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Abstract—The kinetics of the methane steam reforming reaction over an industrial catalyst (ICI 57-4M)
was investigated at temperatures 550-650C and at total pressures 1-5 atm in a flow reactor. The experiments
were performed by varying the inlet partial pressure of methane, hydrogen, and water. Depending on hydro-
gen partial pressures and reaction temperatures, the following two rate equations, one with the hydrogen
inhibition effects and the other without the effects, were given:

—r=24X%10" exp(—45300/RT) [P;—(P;+P){(1-X.)/X}1/P,
—r=2.3X10% exp(—32000/RT) [Ps— (P3+P){(1-X)/X}]

The hydrogen inhibition effect was observed at high hydrogen partial pressures, and with increasing reaction
temperature, the hydrogen partial pressure above which the inhibition effect became significant has increased.
Depending on the rate expressions chosen for the analysis of the data, it was also shown that the activation
energies and the interpretation on the role of the reactant species involved could be widely different.
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Table 1. Summary of Kkinetic equations and activation energies found in the literature

Workers Conditions Catalyst Rate expression E(kcal/mol) Remarks
Fujimoto(1933) 400-1000T Ni/Al,O3 53 pore diffusion
Lewis et al.(1949) 760-870C Cu/Si0, —r=kPsP, 477 inhibition of H,O and H,
Arnold et al. 700-815T commercial reversible 1st 33.3(16-20 mesh)
(1952) 1atm order in CH, 14.5(7/16 X 7/16)
Akers and Camp 340-640T commercial —r=kPs 88 pore diffusion
(1955) integral reactor
Bodrov et al. 750-900C Ni foil —r=KkPs/(DEN%) 311 differential reactor
(1964) latm
Bodrov et al. 700-900C porous Ni —r=kPs 194 differential reactor
(1967) 1atm
Bodrov et al. 400-500C ~r=kPs/P, inhibition of Hj
(1968) 500-600C porous Ni —r=kPs/P,%5 36.1 differential reactor
>600C —r=kPs
Katsobashvili 620-6507C Ni/support 30.0 deactivation by H,O
et al.(1964) 1 atm
Hyman(1968) 500-900TC Ni/support —r=kPsP,(1—B% CO, from CH,
1-15 atm
Atroshchenko 600-750C Ni/support ~r=kPsP,'1—-f9 22.2 inhibition of H,
et al.(1969) 2-6 atm integral reactor
Grover(1970) 500-900C Ni/support —r=kPs(1— 69 8.8 pore diffusion
1-15 atm plant design model
Khomenko 470-700C Ni foil —r=kPsPx(1— ) 33.8 differential reactor
et al.(1971) 1 atm /(DEN%)
Ross and Steel 600C Ni/support —r=kPs/P;** 28.9 inhibition of H,O
(1973) 0.013 atm
Rostrup-Nielsen —r=kPs(1—p9 20-26
(1975)
Allen et al. 638 commercial —r=kPs 20.0
(1975) 1-18 atm
Miinster and 700-850C Ni/support —r=kPs 43.0 rate constant depend
Grabke(1981) 1atm on Py/P;
Murray and computer model —r=k(Ps—Ps,) 10-26 plant design model
Snyder(1985) Ps . ts Ps at equil.
Agnelii et al. 640-740C ~r=kPs/(DEN¢) 44.0 inhibition of H,0O
(1987) 1 atm promotion of H;
Namaguchi 400-880C Ni/ALOs —r=k(P;—Ps,)/P:*6 255 inhibition of H.O
et al.(1988) 1-25 atm
Xu and Froment 500-575C Ni/support -r 57.9 inhibition of H;
(1989) 3-15 atm

P, is the hydrogen partial pressure, P; is the water partial pressure, P; is the carbon monoxide partial pressure,

P; is the carbon dioxide partial pressure, Ps is the methane partial pressure
DEN®=1+K;(P./P1) + K3P;
B*=PP*/(PsP’K.2); K.»=equilibrium constant of the reaction, CHs+2H,0=CO;+4H,

B =P3P*/(PsP:K); K.1); Ka=equilibrium constant of the reaction, CH,+H,0=CO+3H,

DEN¢={(P,, P)[1+Kz(Ps/P1)]; {(P), Py} is a polynomial in P, and P
—r'=[k;PsPo(1~ VP #5 +kPsP%(1 — B)/P** J/DENY; DEN'=1+KP,+Ky(Po/P\) +KsPs+ KsPs

Ki=u3-2 (19 g3gas [(P; PA/(P; Ps) at

equilibrium]
T B=(P, Pi*)/(P2 Ps K.)
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Table 2. Molar flow rates as a function of reaction conversions

Component Mole in feed Formation by (1) Formation by (3) Mixture
H; F, 3F:X F, F1+3F:X+F;
H:0 F, —FsX ~F F;—FsX—F;
Cco F; FsX —F; F;+FX—F,
CO, Fy 0 F, F,+F,
CH, Fs ~FsX 0 Fs—FsX
total F, 2F:X 0 F;+2F:X

X : methane conversion
F; : amount shifted
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Fig. 1. Experimental apparatus.
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Fig. 8. The effect of H,O partial pressure on rate constant
(k) : —r=k(Ps—Ps ).
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Fig. A-1. Temperature profiles assumed in the reactor.

Table A-1. Comparison between rate constants obtained
by numerical integration from temperature
profiles and rate constants calculated from
average temperature

Profile ATEK) k=—In(1—X) k at T,
1 40 1.23 1.20
2 40 1.23 1.20
3 40 1.23 1.20
2 20 149 148

k=1.81(at 1000 K); 1.20(at 980 K); 0.78(at 960 K)
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Fe B 9Asy 9ee & & Aok
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O:

NOMENCLATURE
F; : total feed flow rate [mol/hr]
F:  :flow rate of CH, [mol/hr]

k, ki
K. k,z : equilibrium constant [atm?]

: rate constant [mol/g-hr-atm]

K., s, Ky, K, : adsorption equilibrium constant

P,  :partial pressure of H, [atm]

P,  :partial pressure of H,O [atm]

P,  :partial pressure of CO [atm]

P,  :partial pressure of CO; [atm]

P,  :Ppartial pressure of CH, [atm]

P;. :partial pressure of CH, at equilibrium [atm]

P, : total pressure [atm]

—r :reaction rate [mol/g-hr]}
X, : equilibrium conversion

Xr : conversion at reactor outlet

W

10.

11

12.

13.

14.

16.

17.

18.

19.

20.

21.

22.

23.

405

:amount of catalyst [g]
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