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Abstract

CO and CO, methanation at steady states and under transient states was conducted over Ni, Ni/ Al,O,, Ni/SiO, and Ru/SiO,. The CO,
methanation proceeded highly selectively as compared with the CO methanation. In the CO methanation, weakly adsorbed CO retarded the
hydrogenation of surface carbon species. In the CO, methanation, the retardation was absent. The selectivity for the CO, methanation was
estimated from the selectivity for the CO methanation, the extent of the retardation and the ratio of the steady state rates of these reactions.
The selectivity estimated was in fair agreement with that experimentally obtained. © 1997 Elsevier Science S.A.

Kevwords: CO methanation; CO, methanation; Selectivity of methanation

1. Introduction

CO and CO, methanation reactions proceed over various
transition metal catalysts. A number of papers related to these
reactions have been published. It has been widely accepted
that both of these reactions proceed through the hydrogena-
tion of surface carbon species, C(a), formed by the dissoci-
ation of strongly adsorbed CO [ 1-15]. However, the activity
and selectivity for CO, methanation are markedly different
from those for CO methanation [ 13-19]. CO, methanation
proceeded highly selectively as compared with CO methan-
ation. Several authors [5,8,10] suggested that the higher
selectivity observed in the CO, methanation was attributed
to a lower amount of C(a) species present in this reaction.
Howeyver, it is still uncertain what causes the difference in the
selectivity.

[t was previously shown [ 13-15] that in the CO methan-
ation weakly adsorbed CO and strongly adsorbed CO were
present along with C(a) species, and that the weakly
adsorbed CO retarded the hydrogenation of C(a) to methane
in the course of the reaction. On the other hand, the amount
of the weakly adsorbed CO was found to be negligible in the
course of the CO, methanation. The retardation by the weakly
adsorbed CO caused the difference in the rate of methane
formation and in the amount of C(a). It may be speculated
that this retardation causes the difference in the selectivity.
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In the present study, CO and CO, methanation at steady
states and under transient states was carried out over Ni, Ni/
Al,0;, Ni/SiO, and Ru/SiQ,. On the basis of the results of
the steady state reactions and on analysis of methane forma-
tion under the transient states, the selectivity of CO, is esti-
mated and compared with that experimentally obtained. It is
shown that the difference in the methane selectivity is pri-
marily ascribed to the presence or the absence of the weakly
adsorbed CO in the course of these reactions.

2. Experimental

CO and CO, methanation was carried over Ni, 8.2 wt.%
Ni/S8i0,, 8.2 wt.% Ni/Al, O3, 5.0 wt.% Ru/SiO, catalysts.
Ni catalyst was prepared by decomposition of basic nickel
carbonate (Wako Pure Chemical Industry Ltd., extra pure
grade) at 773 K in air and by subsequent H, reduction at 873
K for 13 h. The Ni/AlL,O,, Ni/SiO, and Ru/SiO, catalysts
were prepared by impregnation of Al,O; (JRC-ALO-4, sup-
plied by the Catalysis Society of Japan) or S5i0, (Gaschro
Kogyo Inc.) with a solution of nickel nitrate or ruthenium
chloride (Wako Pure Chemical Industry Ltd., extra pure
grade). The supported catalysts were dried in air at 383 K
overnight and then reduced with 1 atm (1 atm = 101.3 kPa)
of H,. The H, reduction was carried out at 800 K for 40 h for
Ni/SiO, and Ni/Al,O5, and at 723 K for 13 h for Ru/SiO,.
The number of surface metal atoms was determined by H,
adsorption at room temperature (Table 1).
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Table 1
Dispersion of metal in the catalysts

Catalyst Number of surface Dispersion
metal atoms (%)
(pwmol/g cat)

Ni 222 1.67

8.2 wt% Ni/ AL O, 259 245

8.2 wt.% Ni/SiO, 143 14.1

5.0 wt.% Ru/Si0, 75 15.8

Methanation reactions were carried out in a flow reactor at
atmospheric pressure. For the reactions under the transient
states, the gas composition in the inlet stream was changed
stepwise and gases in the outflow were analyzed at selected
times by gas chromatography. The total flow rate was kept at
100 cm® NTP min ~'. Helium was used as a diluent.

Temperature programmed reaction was carried out in a
stream of H,—He mixture (H, =0.3 atm) at a total flow rate
of 200 cm® NTP min ~". After a stream of the mixture of CO~
H, or CO,-H, was fed over the catalyst at a given temperature
for 2 h, the stream was switched to that of helium and the
catalyst was rapidly cooled to room temperature. The tem-
perature programmed reaction run was then started at a heat-
ing rate of 5 K min~'. Gaseous components at the outlet from
the reactor were determined by gas chromatography.

XPS spectra of Ni/Al,O; were measured on an
ESCALAB-MK2 (V.G. Scientific) with Al Ka radiation. A
sample of the catalyst was placed in a reaction chamber from
which the catalyst could be transferred to the analysis cham-
ber without exposure to air.

3. Results and discussion

3.1. CO and CO, methanation at steady states and under
transient states

Table 2 summarizes the results of CO and CO, methana-
tion reactions at steady states. Methanation of CO, proceeds
with selectivities above 99% whereas that of CO proceeds
with selectivities of 40-90%. Ethane was formed as the

Table 2
Steady state rates and selectivity of CO and CO, methanation reactions”
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P x 103 [atm]

time [min]
Fig. 1. Variation of the outlet partial pressures of methane and CO with time
over Ni/ ALO;. A stream of CO-H, (CO: 0.1 atm, H;: 0.9 atm) was switched
to that of H,—He (H,: 0.9 atm) at a steady state of the reaction at 473 K.

byproduct in the former reaction while both saturated and
unsaturated C,-Cs hydrocarbons were produced as the
byproducts in the latter reaction. Over Ni, Ni/Al,O, and Ru/
Si0,, the methanation of CO, proceeds more rapidly than
that of CO. Over Ni/SiO,, the rate of the CO, methanation
is slower than that of the CO methanation, although the for-
mer reaction proceeds more selectively than the latter reaction
as observed over the other catalysts.

XPS spectra of Ni/ Al,O; were measured before and after
the CO and CO, methanation reactions were carried out. The
spectra showed that the state of the Ni surface was the same
regardless of the gases in the inflow. Hence, the difference in
the rate and the selectivity was governed by the kinetics of
the reactions.

Fig. 1 shows how the outlet partial pressures of methane
and CO vary when a mixture of CO-H, (CO: 0.1 atm, H,:
0.9 atm) is switched to that of H,—He (H,: 0.9 atm) at the
steady state of the reaction over Ni/Al,Os. On the stepwise
change of the feed gas mixture to H,—He, CO in the outflow
decreases instantly to 5.3% of the value at the steady state
and then falls off at a slower rate, showing that weakly
adsorbed CO desorbs rapidly. Simultaneously, the outlet par-

Catalyst CO-H, CO,-H, rir
X (%) r S (%) X (%) re S (%)

Ni 1.24 2.1 40.3 2.28 9.4 99.8 4.6

Ni/ALO, 2.09 26.6 62.2 2.60 53.3 99.4 2.0

Ni/SiO, 1.36 9.8 88.2 1.0 8.2 99.8 0.84

Ru/Si0, 0.94 5.7 74.2 3.2 26.2 99.4 46

*CO0=C0,=0.1 atm, H,=0.9 atm, T=473 K.
®Conversion of CO or CO,.
“Rate of the methane formation in pmol/min/g cat.

2Amount of CO or CO, converted to methane/total amount of CO or CO, converted to hydrocarbons.
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Table 3
Extent of the enhancement of methane formation under the transient state

Table 4
Amount of C(a) species present in the CO and CO, methanation reactions

Catalyst R Catalyst v % VIV
Ni 203 Ni 533 10.9 49
Ni/AlLO; 12.1 Ni/AlLO, 75.0 12.3 6.1
Ni/SiO, 4.8 Ni/Si0, 20.0 3.7 54
Ru/Si0, 9.6 Ru/Si0, 13.1 6.2 21

*Ratio of methane formation at maximum under the transient state to that at
the steady state.

PCHy X 103 [atm]

time [min]
Fig. 2. Variation of the outlet partial pressure of methane with time over Ni/
AlLO;. A stream of CO,-H, (CO,: 0.1 atm, H,: 0.9 atm) was switched to
that of H,~He (H,: 0.9 atm) at a steady state of the reaction at 473 K.

tial pressure of methane reaches rapidly about 12 times that
at the steady state, falling off with time.

Over the other catalysts, similar results were obtained.
Upon switching the mixture of CO-H, to that of H,—He, the
outlet partial pressure of methane increased rapidly and then
decreased with time. However, the extent of the increase of
the methane formation under the transient state depended on
the catalyst used. Table 3 lists the ratio of the outlet partial
pressure of methane at the maximum in the stream of the H—
He mixture to that at the steady state of the methanation, R.
The ratio varies by the catalyst used, ranging from 4.8 t0 20.3.

Fig. 2 shows how the outlet partial pressure of methane
varies when a mixture of CO,-H, (CO,: 0.1 atm, H,: 0.9
atm) is switched to that of H,—He (H,: 0.9 atm) at the steady
state of the reaction over Ni/Al,0,. CO was undetected in
the effluent both at the steady state and under the transient
state. In contrast with the CO methanation, no enhancement
of the methane formation is observed. Upon the switch of the
CO,-H, mixture to H,—He, the outlet partial pressure of meth-
ane decreases with time in a monotonic manner.

Similar results were obtained over the other catalysts. No
enhancement of the methane formation was observed in the
CO, methanation under the transient states.

Temperature programmed reaction runs were carried out
over the catalysts subjected to the CO and CO, methanation
reactions. It was found that strongly adsorbed CO and C(a)
species were produced in both of these reactions [13-15].
The amount of C(a) species was determined on analysis of
the response curves in a similar way employed in the previous
study [ 13]. Table 4 summarizes the amounts of C(a) species

*In CO methanation, in pmol/g cat.
*In CO, methanation, in wmol/g cat.

present in the CO and the CO, methanation. It shows that the
amount of C(a) present in the CO methanation is 2-6 times
that present in the CO, methanation.

As discussed previously [13,15], weakly adsorbed CO
present in the CO methanation retarded the hydrogenation of
C(a) species which was the intermediate for the methane
formation, and this retardation caused the higher amount of
C(a) in the CO methanation. The extent of the retardation is
defined as the ratio of the rate of the hydrogenation of C(a)
to methane in the absence of the weakly adsorbed CO to that
in the presence of the weakly adsorbed CO. Since the weakly
adsorbed CO desorbed rapidly upon switching of the CO-H,
mixture to H,~He and consequently the retardation disap-
peared, the methane formation increased rapidly at the initial
period under the transient state, falling off with time. There-
fore, the extent of the retardation could be estimated from the
reciprocal of the extent of the increase under the transient
state, 1/R.

AsFig. 2 shows, no enhancement of the methane formation
is observed in the CO, methanation under the transient state,
meaning that the retardation is absent in this reaction.

It was previously shown [ 13] that, in a stream of hydrogen,
the rate constant of the hydrogenation of C(a) formed in CO
methanation is the same as that of the hydrogenation of C(a)
formed in CO, methanation at a constant partial pressure of
hydrogen. As described above, the hydrogenation of C(a) is
retarded by the weakly adsorbed CO to the extent of 1/R in
the course of the CO methanation, while the retardation is
absent in the CO, methanation. Hence, the rate constant of
the hydrogenation of C(a) in the former reaction, k, is related
to that in the latter reaction, k', as follows:

k=k'/R (D

On the other hand, a steady state rate of the CO methanation,
r, and that of the CO, methanation, r', are represented respec-
tively as

r=kvV (2)
and
r'=k'v’ (3)

where V and V' are the amount of C(a) present in the CO
methanation and in the CQ, methanation, respectively. By
substituting Eq. (1) into Eq. (3), an expression for the ratio
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of the rate of the CO methanation to that of the CO, meth-
anation is obtained as

rlr =(1/R)(VIV') (4)

From this equation, we can readily understand the difference
in the rate of these reactions in terms of the extent of the
retardation, 1/R, and the ratio of the amounts of C(a) species,
viv'.

Over Ni, Ni/Al,04 and Ru/Si0,, the amounts of C(a)
present in the CO methanation were respectively 4.9, 6.1 and
2.1 times that in the CO, methanation (Table 4). However,
the extent of the retardation in the CO methanation was 1/
20, 1/12 and 1/9.6 respectively over Ni, Ni/Al,O, and Ru/
Si0O, (Table 3). As a result, the CO methanation proceeded
at a slower rate than the CO, methanation over these catalysts.
On the other hand, over Ni/SiO, the amount of C(a) species
present in the CO methanation was 5.4 times that in the CO,
methanation (Table 4) and the extent of the retardation was
1/4.8 (Table 3). Hence, the CO methanation proceeded fas-
ter than the CO, methanation over this catalyst.

3.2. Difference in the selectivity of CO and CO,
methanation

Asdiscussed above, the retardation by the weakly adsorbed
CO results in the difference in the rates of the CO, methan-
ation and the CO methanation. In this section, we show that
the selectivity of the CO, methanation can be estimated from
that of the CO methanation on the basis of the retardation.

It is widely accepted that the surface carbon species are
hydrogenated stepwise through CH, CH, and CHj, species to
methane in the course of the CO methanation [4,20-27]. It
has been also proposed that higher hydrocarbons produced
in this reaction are formed via polymerization of CH, species
in which the insertion of CH, into the metal—carbon bond of
CH, species is the initiation step of the polymerization
[4,20,28,29].

For simplification of the following discussion on the for-
mation of higher hydrocarbons, it is assumed that one kind
of surface CH, (x=0-3) species takes part in both the initi-
ation and the polymerization, and termination of chain growth
occurs via hydrogenation of alkyl intermediate (Fig. 3). This
mechanism is similar to that employed by several authors
[30-32]. Hence, the mass balance of the CH, species gives
expressions for the probability of the chain propagation, P,
and the steady state rate of the methane formationrespectively
as

P=ka|/(ka|+k‘) (5)

CHy CHy
CO(a) —® C(a)—# CHy —# Cp(a)— C3(a) -+ Cp(a)

40

CHy4 C2 C3 Ch

Fig. 3. A scheme for the formation of hydrocarbons.

and
r=kV,=kV (6)

where k, and k, represent the rate constants of the propagation
and the termination, respectively, and V, is the amount of
CH, species. On the assumption that P is independent of the
chain length, the selectivity for methane formation, §, which
is the fraction of C(a) converted to methane, can be repre-
sented [33] as

S=(1-P)? (7)

Similar equations are obtained for CO, methanation. In
this reaction, the probability of chain propagation, P’, the
steady state rate of the methane formation, ', and the selec-
tivity for methane, S', can be expressed respectively as

P =k'VI'[(k/V)'+ k) (8)
r'=k'V,'=k'vV’ (9)
and

S'=(1-P")? (10)

where k" and k" are the rate constants of the propagation and
the termination, respectively, and V,’ is the amount of the
CH, species.

Assuming that the hydrogenation of CH, is retarded by the
weakly adsorbed CO to the same extent as that of C(a)
species and the step of the propagation is unaffected by the
presence of the weakly adsorbed CO, we obtain

k=k'/R (11

and

ko =k,' (12)
Eqgs. (5) and (8) can be rewritten respectively as

k,V\/k=P/(1—P) (13)

and

k,/Vi"lk/ =P"/(1—P") (14)

Substitution of Eqs. (11) and (12) into Eq. (14) results in

P'/(1=P)=R™'k,V,'/k, (15)

which, on comparison with Eq. (13), gives

P'/(1—P)Y=R(V,'/V))P/(1-P) (16)

or

1-P' =[1+R-"(V//V)P/(1-P)] ! (17)

On the other hand, Egs. (6), (9) and (11) give an expression
for the ratio of the steady state rate of CO methanation to that
of CO, methanation as

r/r'=V1/(RV1') (18)

Substituting Eq. (17) into Eq. (10) and rewriting V,"/V, by
use of Eq. (18) yield an expression of the selectivity for the
CO, methanation as



S.-1. Fujita, N. Takezawa / Chemical Engineering Journal 68 (1997) 63-68 67

Table 5
Comparison of the selectivity of CO, methanation observed with that
estimated

Catalyst Selectivity (%)

Observed Estimated
Ni 998 98.8
Ni/ALO; 99.4 99.3
Ni/SiO, 99.8 99.5
Ru/SiO, 99.4 98.4
S'=[1+Rm2(r'/r)P/(l—P)]_2 (19)

The value of P is obtained from the selectivity for the CO
methanation experimentally observed by using Eq. (7), and
the values of R and '/ r are experimentally obtained. Hence,
the selectivity for the CO, methanation is estimated from Eq.
(19).

Table 5 compares the selectivity for the CO, methanation
thus estimated with that observed. It shows that the selectivity
for the CO, methanation estimated is in fair agreement with
that observed.

If only the difference in the amount of C(a) was taken into
account, as several authors previously suggested [5,8,10],
the value of R in Eq. (17) would be equalized to 1 and the
selectivity for the CO, methanation estimated from Eqgs. (17)
and (10) would be 80.1, 89.7, 97.6, 86.3% for Ni, Ni/ Al,O,,
Ni/Si0, and Ru/SiO,, respectively. In a similar manner, if
only the retardation of the weakly adsorbed CO was taken
into account, the selectivity for the CO, methanation esti-
mated would be 95.0, 95.7, 97.4, 96.7% respectively for Ni,
Ni/ Al O,, Ni/SiO, and Ru/Si0,. In these cases, the selec-
tivity estimated deviated from that observed. It was clear that
the difference in the selectivity of the CO and CO, methan-
ation can be accounted for in terms of both of the retardation
by the weakly adsorbed CO and the difference in the amount
of C(a) species present in these reactions. Since the retar-
dation by the weakly adsorbed CO caused the difference in
the amount of C(a) species present in the CO and CO, meth-
anation, it was concluded that the difference in the selectivity
of these reactions was primarily attributed to the presence or
the absence of the weakly adsorbed CO in the course of these
reactions.

Appendix A. Nomenclature

k rate constant of the hydrogenation of C(a) to
methane for CO methanation (min~")

4 rate constant of the hydrogenation of C(a) to
methane for CO, methanation (min~")

ks rate constant of propagation in CO methanation
(min™ ")

k)’ rate constant of propagation in CO, methanation
(min~")

k, rate constant of termination in CO methanation
(min™")

k' rate constant of termination in CO, methanation
(min™")

r steady state rate of CO methanation (mol/ (min g
cat))

r steady state rate of CO, methanation (mol/(min g
cat))

P probability of chain propagation in CO methanation

P’ probability of chain propagation in CO,
methanation

R ratio of the outlet partial pressure of methane at the
steady state to that at maximum under the transient
state

S selectivity of CO methanation (%)

S’ selectivity of CO, methanation (%)

1% amount of C(a) formed in CO methanation (mol/g
cat)

14 amount of C(a) formed in CO, methanation (mol/
g cat)

V| amount of CH, species formed in CO methanation
(mol/g cat)

v’ amount of CH, species formed in CO, methanation
(mol/g cat)
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