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By using a pulse microreactor in conjunction with an emissionless infrared diffuse reflectance 
spectrometer, the dynamics of adsorbed CO as well as produced CH4 were measured and effects of 
alkaline carbonate were investigated for the surface reaction of methanation on Ru/A1203 catalyst. 
Alkaline carbonate added to the Ru catalyst decreased the rate constant for C-O bond dissocia- 
tion, but scarcely affected the hydrogenation of the surface carbon species produced. Alkaline 
carbonate shifted the infrared absorption band of adsorbed CO to a lower frequency as a result of 
the increase in electron density in the Ru metal. It is concluded that the effect of alkaline carbonate 
is an electronic one whereby the C-O bond dissociation in the methanation is influenced. The 
suppressing effect of alkaline carbonate is discussed in terms of a proposed mechanism for the 
C-O bond dissociation which takes into account the electronic effect. o 1986 Academic ~rers, I~C. 

INTRODUCTION 

A heterogeneous catalytic reaction is 
composed of various steps including ad- 
sorptions, surface reactions, and desorp- 
tions, and it is relevant to attempt to mea- 
sure the rates for the individual steps 
involved in the overall reaction and also to 
investigate the effect of additives on these 
rates. It is well accepted that methanation 
and Fischer-Tropsch synthesis (FTS) are 
composed of several steps including the ad- 
sorption of H2 and CO, the dissociation of 
the C-O bond of adsorbed CO to form sur- 
face carbon [(CH,),J and oxygen [(OHy)J 
species, and the hydrogenation of (CH& 
and (OHy)ad to hydrocarbons with various 
numbers of carbon atoms and H20, respec- 
tively (Z-6). There have been a great many 
studies about the effect of additives on the 
FTS and methanation (7-10). Alkali is one 
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of the interesting additives for this reaction; 
it is known that the addition of alkali addi- 
tives leads to a decrease in the catalytic ac- 
tivity and to selective formation of olefins 
and higher hydrocarbons (21-23). How- 
ever, the effect of alkali additives has sel- 
dom been investigated for the individual 
steps involved in the FTS or the methana- 
tion. 

We have proposed a pulse surface reac- 
tion rate analysis (PSRA) method for the 
measurement of the rate of a surface reac- 
tion and have demonstrated its use for vari- 
ous catalytic reactions (24-30). We have 
also developed the method by directly com- 
bining the PSRA apparatus with an emis- 
sionless infrared diffuse reflectance (EDR) 
spectrometer and a flame ionization detec- 
tor (FID) in order to measure simulta- 
neously the dynamics of surface species 
and product molecules (31). In the present 
study, the rate constants of surface reac- 
tions in methanation on alkali-doped Ru/ 
A1203 catalyst, especially the processes of 
C-O bond dissociation and hydrogenation 
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TABLE 1 

Activation Energy and Preexponential Factor for Methanation 
and Amount of CO Adsorbed on the Catalyst 

Alkaline Content” E WA (s-VI CO adsorbed 
carbonate (J/mol) (~molk) 

Li2C03 0.2 73.6 7.01 13.5 
2.0 68.2 6.39 11.8 
5.0 71.1 6.72 12.9 

10.0 77.4 7.51 9.4 
20.0 70.3 6.67 10.6 

NazC09 0.2 82.2 8.11 11.4 
2.0 80.0 7.80 10.3 
5.0 73.2 6.60 10.5 

10.0 89.5 7.27 10.9 
20.0 92.0 8.31 11.9 

&CO3 0.2 78.7 7.79 12.5 
2.0 77.0 6.80 12.9 
5.0 84.5 7.86 14.7 

10.0 86.6 7.48 10.5 
20.0 98.7 8.30 12.2 

None - 72.4 7.15 14.5 

a Alkaline metal/Ru (atomic ratio). 

of (CH,.)d, were determined and the effect 
of alkaline carbonate on these processes 
was investigated on the basis of the rate 
constants thus determined. Alkaline car- 
bonate was used as an additive because it is 
stable under the reaction conditions. 

EXPERIMENTAL 

Catalysts. Ru/Al20~ catalyst (Ru loading, 
0.5 wt%) was commercially obtained from 
Nippon Engelhardt Ltd. Alkali-doped Ru/ 
A1203 catalysts were prepared by impreg- 
nating the Ru/A1203 with an aqueous solu- 
tion of Li&Os, NazCO,, or K&03, 
followed by drying and subsequent reduc- 
tion in flowing H2 at 723 K for 3 h. The 
amount of CO adsorbed on the catalyst was 
determined by a conventional pulse adsorp- 
tion method at room temperature, and the 
results are summarized in Table 1. 

Apparatus andprocedure. The PSRA ap- 
paratus used in this study was constructed 
by combining a pulse microreactor with a 
Jasco EDR31 emissionless infrared diffuse 
reflectance spectrometer (32) and a flame 

ionization detector. The detail of the con- 
struction has been described elsewhere 
(32). The previously used PSRA-FID appa- 
ratus, a pulse microreactor directly com- 
bined with a FID (27-30), was also used. 

The dynamics of adsorbed CO and of the 
CH4 produced from the CO pulse were 
measured in a manner identical to that de- 
scribed previously (31). The rate constant 
for C-O bond dissociation to form (CH,),d 
was determined from the dynamics of ad- 
sorbed CO by using the Kubelka-Munk 
equation (33) and also from the dynamics of 
produced CH4 according to the theory of 
the PSRA (27-30). Furthermore, the rate 
constant for hydrogenation of (CH,),d was 
determined from the dynamics of produced 
CH4 in the manner described previously 
(31). 

In situ IR absorption spectra were taken 
with the EDR under conditions of steady- 
state methanation and with partial pressure 
of CO = 1.82 kPa, partial pressure of Hz = 
99.5 kPa, total flow rate = 110 cm3(STP)/ 
min, and catalyst temperature = 393 K. 
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FIG. 1. Effect of alkaline carbonate on the rate 
constant for C-O bond dissociation in methanation 
over Ru/AlrOr catalysts. (0) Nondoped Ru/A1203. 
Alkali metal/Ru atomic ratio for alkali-doped Ru/ 
Al,O,; (0) Li/Ru = 2.0, (0) Li/Ru = 10.0, (a,) Li/Ru 
= 20.0, (a) Na/Ru = 2.0, (A) Na/Ru = 10.0, (A) Na/ 
Ru = 20.0, (0) K/Ru = 2.0, (I3) KiRu = 10.0, (a, Ki 
Ru = 20.0. 

RESULTS 

Dynamics of Adsorbed CO and Produced 
CH, 

When a small CO pulse [usually 10 ~1 
(STP)] was introduced to an alkali-doped 
Ru/A1203 catalyst via the H2 carrier gas 
above 392 K, it was immediately adsorbed 
on the catalyst, exhibiting an IR absorption 
band at around 2040 cm-‘. This absorption 
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FIG. 2. Isotope effect on the rate constant for C-O 
bond dissociation in methanation over K&Ox-doped 
Ru/A1203 catalyst (K/Ru = 20.0). (0) in HZ, (0) in Dz. 

band is assignable to linearly adsorbed CO 
on Ru metal (31, 34-36). The intensity of 
the IR band of linear CO gradually de- 
creased with time due to its reaction with 
H2 to produce CH4. The FID response of 
produced CH4 immediately increased and 
then gradually decreased with time, be- 
cause the amount of CO adsorbed on the 
catalyst gradually decreased with time due 
to the methanation. The rate constants can 
be determined from these dynamics accord- 
ing to the method identical to that used for 
the nondoped Ru/A1203 catalyst (31). It 
was found that the rate constant for the 
C-O bond dissociation was much smaller 
than that for the hydrogenation of (CH&. 

Effect of Alkaline Carbonate on the Rate 
Constant for the C-O Bond 
Dissociation in Methanation 

Figure 1 shows some typical results of 
the rate constant for C-O bond dissocia- 
tion in the methanation over alkali-doped 
Ru/A1203 catalyst at various temperatures. 
The rate constants for nondoped catalyst 
are also shown in this figure. As shown, 
alkaline carbonate added to the Ru/AlzOj 
catalyst markedly decreased the rate con- 
stant. The extent of the decrease became 
more significant with increasing the amount 
of the added alkaline carbonate and with 
the sequence L&CO3 < Na&OJ < K&03. 
The preexponential factor of the rate con- 
stant and the activation energy are summa- 
rized in Table 1. The activation energy in- 
creased in accordance with the decrease in 
the rate constant. 

Zsotope Effect on the Rate Constant for 
the C-O Bond Dissociation 

The rate constant for the process of the 
C-O bond dissociation was also deter- 
mined in flowing D2. A typical example is 
shown in Fig. 2. As shown, the rate con- 
stant is larger in D2 than in HZ, indicating 
that an inverse isotope effect exists in this 
process for the alkali-doped Ru/AlZ03 cata- 
lyst. The average value of the isotope effect 
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FIG. 3. Infrared spectra measured during steady- 

state methanation over nondoped and alkali-doped 
Ru/A1209 catalysts at 393 K. Dopants are: (a) none, (b) 

Li2COx, (c) Na2COS, and (d) K2COj. Partial pressure 
of CO = 1.82 kPa, partial pressure of Hz = 99.5 kPa, 
and total flow rate = 110 cm3(STP)/min. Line 1 in each 
spectrum is the background taken in flowing Hz alone. 

is 0.78 for the K2C03 doped Ru/A1203 cata- 
lyst. 

IR Absorption Spectra Measured in the 
Steady-State Methanation 

In situ IR absorption measurements of 
adsorbed CO during the steady-state meth- 
anation were carried out by using the EDR. 
Typical results are shown in Fig. 3. As 
shown, besides gaseous CO, linear CO was 
observed in the IR spectra at around 2050 
cm-’ (34-36). The precise examination of 
the IR spectra revealed that the addition of 
alkaline carbonate to the Ru/A1203 catalyst 
resulted in a decrease in the wavenumber of 
linear CO, as shown in Fig. 4. The extent of 
the downshift in the wavenumber (Avco) 
varied considerably among the catalysts 
studied; it was more pronounced for cata- 
lysts with a larger amount of added alkaline 
carbonate and with the sequence L&CO3 < 
Na2C03 < K*CO,. 

Figure 3 also shows that the IR absorp- 
tion band at around 1950 cm-‘, assignable 
to bridged CO, became more pronounced 
on alkali-doped Ru/A120S catalyst. This is 
in accordance with the results obtained by 
Garfunkel et al. (40) and McClory and Gon- 

zalez (21). It has, however, been found 
from the dynamic measurement of bridged 
CO that this species is less reactive with HZ 
(31). 

Correlation between the Rate Constant 
and the Band Shift 

As shown in Figs. 1 and 4, during the 
methanation alkaline carbonate added to 
the Ru/A1203 catalyst greatly influenced the 
rate constant for the C-O bond dissocia- 
tion and the IR absorption spectra. There 
seem to be some similarities in the features 
of the influence between them. With in- 
creasing the amount of added alkaline car- 
bonate, and also in accordance with the se- 
quence L&CO3 < NazCO3 < K&03, the 
rate constant decreased and the band shift 
became pronounced. Then the rate con- 
stant was tentatively plotted against the ex- 
tent of the band shift (Avco) (Fig. 5). Al- 
though there are significant variations in the 
rate constant and Avco among the catalysts, 
the rate constant is unequivocally related 
with Avco irrespective of the catalyst used, 
namely ln(rate constant) decreases linearly 
with Avco. 

DISCUSSION 

Interaction between Alkaline Carbonate 
and Ru Metal in the Catalyst 

The amount of added alkaline carbonate 
varies greatly; the maximum ratio of the al- 
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FIG. 4. Effect of alkaline carbonate on the 
wavenumber of linear CO. Dopants are: (0) none, (0) 
LiXOa, (A) Na2COj, and (Cl) K2COs. 
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FIG. 5. Relationship between the rate constant for 
C-O bond dissociation at 465 K and the extent of 
downshift for the C-O stretching vibration of linear 
CO(AV,,). Symbols are the same as those in Fig. 4. 

kali metal to Ru reaches 20. However, as 
shown in Table 1, the amount of adsorbed 
CO hardly changed among the catalysts, 
suggesting that the added alkaline carbon- 
ate mainly exists on the alumina support, 
but not on the Ru metal. This may be as- 
cribable to the acid-base interaction be- 
tween the alkaline carbonate and the alu- 
mina support. Constancy of the amount of 
adsorbed CO was also observed for the al- 
kali-doped Pd/AlZ03 catalyst (37) but is in 
clear contrast to the result obtained for the 
Ru/Al203 catalyst promoted with V, Nb, 
MO, W, and Re oxides, where in spite of the 
small amount of these oxides (oxide metal/ 
Ru = 1) the amount of adsorbed CO greatly 
decreased (38, 39). It is therefore consid- 
ered that the Ru metal in the catalyst is indi- 
rectly influenced through the modification 
of the acidic property of the alumina sup- 
port with the added alkaline carbonate. 

Effects of Alkaline Carbonate on the IR 
Spectra 

As shown in Fig. 4, the wavenumber of 
linear CO shifted to a lower frequency by 
adding alkaline carbonate to the Ru/A1203 
catalyst. This is in accordance with work in 
the literature (20-22, 40). However, it 
should be noted that the band shift occurs 
in a quite regular fashion; its extent is larger 

with the amount of added alkaline carbon- 
ate and with the sequence L&CO3 < Naz 
CO3 < K2COX. It is well known that several 
effects can affect the IR absorption spec- 
trum. For a downshift such as that in the 
present case, a decoupling of the CO di- 
pole-dipole interaction due to a decrease in 
the amount of adsorbed CO (41-48), an in- 
crease in the electron density of the Ru 
metal (20-22, 40, 49), or an increase in the 
metal particle size (50, 51) may be the pos- 
sible effect. In the present case, however, 
the band shift seems not to be caused by the 
metal particle size effect, because there is 
not much difference in the amount of ad- 
sorbed CO among the catalysts examined, 
as shown in Table 1. The fact of the con- 
stancy in the amount of adsorbed CO may 
also exclude the decoupling effect from the 
possible effects for the downshift, because 
the extent of the dipole-dipole interaction 
is expected to be the same among the cata- 
lysts. In the steady-state reaction, how- 
ever, the amount of adsorbed CO estimated 
from the IR spectra shown in Fig. 3 appears 
to be different from catalyst to catalyst. A 
recent surface science study also revealed 
an interesting interaction on Ru metal be- 
tween CO and Hz where Hz blocked the ad- 
sorption of CO (52). If the decoupling effect 
is the main one for the band shift, the most 
significant shift should be observed on the 
Li-doped RulAl~Oj catalyst because of the 
smallest peak area which suggests the 
smallest amount of adsorbed CO. How- 
ever, the experimental result in Fig. 4 
shows that this is not the case. The block- 
ing effect with Hz is considered to be hardly 
operative in the steady-state reaction, be- 
cause it is accepted that the CO hydrogena- 
tion over supported Group VIII metal cata- 
lysts shows a zero or slightly negative order 
dependence with respect to the CO partial 
pressure, which implies saturation cover- 
age of the catalyst with CO (53). Moreover, 
it seems improbable that the monotonic 
correlation between the rate constant and 
Auto shown in Fig. 5 can reasonably be ex- 
plained in terms of the decoupling effect. 
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It is known that alkali additives have 
electron-donor character even in the ionic 
state of alkaline metals, although the effect 
may be less than in the metallic state (54). 
The alumina support is acidic, so the Ru 
metal on it is in a slightly electron-deficient 
state. The alkaline carbonate added to the 
Ru/AlzOj catalyst may reduce the acidic 
property of the alumina support, which 
results in the relative increase in the elec- 
tron density in the Ru metal. The enrich- 
ment of electron density in the Ru metal 
should result in the weakening of the C-O 
bond due to the enhanced back-donation of 
electrons from the Ru metal to the anti- 
bonding 2~ orbital of adsorbed CO mole- 
cule (49), which leads to the downshift of 
the IR absorption band of linear CO. There- 
fore, the extent of the band shift for linear 
CO(Avco) provides a measure of the in- 
crease in electron density in the Ru metal, 
as was the case for Pd/AlZO3 (37). As 
shown in Fig. 4, Avco became more pro- 
nounced with increasing the amount of 
added alkaline carbonate and with the se- 
quence Li2C03 < NaZC03 < K&03. This 
may be rationalized on the basis of the dif- 
ference in the ionization potential or elec- 
tronegativity of alkaline carbonate; the or- 
der of the electronegativity is L&CO3 > Na2 
CO3 > K2C03, which leads to the order of 
the effectiveness of the added alkaline car- 
bonate described above. It should, how- 
ever, be noted that the effectiveness of al- 
kaline carbonate on the Ru/A1203 catalyst 
markedly differs from that on the Pd/AlzOJ 
catalyst, where Avco increased with in- 
creasing the amount of added alkaline car- 
bonate but their nature hardly affected AVCO 
(37). Although further study is necessary 
for understanding the effect of alkaline car- 
bonate, the electron configuration in the Ru 
atom different from that in the Pd atom may 
be responsible for the discrepancy in the 
effect of alkaline carbonate between these 
two supported metal catalysts. The number 
of vacant electron sites on the 4d orbital is 3 
for Ru and 0 for Pd. The presence of the 
vacant electron sites seems to make the ef- 

fect of alkaline carbonate sensitive, while 
the absence of such vacant sites does not. 
This is because the role of alkaline carbon- 
ate is considered to increase electron den- 
sity in the metal by donating electron from 
the carbonate to the metal. 

Effect of Alkaline Carbonate on the Rate 
Constant for the C-O Bond 
Dissociation in the Methanation 

In the methanation over alkali-doped Ru/ 
Al203 catalyst, the rate constant for the 
C-O bond dissociation was much smaller 
than that for the hydrogenation of the re- 
sultingly formed (CH,),d species. This indi- 
cates that the C-O bond dissociation is the 
rate-determining step, as is the case for the 
nondoped Ru/AlzOj catalyst (32). It is con- 
cluded, therefore, that alkaline carbonate 
does not much influence the hydrogenation 
process of surface carbon species, which is 
in conflict with the conclusion recently ob- 
tained by McClory and Gonzalez (21). This 
may be due to the reaction conditions being 
different from those of McClory and Gon- 
zalez; in the present case the reaction con- 
ditions are a hydrogen-rich atmosphere. 

Figure 1 shows that the process of the 
C-O bond dissociation in the methanation 
is greatly affected by the amount of added 
alkaline carbonates as well as with their na- 
ture. This is again a marked contrast to 
methanation on alkali-doped Pd/A1203 cata- 
lyst, where this process is also influenced 
with the amount of added alkaline carbon- 
ates but not with their nature (37). Al- 
though this discrepancy is difficult to ra- 
tionalize, it may possibly be explained as 
follows. Since Ru is one of the most active 
metals for methanation (55), and for C-O 
bond dissociation, it is sensitively influ- 
enced by the nature of the alkaline carbon- 
ate. Pd, on the other hand, is not so active 
for the C-O bond dissociation (55,56) that 
the nature of alkaline carbonates is re- 
flected in its activity. 

According to the previous discussion, 
Avco can be regarded as a measure for the 
electronic state of the Ru metal. Therefore, 
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the correlation shown in Fig. 5 indicates as that for the nondoped catalyst (1.4 X 10’ 
that the rate constant for the C-O bond s-i) (32). In the methanation over Ru/A1203 
dissociation is decreased on the Ru metal catalyst, the suppressing effect of alkaline 
catalyst having higher electron density. carbonate on the C-O bond dissociation 
Since, on such a Ru metal, the C-O bond may be explained in terms of this mecha- 
is weakened due to the enhanced back-do- nism. In Eq. (l), the possible factor by 
nation, this finding seems to be strange and which the rate constant is determined is the 
is different from the conclusion obtained equilibrium concentration of (CHOH),d. On 
through recent experimental (57, 58) and the Ru surface with higher electron density, 
theoretical (59) investigations about the ef- (CO),d is more stabilized due to the resul- 
feet of alkali additives which show that in tant effect of the enhanced back-donation 
the absence of Hz the increase in electron of electron from the Ru metal to the 2~ or- 
density leads to an increase in the rate for bital in (CO),d. Such stabilization may, 
the simple decomposition of the adsorbed however, not be expected for (CHOH),d. 
CO molecule. However, the mechanism for This leads to a decrease in the equilibrium 
the C-O bond dissociation in the CO hy- concentration of (CHOH),d and resultingly 
drogenation is different from that in the ab- to a decrease in the rate constant for the 
sence of H2 (28-31, 37). C-O bond dissociation. 

Possible Reason for the Suppression of 
the C-O Bond Dissociation by Adding 
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rate and the HZ-D1 inverse isotope effect 
measured for this process. The C-O bond 
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