The deactivation is probably caused by sintering. 

The pretreatment of fresh catalyst for the experiments on the 
reverse of the water-gas shift and on the methanation is initially 
identical to that described above, including the measurement of 
the reference activity for steam reforming. Then the reference 
conditions for the reverse of the water-gas shift and methanation 
are set: T = 673 K; p,  = 3 bar; H,/CO, molar ratio = 1; 
WIF",, = 0.25 g,, h/mol,,,. From then on, there is no more 
deactivation, except when, under extreme conditions, carbon is 
accumulating on the catalyst. Because of this, the reference 
activity level of the reverse of the water-gas shift and methana- 
tion is 1.225 times that of steam reforming. This factor is 
accounted for in the model discrimination and parameter esti- 
mation based on the simultaneous treatment of the two sets of 
experimental results. 

Experimental results 
A typical methane conversion vs. time on stream behavior is 

shown in Figure 1. Higher pressures, temperatures, and steam to 

Table 1. Experimental Conditions 

Pres. H20/CH4 H,/CH4 Temp. 
bar molar molar K 

Steam Reforming 
5 .O 5 .O 
5.0 3.0 

10.0 3 .O 1.25 113,198,823,848 
15.0 5.0 
3.0 5 .o 
3.0 3 .O 

Pres. H2/C02 Temp. 
bar molar K 

~~~~ 

Reverse of Water-Gas Shvt  and Methanation 
8.0 

10.0 1 .O, 0.5 513,598,623,648,613 
3 .O 

10.0 

/ /------ 

Figure2. Total conversion of methane vs. space time: 
W/F& p ,  = 10 bar, steam to methane molar 
ratio = 3. 

methane molar ratios increase the deactivation rate. Tests under 
reference conditions were carried out every day, prior to the runs 
at  other conditions. Because of deactivation, however, the space 
time required to reach the same conversion as in the first refer- 
ence test was, say, against (W/F&,)I in the first test. 
All the data collected that day were corrected to the reference 
activity level by multiplying their respective space times with 
the ratio: (W/F&),/( W/F&,)2. 

The conditions covered by the experiments are listed in Table 
1. For steam reforming, the temperature range is well below that 
practiced industrially. Yet, the temperature had to be limited to 
these values to avoid measuring only equilibrium conversions. 
Hydrogen was added to the steam reforming feed to avoid reoxi- 
dation of the catalyst by steam (De Deken et al., 1982). Figures 
2 and 3 show examples of curves of total methane conversion 
and of conversion of methane into C 0 2  vs. W/F'&,, experimental 
and simulated on the basis of rate equations to be presented fur- 

"CO) 

,$ 

Figure 3. Conversion of methane into COz vs. space time: 
W/F& p, = 10 bar, steam to methane molar 
ratio = 3. 
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ther in this paper. Two hundred and twenty runs were per- 
formed on steam reforming. 

All the experimental data for the reverse of the water-gas 
shift and methanation were collected with one load of catalyst, 
since there was no deactivation. The total C 0 2  conversion and 
the conversion of COz into CH4 at 10 bar and H,/C02 = 1 are 
plotted in Figures 4 and 5, corrected already for the difference in 
activity with respect to the steam reforming reference activity 
level. Sixty runs of this type were performed. 

Experiments were carried out with different catalyst sizes for 
both steam reforming and reverse of the water-gas shift and 
methanation. It was shown that there were no significant inter- 
nal diffusion limitations for the size 0.17-0.25 mm. Calculation 
also proved that external mass and heat transfer resistances 
were negligible. 

Model Development 
Thermodynamic analysis 

Table 2 lists 11 reactions which may occur, in principle at 
least, among CHI, COz, CO, HZ, H20  and carbon. The ratios 
of 

represented by V(i ) ,  calculated from the experimental results 
for steam reforming, exceed 1 for the reactions VI-XI, so that 
no carbon deposition can occur. The values of V(IV) and V(V) 
are always below 1, so that these two reactions could proceed to 
the right. Since the observed methane disappearance rate 
decreased as the methane conversion and therefore the C 0 2  con- 
centration increased, in contradiction with IV and V, these reac- 
tions were not considered to occur and were left out of the reac- 
tion scheme. The ratios V(I) and V(II1) monotonously increase 
with space time, W/F& and temperature, at  fixed pressure and 
steam to methane molar ratio. The values are always smaller 
than one, so that reactions I and I11 proceed to the right. 

x‘ 
c o 2  
t 

W / F c o 2  1gcathr/mo$-021 

Figure4. Total conversion of C02 vs. space time: 
W/F& pt - 10 bar, molar H2/C02 I 1.0. 

Figure 5. Conversion of C02 into methane vs. space time: 
W/F&,, pt = 10 bar, molar H,/C02 = 1.0. 

The V(II) values are shown in Figure 6 for various ratios of 
water to methane, pressures, and temperatures. At 10 to 15 bar, 
V(I1) is always close to 1, so that the water-gas shift is close to 
equilibrium; but this is not the case for 3 and 5 bar. Although 
the V(I1) values decrease when W/F& is decreased, extrapola- 
tion of the curves does not lead to the origin. Therefore, it is 
unlikely that C 0 2  would be formed exclusively out of CO. Reac- 
tion schemes with a parallel contribution to the C 0 2  formation 
are required. 

A similar reasoning applied to the data on the reverse of the 
water-gas shift and methanation, indicates that among the six 
reactions involving carbon, five reactions (VII to XI) proceed to 
the right and could yield carbon. Even then, they would not sig- 
nificantly affect the mass balance, however. The process can be 
described on the basis of reactions I to 111. 

Reaction schemes 
Among the large number of reaction schemes developed, only 

the two schemes which remained competitive to the very end of 
the model discrimination, Figures 7 and 8, are discussed here. In 
developing these schemes the following assumptions were made, 
based on our observations and information which is fairly well 
accepted in the literature: 

1) H20 reacts with surface nickel atoms, yielding adsorbed 
oxygen and gaseous hydrogen. 

Table 2. Possible Reactions in Methane Steam Reforming 

No. 

I 
I1 
111 
IV 
V 
VI 
VII 
VIII 
IX 
X 
XI 

Reactions 

CH4+ HZO= CO + 3H2 
CO + H2O = COZ + Hz 
CH,+ 2H20= CO2 + 4H2 
CH, + C02 = 2CO + 2Hz 
CH4 + 3C0, = 4CO 
CH4 = C +2H2 

CO + H2 - C + HZO 
CO2 + 2H2 = C + 2H20 
CH4+ 2CO = 3 C  + 2H20 
CH4 + CO2 = 2C + 2H20 

+ 2H20 

2 c o  = c + co2 

-AHzg8, kJ/mol 

+41.15 
-206.1 

- 165.0 
-241.3 
- 330.0 

+ 173.3 
+131.3 

+ 181.6 
+ 15.3 

-14.82 

+90.13 
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Figure 6. V(il) vs. space time, W/F&. 

2) Methane is adsorbed on surface nickel atoms. The ad- 
sorbed methane either reacts with the adsorbed oxygen or is dis- 
sociated to form chemisorbed radicals, such as CH3-L, 
CH,-L, CH-L, and C-L. 

3) The concentrations of the carbon-containing radicals, 
CH3-L, CH2-L, CH-L, and C-L, are much lower than the 
total concentration of the active sites. 

4) The adsorbed oxygen and the carbon containing radicals 
react to form L--CH20, L-CHO, or L--CO, L-C02 
(Menon et al., 1985). 

5) The hydrogen formed is directly released into the gas 
phase and/or the gaseous hydrogen is in equilibrium with H-L 
or H,-L. 

6) All the reaction schemes are thought to have a step for 
reactions I, I1 and 111 with a rate potentially much slower than 
that of the other steps, so that it controls the overall reaction 
rate. It is the rate-determining step (RDS). 

Scheme I contains the parallel formation of CO and CO, out 
of adsorbed CH4 and the radicals derived from it. Scheme I1 
includes mechanisms which consider parallel formation of CO 
and CO,, out of CHO-L, a species which does not appear in 
Figure 7. 

111 * L  + L  IH,OI+ L - o - L + H, .+ H~ - L - z H - L 

2 0 - L  

cot - L  

L 

co - L 

L 

-r 
c o  - L = co t 'L  171 

co - L + 0 - L - co, - L + L 101 c 4 
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I ' L  +I. 
H2 - L  2 H - 

JCH4lt L 
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Figure 8. Reaction scheme II. 

It follows from the thermodynamic analysis that reaction 
schemes generating all the C 0 2  out of CO and those with CO 
and CO, formed directly from methane are not likely. There- 
fore, depending on the rate-determining steps, 21 sets of rate 
equations were generated out of the schemes in Figures 7 
and 8. 

These rate equations were derived in the way which is now 
classical for a single reaction. Rate equations were written for 
the rate-determining step of each of the three global reactions I, 
I1 and 111, in terms of the concentrations of the adsorbed species. 
These concentrations were then eliminated by means of the 
Langmuir equilibrium relations and a balance on the active sites 
including those left vacant and those covered by adsorbed spe- 
cies. This yielded rate equations in terms of accessible gas-phase 
partial pressures and that contain a denominator resulting from 
the adsorption of reacting species (viz., Eqs. 3). Since the three 
reactions are assumed to take place on the same active sites, the 
three rate equations have the same denominator. 

Model Discrimination and Parameter Estimation 
Methodology 

Since the reactor was operated in the integral mode, parame- 
ter estimation was based on the minimization of the sum of 
weighted residual squares of the conversions and by means of 
the Marquardt routine. Parameter estimation for the multires- 
ponse problem was based on the maximum likelihood concept. 
The details of the parameter estimation by the maximum likeli- 
hood method are described in Hosten and Froment (1975). The 
calculated conversions were obtained by integrating the set of 
continuity equations for the reference components. These equa- 
tions are ordinary differential equations. They were integrated 
by the fourth-order Runge-Kutta routine. The continuity equa- 
tions for CH4 and COz in steam reforming are as follows: 

d x C H , / d (  w / F Z H , )  = rCH, 

with boundary conditions 

AIChE Journal 

Figure 7. Reaction scheme 1. 
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For the reverse of the water-gas shift and the methanation, 
the continuity equations are similar to those for steam reform- 
ing: 

with boundary conditions at  

The reaction scheme leading to the retained set of rate equations 
and generated out of the detailed scheme of Figure 8, is shown in 
Table 3. This scheme is the detailed mechanistic expression of 
the following global triangular scheme (reactions I, I1 and I11 of 
Table 2): 

The corresponding rate equations are: 
For reaction 1 of Table 3: 

For reaction 11: 

(3) 

For reaction 111: 

Reaction rates for the formation of CO and CO, and for the dis- 
appearance of methane in steam reforming are obtained from: 

(4) 

Two of these rate equations are independent. These are the rate 
equations which were substituted into Eq. 1 for the data treat- 
ment of the steam reforming experiments. 

Reaction rates for the disappearance of CO, and for the for- 

Table 3. Reaction Scheme and Corresponding Steps 
in Figure 8 

H20 + L = 0 - L  
CHd + L =CH,-L 
CH4-L + L =CHI-L 
CHI-L + L =CHz-L 
CHI-L + 0-L = CH2O-L 
CH2O-L + L = CHO-L 
CHO-L + L = CO-L 
c o - L  + 0-L - C02-L 
CHO-L + 0-L = CO2-L 
c o - L  = co 
CO2-L - cot 
2H-L = H2-L 
H2-L = H, 

+ HZ 

+ H-L 
+ H-L 
+ L  
+ H-L 
+ H-L 
+ L  
+ H-L 
+ L  
+ L  
+ L  
+ L  

mation of CO and CHI in the reverse of the water-gas shift and 
methanation (C02 and H, as feed) are obtained from: 

rco = rl - r, 

4 O i  = -(r2 + r3) 

r&Ha = -(rl + r3) ( 5 )  

These are the rates which were substituted into Eq. 2. 
The adequacy of the fit of each of the 21 sets of rate equations 

was tested by means of the F value, the significance of the 
parameters by means of the t value and 95% confidence interval 
of the parameter estimates. The Fvalue is calculated by dividing 
the mean squares due to regression (the sum of squares of the 
predicted responses divided by the number of parameters) by 
the mean residual squares (the sum of residual squares divided 
by the degree of freedom of residuals, which is the number of 
experiments minus the number of parameters). The t value of a 
parameter estimate is the ratio of the parameter estimate minus 
zero and the standard deviation of that parameter. If a parame- 
ter is found to have a very small t value or a large confidence 
interval including zero, it is considered to have no significant 
contribution to the rate equations. Consequently, it may be de- 
leted from the latter. 

Results 
Five of the 21 sets of rate equations generated out of the reac- 

tion schemes of Figures 7 and 8 were rejected after the model 
discrimination and parameter estimation based on the experi- 
mental results of steam reforming. This procedure was insuffi- 
cient to discriminate further, since the t values of some of the 
parameters were too small, possibly because of a too narrow 
investigated temperature range. The model discrimination and 
parameter estimation including the reverse of the water-gas 
shift and methanation experiments allowed 15 of the remaining 
16 sets of rate equations to be rejected. 

Since the partial pressures of CH, and H,O were low in the 
experiments on the reverse of water-gas shift and methanation, 
the adsorption coefficients KCH, and KHio couId not be estimated 
significantly from these experiments. In the steam reforming 
experiments, the water-gas shift is very close to equilibrium so 
that k2 cannot be estimated significantly a t  such conditions. The 
k2 values were determined from the reverse water-gas shift and 
methanation data. Besides, for steam reforming conditions, the 

92 January 1989 Vol. 35, No. 1 AIChE Journal 



Table 4. Parameter Estimates of the Final Model, Estimated per Temperature (Reference Conditions) 

T(K) k ,  k2 k3 Kco KH2 K C ,  K W  F 
Reverse of Water-Gas Shift and Methanation 
573 8.664 lo-’ 3.962 1.965 lo-’ 
f (4.27) (4.92) (5.07) 
598 4.655 4.48 1 6.627 10-7 
t (6.72) (8.60) (7.39) 
623 3.050 lo-’ 5.089 5.149 
t (8.63) (10.4) (1 3.23) 
648 1.626 lo-‘ 7.333 2.541 lo-’ 
f (12.6) ( I  3.4) (9.27) 
673 7.132 lo-‘ 9.282 1.457 lo-‘ 
t (4.05) (4.96) (7.13) 
Steom Reforming 
773 0.2088 - - 0.01 216 

798 0.5254 - -0.00507 

823 2.069 - 0.4452 
t (3.55) (0.766) 

t (5.32) (-1.50) 

t (5.65) (-0.120) 

417.1 
(6.40) 
104.4 
(9.73) 
59.90 
(17.0) 
32.35 
(13.1) 
23.6 
(6.70) 

- 

- 

- 

0.23 17 

0.1155 
(3.19) 
0.1400 
(3.83) 
0.09946 

(3.49) 

(3.54) 
-0.05641 
(-0.845) 

- 

- 

- 

- 

- 

- 
- 

- 

0.3218 
(6.12) 
0.2174 

0.4356 
(2.74) 

(3.47) 

- 

- 

- 

- 

- 

0.1300 
(1.65) 
0.1999 

0.6412 
(1.91) 

(1.7) 

1,357 

1,414 

1,944 

3,209 

2,627 

8,123 

16,514 

19.338 

CO partial pressures are relatively low, while the KH2 values are 
low, due to the high temperatures. The Kco and KH2 values were, 
therefore, calculated from the reverse water-gas shift and meth- 
anation data. No statistically significant values were obtained 
for KCO2, neither from the reverse of the water-gas shift, nor 
from the steam reforming experiments. This is why there is no 
term containing Kco, in the denominator of the set of rate equa- 
tions (Eqs. 3). 

The retained set of equations (Eqs. 3) is found to fit the exper- 
imental data well and the significant parameter estimates 
satisfy the Arrhenius equation and the van’t Hoff equation, as 
shown in Table 4 and by the points in Figure 9. The k3 values 
calculated from the steam-reforming data at 773 and 798 K are 
negative, but not significant. They are not shown in Figure 9. 

The parameter estimation was then further implemented with 
all the data at all the temperatures together. To speed up the 
convergence of the minimization procedure, the rate and ad- 
sorption parameters were reparameterized according to Eqs. 6 

l O O O l T  I l I K J  

Figure 9. Temperature dependence of rate and adsorp- 
tion parameters. 
points: values estimated per temperature 
lines: calculated from values in Tables 4 and 5 

and 7, with reference temperature T, = 648 K for the ki, Kco 
and KH,, and 823 K for KCH, and KHIo. 

(6) k, = k , ,  exp [ - 2 (i - k)] i = 1 ,  2, 3 

Kj = Kj.T, exp [ - % ($ - k ) ] j  == CO, H2. CH4, H,O (7) 

The results are shown in Table 5 and Figure 9. 
The f values of the activation energies E,, E2. and E3 are high, 

meaning that the rate coefficients satisfy the Arrhenius equa- 
tions. The adsorption enthalpies AHw, AH,,, and AH,, satisfy 
the van’t Hoff equation, but not AHH2o, as evident from Fig- 
ure 9. 

The preexponential factors A(ki) and A ( K j )  can be calcu- 
lated from the k , ,  and KjYT, and E, and AHj values by the Arrhe- 
nius equation and van’t Hoff equation: 

A(ki) = ki,Texp - (:;) 

They are listed in Table 6. 
The fit of the experimental data can be seen from the plotted 

experimental and calculated results, Figures 2 to 5. The curves 
in Figures 4 and 5 on reverse water-gas shift and methanation 
were obtained after multiplication of the rate parameters of 
Table 6 by 1.225, as explained earlier. 

Parameters for the fresh catalyst 
The steam reforming data were obtained with partially deac- 

tivated catalyst. In theory, the activity level of the fresh catalyst 
may be obtained by extrapolating the xCH, vs. time on stream 
curve in Figure 1 to t = 0. It can be seen from the plot that this is 
not too accurate, since it takes some time to stabilize the condi- 
tions. Deactivation is negligible under the conditioning for the 
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Table 5. Parameter Estimates for the Final Model: Simultaneous Regression of Data on Steam Reforming, 
Reverse of Water-Gas Shift, and Methanation at All Temperatures 

~ ~~ 

1.842 lo-' 7.558 2.193 lo-' 40.91 0.02960 0.1791 0.41 52 

UL* 2.05 8.200 2.60 10-5 44.65 0.0533 0.221 1 0.5032 
LL* 1.64 10-4 6.915 1.78 1 0 - ~  37.17 0.0059 0.1371 0.03 17 

t Value ( 17.94) (23.53) (10.69) (21.87) (2.501) (8.535) (9.445) 

El E2 E3 A H ,  AHH> AH,, AH,, 
(kJ/mol) - 

240.1 67.13 243.9 -70.65 - 82.90 -38.28 88.68 
r (108.0) (27.21) (43.83) (-23.47) (-5.473) (-4.403) (23.97) 
UL* 244.5 72.06 255.0 -64.61 - 52.61 -20.89 96.06 
LL* 235.7 62.19 232.7 -76.66 -113.2 -55.66 81.26 

*UL - upper limit, LL - lower limit of approximate 95% confidence interval. 
**648 and 823 are the values of the reference temperatures. 

reverse of the water-gas shift and for methanation. Therefore, 
the initial activity was obtained from those experiments. After 
the temperature was reduced from 1,083 to 673 K, H2 and C 0 2  
were fed at a molar ratio: H,/C02 - 1 .O. The pressure was set at 
3 bar. Experiments at six different W/F& values were per- 
formed at the above-mentioned conditions. The factor relating 
the rate coefficients for the initial activity level to those obtained 
with the deactivated catalyst and mentioned in Tables 5 and 6, 
was found by minimizing the sum of the squares of residuals of 
the data with fresh catalyst and those predicted by the model. 
This factor was found to be 2.246. All the reaction rate coeffi- 
cients listed in Table 5 have to be multiplied by a factor of 2.246 
when the rate equation and the parameters are to be used with 
fresh catalyst. 

Thermodynamic consistency of the parameter estimates 
Thermodynamics imposes the relation E' - E = AH. Since 

the activation energies for the forward and reverse reactions are 
positive. 

Most authors, except for Rennhack and Heinisch (1972), De 
Deken et al. (1982), and Meyer and Kopsel (1981), obtained 
activation energies lower than 170 kJ/mol, the minimum value 
of the enthalpy changes of the steam reforming reactions I and 
111, which is in contradiction with Eq. 8. The estimates of the 
activation energies and enthalpy changes of reactions I, I1 and 
I11 are given in Table 7. 

The adsorption constants have to satisfy a number of thermo- 
dynamic criteria (Boudart et al., 1967): 

i) AS;., < 0 or exp (AS;/R) = ,4(Kj) < 1 (9) 

The preexponential factors of the adsorption constants, the 
A ( K j )  values, satisfy this rule: 

A(KC0) = 8.23 lo-' < 1, 

A(KH,) = 6.13 < 1, 

A(&,,) = 6.65 < 1. 

ii) For the nondissociative adsorptions, the following rule 
should be satisfied (Boudart et al., 1967): 

For CO, H2, and CH4, the STg values at 298 K are 198.5, 
130.5, and 186.1 J/(mol - K), respectively. The criterion thus 
becomes: 

exp (AS'&,,/R) = A(Kco) > exp (-S&/R) = 4.7910-" 

exp (AS&JR) = A(K,,) > exp (-S&z/R) = 1.5110-' 

exp (AS&,,,/R) = A(&,,) > exp ( -S&, ,g /R)  = 1.8810-" 

With the A(&) and A(&,,) values given under i), this cri- 
terion is satisfied for CO and CH4 adsorption. The A(K,,) value 
is smaller than 1.51 . lo-'. 

iii) The third criterion is: 

As;,, s 0.0014 AHi,, - 12.2 (1 la) 

or 

InA(Kj) = -AS;,,/R 5 (12.2 - 0.0014AHj,)/R ( l lb)  

4.225 10" 1.955 lo6 1.020 loi5 8.23 10-5 6.12 1 0 - ~  6.65 lo-' 1.77 105 

*Reference activity 
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Table 7. Activation Energies and Changes 
in Reaction Enthalpy 

large catalyst particles are used. This aspect will be discussed in 
Part I1 of this paper that follows. 

Activation Energy (kJ/mol) 

El E,  E3 
240.1 67.13 243.9 

Enthalpy Change (kJ/mol) of Reactions I to 111 
948 K 298 K 

A H ;  AH; AH: A H ;  AH; AH: 

224.0 -37.3 187.5 206.1 -41.15 164.9 

The parameter estimates also satisfy this criterion: 

Component In A ( K i )  (12.2 - 0.0014 AHi,,)/R 
~ ~~~~ 

co - 9.40 17.97 
H2 - 18.90 17.87 
CH4 -7.32 7.763 

iv) Usually, the absolute values of entropy changes for the 
nondissociative adsorption are higher than 42 J/mol . K. Since 
the AS;,, values of CO, H2 and CH, are 77.12, 157.0 and 60.8 1 
J/mol - K, respectively, this rule is satisfied. 

Discussion 
The activation energies of reactions I and 111 are 240.1 and 

243.9 kJ/mol. These values are very close to the activation 
energy obtained by Rennhack and Heinisch (1982) (247.9 kJ/ 
mol) for methane disappearance and those obtained by Meyer 
and Kapsel (1981) (250.4 kJ/mol for reaction I and 205.8 kJ/ 
mol for reaction 111). Since Rennhack and Heinisch used nickel 
fibers as catalyst, no diffusional limitations existed in their 
study. The surface area of nickel fibers is also much smaller 
than that of a porous catalyst. Therefore, the heat absorbed by 
the reaction per unit volume of reactor is small enough to easily 
achieve isothermal conditions. Meyer and Kopsel (1 98 1) used 
rather fine catalyst particles (0.25-0.63 mm) and the nickel 
content of their catalyst was rather low (6.62% Ni). These fac- 
tors may diminish, if not eliminate, the effect of the internal dif- 
fusional limitations. 

The majority of the authors, who used porous catalysts, 
obtained activation energies for reactions I and 111 smaller than 
the enthalpy changes, probably as a consequence of diffusional 
limitations or nonisothermal operation. 

From Eqs. 3, it is clear that the predicted rates become infi- 
nite when the partial pressure of hydrogen is zero. Its origin can 
be traced back to the reaction mechanism shown in Table 3, in 
which it is assumed that the adsorption of hydrogen satisfies the 
equilibrium relation. This should not create a problem, though, 
in the application of these kinetic equations to the simulation of 
a reformer, since the feed generally contains some hydrogen or 
higher hydrocarbons which are very rapidly transformed into 
hydrogen and carbon monoxide. 

In the simulation and design of industrial reactors, the intrin- 
sic kinetic equations presented here have to be combined with 
the formulation of the diffusional limitations encountered when 

Notation 
A(k, )  = preexponential factor of rate coefficient, k, 
A ( K j )  - preexponential factor of adsorption constant, Kj 

E l ,  Ef, E, - activation energy of reactions I, I1 and 111, kJ/mol 
F&, F& - molar feed rate of CH, and CO,, kmol/h 

AH = enthalpy change of reaction or adsorption, kJ/mol 
K , ,  K3 = equilibrium constant of reactions I and 111, bar’ 

K2 = equilibrium constant of reaction I1 
Kc,, Kco, K H I  = adsorption constants for CH,, CO and H,, bar-’ 

KHp - dissociative adsorption constant of H 2 0  
k,, k, - rate coefficient of reaction I and 111, kmol . bar’/’/(kg 

k2 = rate coefficient of reaction 11, kmol/(kg cat a h 

P = total pressure, bar 
p j  - partial pressure of component j, bar 
R = gas constant, kJ/kmol 

ca t .  h) 

bar) 

r,. r,, r, - rates of reactions I, I1 and 111, kmol/(kg cat - h) 
rc, = rate of methane disappearance in steam reforming, 

r& - rate of methane formation in the reverse of water-gas 

r,  = rate of CO formation in steam reforming of methane, 

r& - rate of CO formation in the reverse of water-gas shift 

rm, = rate of CO, formation in steam reforming, kmol C02 /  

r& - rate of CO, disappearance in the reverse of water-gas 

Sy,E = standard entropy of gas componentj, kJ/(kmol - K) 
S,4. = entropy of speciesj in the adsorbed state, kJ/(kmol . 
A S  - entropy change, kJ/(kmol . K) 

kmol CH,/(kg cat - h) 

shift and methanation, id 

kmol CO/(kg cat a h) 

and methanation, id 

(kgcat * h) 

shift and methanation, id 

K) 

T - temperature, K 
T, = reference. temperature used in reparameterization, K 

V(i )  = (n/j . pJj) , /Ki  where uj is the stoichiometric coeffi- 
cient of component j in reaction i 

W - weight of catalyst, kg 
xCH4 = total methane conversion in steam reforming, kmol 

CH,/kmol CH, fed 
xLH4 - conversion of CO, into methane in the reverse of 

water-gas shift and methanation, kmol CH,/kmol 
C02 fed 

x, - conversion of methane into CO in steam reforming, 
kmol CO/kmol CHI fed 

x& = total CO, conversion in the reverse water-gas shift and 
methanation, kmol CO,/kmol CO, fed 

xce = conversion of methane into CO, in steam reforming, 
kmol CO,/kmol CH, fed 
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