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Abstract—The kinetics of CO and CO; methanation on supported ruthenium and nickel catalysts were
studied at atmospheric pressure and at temperatures between 190 and 220C . The simultaneous methanation
of mixtures of CO and CO, was also investigated at the same conditions. The rate of CHy formation for
CO hydrogenation at partial pressures of CO between 0.001 and 0.08 atm was described by the expression
Ner, =k Peo/(1+KcoPco)? The rate of CHy formation for CO; hydrogenation at partial pressures of CO;
between 0.01 and 0.2 atm was described by a zero-order equation Ny, =Kkeo,. It was found that in simultaneous
methanation of the CO and CO. over Ru and Ni catalysts, CO entirely suppressed the hydrogenation of
CO, whereas CO» did not affect the methanation of CO. Thus, the kinetics of the methanation of mixtures
of CO and CO, was the same as that of CO alone.
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Table 1. Rate equations for CO methanation[ 18]

CO insertion mechanism

Carbide mechanism

RDS rate equations RDS rate equations
CO-M+H-M KceoPeo(KuyPu,)®® C-M+H-M KcoPeo(KiyPrip) %3
<=> CHO-M ! (1 + KC()PCO + \/KHZPHZ)Z <> CH-M +M (1 + KCOPCO+ \/KHZPHZ)Z
HCO-M+H-M k! KcoKuoPooPry CH-M+H-M , KcoKuyPcoPus
<=> HCHO-M ? (1+KcoPeo+ /KiPry)? <=> CH,M+M * (1+KcoPeo+ /KipPry)?
HCHO-M+H-M K KcoPco(KyyPyp) P CH;-M+H-M " KcoPeo(KnpPup) ®
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= k3K1 CH:{'M‘*‘ H~M
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Table 2. Rate equations for CO, methanation[23]

RDS : CO, adsorption
MASI : H-M
New = Kcop Peo,
(1 + KH21/2 PHZI/Z)Z

RDS : H, adsorption
MASI : Dissociatively adsorbed CO,

Kz Py
(1+ Koo,? Poo,?)?
RDS : CO-M adsorption
MASI : H-M, CO-M, O-M
NCH4 =

NCH4 =

kikcozks ™ 'k7 ™ 'PryPcos/Prso

(1+Kkcoyke k7™ "Pu,Pcos/Przo + kek7Przo/Pra + Kiay/Py) 2
RDS : C hydrogenation
MASI : H-M, C-M, CO-M
kB KCO21/3 KH21/3 PC02]/3 PH25/6
(1 + KHZUZ PH21/2 + KCOZI/X KH21/3 PC021/3 PHZI/E)Z
RDS : CH hydrogenation
MASI : CH-M, H-M, CO-M
kS KC021/3 KHZL/Z} PC021/3 PH2
(1 + KHZI/Z PH21/2 + Kcozl/li KH21/3 PCOZI/B PHZI/Z)Z
RDS : rate determining step.
MASI : most abundant surface intermediates.
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Fig. 1. Experimental apparatus.
1. Oxy-trap 7. Reactor
2. Molecular sieve trap 8. CaCl, trap
3. Active carbon trap 9. Six-port valve
4. Flow meter 10. A/D converter
5. Recycle pump 11. Computer
6. Convection oven
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Table 3. Physical properties of the catalysts
BET surface Partu.:le Pore Mean'pore Porosity Metal
Catalyst area density volume radius (&) dispersion®
(m*/g) (g/em®) (m*/g) ¢
2.64 wt/wt Ru/ALOs 180 1.38 0427 47 0.59 0.943
29 wt/wt Ni/ALO3 90 1.81 0.232 52 0.42 0.148

“: determined from H, chemisorption at 298C
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Fig. 2. Catalyst activity with time on stream.
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Fig. 3. Partial pressures of CO and H; in the reaction
mixtures.
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Table 4. Parameters of Eq. (2) estimated from non-linear regression
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Catalyst C k Keo K, n norm
Ni/ALO; 190 0.6143 251.6 3.68% 103 1.27%10°7 825% 107
0.6097 250.6 0 0 8.25% 1075
200 0.8460 191.3 9.31% 1073 5.04% 10" 6.18% 107
0.8383 192.1 0 0 6.18 %1075
210 1.550 160.2 1.45% 1071 1586 % 108 9.05% 105
1.550 160.2 0 0 9.04% 1075
220 2.455 142.2 390%10°2 7.65% 10710 1.34% 1074
2436 141.6 0 0 1.34%10°*
Ru/ALO; 190 4157 288.1 436% 1071 593%10°8 2.26% 1074
4.157 288.1 0 0 2.26% 1074
200 4.859 212.0 5.224%10°* 3.16% 1078 1.58% 1074
4.858 2120 0 0 1.58% 10~*
210 6.764 183.5 497% 101 3.67%10°° 4.20% 1074
6.756 183.1 0 0 422%10°4
20 T T :
A 220 °C
- a @210 °C
e . ® : 200 °C
15 Iy ~, O :180 °C 4
5 A -
—_ / \\
- | A
1 / \
] A
2 10 e S E
LT A T~
S PR I
= 5 j’l \ |
if
i L ] » L - . T
[ et e
AR A e gy @]
0 L " - 0 Lo L e
¢ 2 4 6 8 0 1 2 3 4 S
2 2
P, (atm) X 10 P., (atm) X 10

Fig. 4. The rate of CO methanation over the Ru/AlO;

catalyst.
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catalyst.
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Fig. 6. Arrhenius plots of k and Kco.

Table S. Activation energy of CO methanation

Catalyst E(Kcal/mot) Reference
5wt% Ru/AlO; 26.4-27.0 (10]
0.5 wt% Ru/Al,Os 104 (16]
4.3 wt% Ru/Al,Os 252 [25]
2.6 wt% Ru/AlOs 10.8 this study
- Ru/AlLO; 15.8 [7]
15 wt% Ni/Al,O; 27.6-30.3 [10]
18 wt% Ni/AlO; 24.5 [26]
33 wt% Ni/ALO; 10.1 [27]
45 wt% Ni/SiO, 24.2-25.2 (28]
25 wt% Ni/Al,Os 276 [29]
29 wt% Ni/AlO; 21.6 this study
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Table 6. Turnover numbers of CO methanation

Catalyst Tempera- Hs/CO Ncp,*10°  ref.
ture

12.2% Ni/SiO, 212¢C 3  0.89sec [3]

16.7% Ni/SiO. 212¢C 3 065sec [3]

8.8% Ni/a-Al,O; 205C 3 052sec [3]

5% Ni/y-ALO3 205C 3 124sec [3]

26% Ru/y-ALO; 210C 100
29% Ni/ALO;  210C 100
05% Ru/y-ALO; 210C 3

5.59 sec this study
0.52 sec this study
380sec  [16]
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Fig. 7. The rate of CO; methanation over the Ru/ALO;
catalyst.
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Fig. 8. The rate of CO; methanation over the Ni/ALO,
catalyst.
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Table 7. Activation energy of CO, methanation

Catalyst E(Kcal/mol) reference
3 wt% Ni/SiO. 19.0-20.0 [20]
Ni Crystal 214-22.7 {301
33 wt% Ni/ALO; 25.3 [27]
25 wt% Ni/ALO; 22.7 [29]
2.6 wt% Ru/AlLOs 211 this study
29 wt% Ni/ALO; 27.3 this study
58 wt% Ni/Kieselguhr 14.6 [31]
5 wt% Rh/ALO; 16.2 [21]
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Ni/ALO3(Peo: 0.001-0.05 atm)
k=2.3X10" exp(—21.6/RT)
Keo=6.9%X1072 exp(8.6/RT)

Ru/A1L,Os(Pco: 0.001-0.08 atm)
k=1.8X10° exp( —10.8/RT)
Keo=6.0%10"% exp(10.1/RT)
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Ni/ALO3(Pco,: 0.02-0.1 atm)
koo = 1.02X 10" exp( —27.3/RT)
Ru/AlOs(Pcoy: 0.02-0.2 atm)
keop=2.12X 107 exp( —21.1/RT)
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AME2|E
E : activation energy based on rate Eq. (1) [kcal/
mol]
E, :apparent activation energy [kcal/mol]
AH :heat of adsorption in CO methanation [kcal/
mol]
k : rate constant in CO methanation [atm™'sec™!]

kco, :rate constant in CO, methanation [sec™!]
Keo  :adsorption equilibrium constant of CO —atm™!]
Ku, :adsorption equilibrium constant of H, —atm ']
—M :active site

n : reaction order

N :number of data

New, :turnover number [sec™!]

P; : partial pressure of i component [atm]
rws  : reaction rate observed

r.s :reaction rate calculated from the model

Su;  :objective function
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