
JOURNAL OF CATALYSIS 98, 166-177 (1986) 

Catalytic Hydrogenation of CO2 over Supported Palladium 

ANDRAS ERD~HELYI, MONIKA PASZTOR, AND FRIGYES SOLYMOSI 

Institute of Solid State and Radiochemistry, University of Szeged, and Reaction Kinetics Research Group of 
the Hungarian Academy of Sciences, P.O. Box 105, H-6701 Szeged, Hungary 

Received May 10, 1985; revised September 17, 1985 

The hydrogenation of CO2 over Pd supported by A1203, TiO,, SiOt, and MgO has been investi- 
gated in a flow technique at 1 and at 9.5 atm. For comparison the hydrogenation of CO was 
examined under the same experimental conditions. Attention was focused on the identification of 
surface species formed during the reaction. The hydrogenation of CO1 occurred at a measurable 
rate above 520 K. It appears that the dispersion of Pd plays a governing role in determining the 
direction of the Hz + CO2 reaction. On highly dispersed Pd, the main product of the reaction was 
methane at both pressures while on poorly dispersed Pd the reverse water-gas shift reaction (at 1 
atm) or methanol formation (at 9.5 atm) occurred. In situ infrared spectroscopic measurements 
revealed that multiply bonded CO and formate species were present on the catalyst surface during 
the reaction at 1 atm. The formation of surface carbon was also detected. From the behavior of 
surface formate under different conditions it was inferred that it does not play a significant role in 
hydrocarbon synthesis on Pd catalysts. On the basis of the specific activities, Pd/TiOr proved to be 
the most effective catalyst for the hydrogenation of COZ. It is proposed that the important step in 
the methanation of CO* is the dissociation of adsorbed CO. With respect to the high activity of Pd/ 
TiOz, it is assumed that an electronic interaction operates between TiOz and Pd, influencing the 
bonding and reactivity of chemisorbed species. As concerns methanol synthesis at 9.5 atm, the 
results obtained failed to support the idea that methanol is produced in a direct reaction of CO2 and 
not through formation of CO and its consecutive hydrogenation. o 1986 Academic PWSS, IK. 

INTRODUCTION 

In a previous paper (I) we examined the 
surface interaction of HZ + COz on Pd sup- 
ported by alumina, magnesia, titania, and 
silica at CO2 submethanation temperatures, 
300-473 K. In this paper we report the cata- 
lytic hydrogenation of CO? on the same Pd 
catalysts at atmospheric pressure and at 9.5 
bar. Special attention is focused on the 
identification and role of the surface species 
formed during the reaction and on the ef- 
fects of the supports. 

The abundance of CO2 as a one-carbon 
precursor has recently evoked interest in its 
catalytic transformation (2, 3). One possi- 
ble pathway for transfer of the carbon of 
CO* is the catalytic hydrogenation of CO2. 
This reaction has received appreciable at- 
tention only in recent years, when the cata- 
lytic effects of the fohowing metals were 
tested: Ru (d-9), Rh (lo-14), Pt (4), Ir (4), 

OS (25), Ni (Z6-22), Co (9), Fe (9, 23), and 
MO (24). 

In our exploratory study we found that, 
of the Pt metals, alumina-supported Pd ex- 
hibits the lowest activity in the methanation 
of CO* (4). On the other hand, Rabo and co- 
workers (25) found that supported Pd is an 
active catalyst for the synthesis of CHsOH 
from an H2 + CO gas mixture at elevated 
pressure. It therefore appeared worthwhile 
to examine the catalytic performance of Pd 
catalysts in the hydrogenation of CO2 in 
greater detail. 

EXPERIMENTAL 

Methods. Catalytic investigations were 
carried out in a flow reactor made from an 
8-mm-i.d. Pyrex glass tube or, when the to- 
tal pressure was 9.5 bar, an 8-mm-o.d. 
stainless-steel tube. The dead volume was 
filled with glass beads. The reactor was 
heated by an external oven. No increase in 
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catalyst temperature was observed during 
the reaction. The ratio of Hz/C02 or H2/C0 
in the reacting gas mixture was in general 41 
1 or 3/l, respectively. Helium was used 
whenever a diluent was needed. High space 
velocities of 3000-6000 h-’ were used. The 
conversion was in general less than 5-7%. 
The absence of diffusional limitation was 
confirmed by the method suggested by 
Koros and Nowak (27). Analyses of the 
exit gases were performed with a Hewlett- 
Packard 5750 gas chromatograph equipped 
with an HP 3370 electronic digital integra- 
tor. A 2-m-long, 0.25in.-diam column 
packed with Porapack QS allowed com- 
plete separation of reactants and products. 
The amount of catalyst used was 0.3-0.6 g. 

In the high-temperature IR cell, which 
was similar to that described earlier (26), 
the spectra were taken at the reaction tem- 
perature in the gas flow. The IR spectra 
were recorded with a Specord 75 IR Zeiss 
Jena double-beam spectrometer. 

The dispersion of the supported metals 
was determined, as in our previous paper 
(I), by Hz-O2 titration at 298 K, using the 
pulsed flow technique. 

Materials. The preparation of the cata- 
lysts has been described in the previous pa- 
per (I). They were produced by incipient 
wetness impregnation of supports with 
PdC& solution, assumed to be HzPdCh. The 
Pd content was 1 or 5 wt%. 

For catalytic studies, small fragments of 
slightly compressed pellets were used. For 
IR spectroscopic measurements the pow- 
dered material was pressed into a 10 X 30- 
mm self-supporting plate. The sample 
thickness varied in the range 15-20 mg/cm2. 

Before the catalytic measurements, the 
sample was oxidized in an O2 flow for 30 
min and reduced in a Hz stream for 30 min 
at 673 K in situ, or the dried powder was 
heated in a flow of 40 ml Hdmin, at a heat- 
ing rate of 40”/min, up to 673 or 573 K and 
kept there for 60 min. After reduction the 
sample was cooled to the reaction tempera- 
ture in flowing He. 

The characteristic data on the supported 
Pd samples are shown in Table 1. 

The gases used were initially of commer- 
cial purity. They were carefully purified by 
fractional distillation (CO*) or by adsorbing 
the impurities with a molecular sieve at the 

TABLE 1 

Kinetic Data for the Hydrogenation of CO2 and CO on Supported Pd Samples at 1 atm 

Catalyst Pd dis- NcH4 Nco Conversion Ecu1 A EC, N CHqb 
persiorP (X lOI at 573 K) of COz (kJimo1) (s-’ atrnexmV (kJ/mol) (X lo3 at 573 K) 

m (%I 

5% Pd/A120$ (40.2), 20.0 3.90 - 1.5-0.2 81.4 1X10’ - 0.34 
5% Pd/Al203 19.6 3.5 0.25 3.2-0.3 82.0 9 x 106 43.1 1.3 
5% PdlA1203 18.1 3.9 0.3 5.5-0.5 97.5 1x10’ - - 
1% Pd/A1203 5.4 2.68 37.4 1.5-0.4 81.6 6.9 x IO’ 56.9 - 

5% Pd/A1203 4.4 3.4 16.5 6.0-1.5 81.6 8.7 x lo6 43.5 3.3 
5% PdlTiO? 6.5 16.3 16.0 I -0.5 103.8 4.19 x 10’ 57.7 16.3 
1% Pd/TiO* 5 79.5 (150) 15 - - - - 
5% Pd/Si02 7.5 0.07 1.25 0.8-0.2 78.3 1.8 x IO5 61.2 - 
5% Pd/SiOz 14.7 0.20 3.14 6.5-1.2 108.8 5.17 x 105 54.4 0.1 
5% Pd/MgO 9.6 0.03 4.27 6.5-2.1 156.1 6.95 x IO4 67.4 0.05 

0 Average value determined by Hz-O2 titration at 298 K. 
b Hz + CO reaction. NcH4, Nco = turnover frequencies (molecules formed/metal site x second) at the steady 

state. The reproducibility of turnover frequencies is better than 10%. 
c In this case, the initial dispersity of the Pd (-40%) decreased to 25-20% during the reaction. In the calcula- 

tion of turnover frequency the latter value (20%) was used. 
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temperature of liquid air. Helium was deox- 
ygenated with an “Oxy-Trap” and “Indi- 
cating Oxy-Trap” (Altech Co.). 

RESULTS 

Kinetic Measurements at Atmospheric 
Pressure 

The hydrogenation of COz on alumina- 
supported Pd catalysts occurred at a mea- 
surable rate above 520 K. Before kinetic 
measurements, the catalyst sample was 
treated with the reacting gas mixture at the 
highest reaction temperature (573-600 K, 
-6% CO2 conversion). The products of the 
reaction were CO and CH4. During the con- 
ditioning period, no significant changes 
were observed in the rate of CO2 conver- 
sion or in the product distribution. 

On highly dispersed Pd (5% Pd/AlzOj, D 
= 40%), the main product of the reaction 
was methane; CO was formed only in 
traces. In this case we observed a signifi- 
cant decrease in the dispersion of the Pd, to 
about 20-25%, during the reaction. How- 
ever, no changes in the dispersion were ex- 
perienced for other Pd samples. When the 
dispersion of the Pd was very low (D = 
5%), the selectivity toward methane was 
only 15-20%. If the temperature was low- 
ered, the selectivity of CH4 formation de- 
creased. 

A similar observation was made for other 
supported Pd samples. The reaction oc- 
curred at the lowest temperatures on Pd/ 
TiOz, and at the highest temperatures on 
Pd/MgO. Product distribution is shown in 
Fig. 1. 

The dependence of the rate of methana- 
tion on the partial pressures of CO2 and HZ 
was determined for 5% Pd/A1203 (D = 19%) 
from the slopes of log-log plots of the rate 
against the reactant partial pressure. It was 
found that the kinetic order for CO2 was 
nearly 0.5 (0.42) and that for Hz, 1 (I, 2). 

The activation energy of the reaction was 
determined from the temperature depen- 
dence of the rate of CH4 and CO formation 
in the steady state. The activation energy of 
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FIG. 1. Product distribution (in mol%) for the H2 + 
CO2 reaction at 1 atm on different Pd samples at the 
steady state and at 523 K. 

CH4 formation fell in the range 78-108 kJ 
mol-l for Pd/A1203, Pd/TiOz, and Pd/SiOz. 
The activation energy of CO formation was 
lower (-57 kJ/mol); this was determined on 
samples containing Pd of low dispersion. 
The activation energies were higher for 
both reactions on Pd/MgO. Some Arrhe- 
nius diagrams are shown in Fig. 2. 

The specific activities of the catalysts (in 
terms of turnover frequency) were calcu- 
lated for all Pd samples. These values are 
given in Table 1. The turnover frequency 
for CI& formation was the highest on Pd/ 
TiOz, its specific activity being more than 
one order of magnitude higher than those of 
Pd/SiOz and Pd/MgO. The high efficiency 
of PdiTiOz was exhibited in CO formation 
(low Pd dispersion) too, where qualitatively 
the same activity order was found as for 
CH4 production. 
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FIG. 2. Arrhenius plots of CH4 formation in the Hz + 
CO2 reaction at 1 atm on various Pd samples. 

Infrared Spectroscopic Measurements 
during the Catalytic Reaction 

To identify the surface species formed 
during the catalytic reaction, in situ IR 
spectroscopic measurements were per- 
formed in a flow and in a closed circulation 
system. Some spectra for a Pd/AlzOJ sam- 
ple are given in Fig. 3. Upon introduction of 
the H2 + CO* (4 : 1) mixture at 523-573 K, 
absorption bands appeared at 1380, 1590, 
-1850, -1910, and 2060 cm-r. From a con- 
sideration of the IR spectra of adsorbed CO 
and formic acid on the same supported Pd 
catalysts (I), the bands at 1596 and 1380 
cm-l are assigned to the asymmetric and 
symmetric O-C-O stretching vibrations of 
adsorbed formate ion. The bands at 1850, 
1910, and 2060 cm-r are attributed to differ- 
ent types of adsorbed CO on Pd. An ab- 
sorption band due to carbonate species ap- 
peared at 1450 cm-‘. No, or only extremely 
weak, bands due to the CH stretching vi- 
bration were detected at 2915-2925 cm-r. 

The intensities of formate bands varied 

only slightly with the reaction time during 
the catalytic reaction. An increase was ob- 
served in the intensities of the CO bands, 
however, particularly in the case of Pd/ 
A120j with a high Pd dispersion. These 
bands appeared in the spectrum even below 
the reaction temperature at 423-473 K. 
Their intensities were higher than at 523 K. 
When the temperature was raised to 573 K, 
new steady-state values were immediately 
attained. Upon further increase of the reac- 
tion temperature, the intensities of these 
bands were lowered. In Fig. 3B the intensi- 
ties of various absorption bands obtained at 
different reaction temperatures are plotted 
as a function of time. In these cases the 
temperature of the sample was gradually 
raised from 423 K. 

Injection of HCOOH vapor or CO into 
the gas mixture temporarily enhanced the 
intensities of the bands due to chemisorbed 
formate and CO, but after a relatively short 
time (3-5 min) they displayed the original 
steady-state values. 

When the CO2 in the gas mixture was re- 
placed with He at 548 K, the intensities of 
the formate and CO bands decreased rap- 
idly. This phenomenon also occurred when 
Hz was replaced by He, but much more 
slowly. 

573 K 

FIG. 3. (A) Infrared spectra taken during the HZ + 
CO2 reaction on 5% Pd/A120, (D = 19%) at 523 and 573 
K. (B) Changes in intensities of various bands devel- 
oped during the Hz + CO2 reaction at different temper- 
atures on 5% Pd/Alz09 (D = 19%). 
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Qualitatively the same picture was ob- 
tained for Pd/MgO. The intensities of the 
bands due to adsorbed CO and formate spe- 
cies were much less than on Pd/A1203 under 
the same conditions. In the case of Pd/SiO*, 
a very weak band was observed in the CO 
stretching region at 1910 cm-‘, and there 
was no indication of the formation of for- 
mate ion. The low transmittance of the Pd/ 
TiOz sample in the presence of an H2 + CO2 
mixture prevented the performance of de- 
tailed IR spectroscopic measurements dur- 
ing the catalytic reaction. 

Formation and Reactivity of Surface 
Carbon 

In the case of supported Rh catalysts, we 
found a considerable amount of carbon de- 
posited on the surface during the hydroge- 
nation of either CO* or CO (II, 30). To de- 
termine the amount of unreacted 
carbonaceous species in the present case, 
the reaction was performed at 573 K for 60 
min, and the surface of the catalyst was 
then flushed with a He stream for 10 min at 
the same temperature. The IR spectro- 
scopic measurements indicated that this 
treatment is sufficient to remove all chemi- 
sorbed species from the surface. After- 
ward, Hz was passed through the reactor. 
Significant methane production was ob- 
served for the next lo-20 min. The initial 
rate of methane formation after the H2 + 
COz reaction was practically the same as 
that observed during the catalytic reaction 
in the steady state, but it fell quickly. In 
contrast, after the HZ + CO reaction, the 
rate of CH4 formation during treatment of 
the surface with H2 was about five times 
higher in the first few minutes than during 
the Hz + CO reaction (Fig. 4). As no chemi- 
sorbed species remained on the catalyst 
surface after He treatment, it may be as- 
sumed that the observed CH4 evolution is 
due to the hydrogenation of surface carbon. 
However, we cannot exclude the possibil- 
ity that other carbon-containing species, 
which escaped detection by IR spectros- 
copy, also reacted with Hz to yield CH4. 

FIG. 4. (A) Amount of carbonaceous species fortned 
in the H2 + CO (1) and H2 + CO* (2) reactions at 573 K 
on 5% W/A&O1 (D = -1%). (B) Relative rates of 
CH4 formation on 5% Pd/A&Or. No = turnover fre- 
quency of CH4 formation at the steady state of the 
reaction. N = turnover frequency of CH., fortnation 
following steady-state reaction in the absence of CO 
(1) or CO* (2). 

For Pd/Al203 catalyst, the formation of 
this carbonaceous species was followed as 
a function of the reaction time by means of 
the same method. The results obtained are 
shown in Fig. 4. The amount of carbona- 
ceous species increased in time during both 
reactions; it was less in the Hz + CO2 reac- 
tion, where it soon approached a nearly 
steady value. The ratio of carbonaceous 
species to surface Pd, in terms of C,/Pd,, 
was about 0.5 (at 60 min) for the highly dis- 
persed Pd (D = 20%). 

H2 + CO Reaction at Atmospheric 
Pressure 

The catalytic performance of the Pd sam- 
ples was examined in the HZ + CO reaction 
under the same experimental conditions 
and in the same temperature range. The 
conversion of CO was low (l-3%). The pri- 
mary aim of this study was only to acquire 
data comparable with those obtained in the 
hydrogenation of COZ. Whereas only two 
products, CH4 and CO, were formed in the 
hydrogenation of CO*, in the hydrogenation 
of CO, ethane, propane, methanol, di- 
methyl ether, and acetaldehyde were also 
observed. The product distribution varied 
with the temperature and also with the na- 
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FIG. 5. Product distribution (in mol%) for the Hz + 
CO reaction at 1 atm on different Pd samples at the 
steady state and at 548 K. 

ture of the support (Fig. 5). It appears that 
the selectivity of hydrogenation of CO is 
only slightly affected in the dispersion 
range 4-40% for Pd/A1203 catalyst, at atmo- 
spheric pressure. 

With respect to the effect of support on 
methanol formation, methanol was pro- 
duced with higher selectivity on Pd/Si02 
than on Pd/A1203 or Pd/TiOz. The amount 
of CH30H increased slightly during the 
conditioning period; it exhibited a maxi- 
mum with the variation of temperature 
(-533 K for Pd/A1203). The specific rates of 
CH4 formation are shown in Table 1. The 
most active catalyst in CH4 production is 
Pd/TiOz. The rate of CH4 formation on this 
sample was two orders of magnitude higher 
than on the less active Pd/MgO. 

H2 + CO2 Reaction at 9.5 bar 

In the HZ + COz reaction at 9.5 bar, for- 
mation of methanol was observed in addi- 
tion to that of CO and CH+ Traces of eth- 
ane and propane (and dimethyl ether on 
alumina-supported Pd) were detected only 
occasionally. 

During the conditioning period, the 
amounts of CO and CH4 changed only 
slightly, but the amounts of methanol and 
other oxygenated species increased as time 
passed. For example, in the case of 5% Pd/ 
A1203 (D = 4%), the stable activity of the 
catalyst for methanol formation was 
achieved after 90 min of reaction at 523 K. 
The plot of the amount of methanol formed 
versus temperature exhibits a maximum in 
the interval 520-570 K on different Pd cata- 
lysts (Fig. 6). The product distributions de- 
termined on Pd catalysts are shown in Fig. 
7. Not only does the ratio of CO to methane 
change with the dispersion of the catalyst, 
as experienced earlier at 1 atm, but the se- 
lectivity toward methanol is also dependent 
on it. On highly dispersed Pd (5% Pd/A120j, 
D = 40-25%), only traces of methanol were 
detected, but on Pd of low dispersion 
(-4%) the selectivity for methanol at 523 K 
was about 20% higher than that for meth- 
ane . 

Kinetic data on product formation as re- 
lated to amount of catalyst and to surface 
Pd atoms are collected in Table 2. It can be 

T(K) 603 

FIG. 6. Effect of temperatures on the formation of 
CH30H, CH4, and CO on 5% Pd/A1203 (D = -4%) in 
the hydrogenation of CO2 at 9.5 bar. 
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seen that the conversion of CO2 is the high- 
est on Pd/TiOz at this pressure too. Thus, it 
exhibited the highest specific activity in 
both methanol and methane production. 

4 For comparison, we investigated the hydro- 
genation of CO (Hz + CO, 2 : 1) on the same 
catalysts and under the same conditions. 

% CHPH 
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The kinetic data obtained are also shown in 
Table 2. /. 0=9.6% 

II 
DISCUSSION 

6 General Features 
4 The hydrogenation of CO* on supported 
2 Pd catalysts was measurable under dy- 

namic conditions above 520 K. The only 
CHPH hydrocarbon detected at atmospheric pres- 

l%Pd/TIO2 sure was CH4, which is in contrast to the 
heA 0=5% hydrogenation of CO on the same Pd cata- 
.6 lysts, where several other products, includ- 

4 ing CH30H, were formed. 
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CO2 reaction, it appears that only the dis- 
persion of Pd plays a governing role, the 
nature of the support having only a minor 
effect. On a highly dispersed Pd sample, the 
reaction proceeds almost exclusively in the 
direction of CH4 formation, while on poorly 

FIG. 7. Product distribution (in mol%) for the H2 + 
CO2 reaction at 9.5 bar on different Pd samples at the 
steady state and at 523 K. 

TABLE 2 

Formation of CHSOH on Supported Pd Catalysts in the H? + CO? (4 : 1) and Hz + CO (2 : I) 
Reactions at 9.5 bar and 548 K 

Catalyst Pd W CHda WC,,,, wax NCH~ NCH~OH S CHjOH Conversion 
dispersion (pmol/g . s) (X 103) of CO* or CO 

(%I (So) 

1% Pd/A1209 4.4 
Hz + COz 0.009 0.001 0.012 2.55 0.32 5.4 1.2 
H2 + CO 0.014 0.025 0.037 3.72 6.65 49.1 0.23 

1% Pd/TiO* 5 
Hz + CO1 0.013 0.008 0.008 3.1 1.99 1.98 3.9 
HZ + CO - - - - - - - 

5% Pd/SiOz 7.5 
HZ + CO2 0.010 0.008 0.008 0.23 0.19 9.5 0.8 
Hz + CO 0.009 0.17 0.181 0.22 4.02 89.0 0.7 

5% Pd/MgO 9.6 
Hz + CO2 0.006 0.006 0.006 0.15 0.15 7.8 0.77 
Hz + CO 0.004 0.016 0.016 0.09 0.37 96.5 0.65 

L? W = rate of product formation. W,, = rate of formation of oxygenated compounds (CHIOH, 
(CHMN. &H3OH = selectivity of CHIOH formation = WCQOHIW~~~,~~~~,. 
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dispersed Pd (in the same temperature 
range and at the same conversion of COz) 
the reverse water-gas shift reaction occurs. 
The selectivity of CH4 formation in that 
case hardly exceeds 10%. Methanol forma- 
tion at atmospheric pressure was not de- 
tected for any sample. At 9.5 bar, however, 
significant methanol production was ob- 
served on larger particles. 

In our exploratory study we found that, 
of the Pt metals, alumina-supported Pd is 
the least effective catalyst in the methana- 
tion of CO:! (4). Its specific activity was 
about one order of magnitude lower than 
that for the methanation of CO, in complete 
contrast to the behavior of Ru and Rh (4, 
7, II). Explanation of this behavior of Pd 
catalyst was one of the driving forces be- 
hind this study. 

This comparison, however, was based on 
the Ncn4 values of the H2 + CO reaction 
determined by Vannice (28), the only ones 
which were available at that time. The ki- 
netic data obtained in the present work on 
the same samples and under the same con- 
ditions clearly indicate that the methana- 
tion of CO2 proceeds at a rate faster than 
that of CO, even on the Pd catalyst. The 
NcH4 value taken from the first work of 
Vannice (28) can be considered exception- 
ally high. 

Possible Mechanism of Hydrogenation of 
co2 

There are two basic routes for the hydro- 
genation of CO2 ( 7, 12): 

(i) through the production and subse- 
quent hydrogenation of CO, or 

(ii) through the formation of a surface in- 
termediate different from that of the H2 + 
CO reaction. 

By means of IR spectroscopy we could 
identify absorption bands due to formate 
and chemisorbed CO. These surface spe- 
cies were formed even in the low-tempera- 
ture (-300 K) interaction of HZ + CO2 on 
supported Pd (I). They were also detected 
in the hydrogenation of CO2 on Rh and Ru 
catalysts (7, 21). 

Chemisorbed Formate 

Let us investigate first the possible roles 
of formate species. We presented previ- 
ously (1) strong arguments that the formate 
species is located not on the Pd, but on the 
support which suggests that it cannot be a 
real surface intermediate in the methana- 
tion of CO2 on supported Pd catalyst. 

From the correlation between the absorb- 
ance of formate at 1580-1600 cm-l and its 
surface concentration (29), we obtain that 
the steady-state concentration of formate 
species during the reaction on Pd/A1203 is 
21.2 PmoVg at 548 K and 15 pmol/g at 573 
K. Although these values are much lower 
than the number of surface Pd atoms, there 
is no reason to assume that the formate spe- 
cies detected during the hydrogenation of 
CO* are attached to the Pd. 

However, it would be a mistake to con- 
sider it as a completely inactive surface 
species. The stability of the formate species 
on oxidic supports is lower in the presence 
of Pd, which indicates that during the reac- 
tion the formate species can migrate to the 
Pd, where it can decompose or react. Fur- 
thermore, it was demonstrated (Fig. 4) that 
the intensities of the formate bands are 
quite sensitive to the reaction conditions, 
and decrease somewhat more rapidly in the 
presence of H2 than in He or C02. We 
found the same behavior in the case of Rh/ 
A1203 (30, 31). 

Chemisorbed CO and Surface Carbon 

The fact that chemisorbed CO was de- 
tected even when the reaction produced al- 
most exclusively CH4 strongly supports the 
view that the hydrogenation of COz occurs 
through the formation of CO. The results in 
Ref. (2) clearly show that the dissociation 
of CO-2 on Pd occurs to a well-detectable 
extent above 423 K, and the presence of H2 
greatly promotes this process. Evidence 
was also presented that a carbonaceous 
species, very probably surface carbon, is 
deposited during the catalytic reaction. Al- 
though Pd is considered not very reactive 
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toward CO dissociation (25), we detected a 
limited disproportionation of CO on highly 
dispersed Pd. A value of 0.15 was obtained 
for the C,/Pd, ratio in 60 min at 573 K (36). 
This observation is in harmony with the re- 
cent report by Ichikawa et al. (32) that CO 
dissociates on small Pd particles, and that 
the low-temperature binding state of CO, as 
studied by TPD, is the one responsible for 
this reaction on Pd. The larger amount of 
carbonaceous species we found deposited 
on the Pd/A1203 after the catalytic reaction 
(60 min at 573 K, at -4% conversion) may 
indicate that the dissociation of CO is also 
promoted by hydrogen, or more precisely 
by adsorbed hydrogen. 

The results of in situ IR spectroscopic 
measurements seem to be in harmony with 
these results and conclusions. The absorp- 
tion band of the multiply bonded CO 

/ \ 
Pd Pd > 

appeared at lower frequency (1900- 1920 
cm-‘) than in the presence of CO under the 
same conditions (1940-1960 cm-i). This 
was clearly demonstrated in the study of 
the H2 + COZ surface interaction too, when 
the CO bands were more intense (I). In the 
interpretation of this shift we assume that in 
the presence of a large amount of gaseous 
dihydrogen, Pd-carbonyl hydride, 

CO H 
/ \I 

Pd I’d, 

is formed and the shift is caused by the in- 
crease 7r donation from the Pd into the anti- 
bonding 7r orbital of the CO. The electron 
transfer from the H to the CO through the 
Pd increases the Pd-C bond strength and, 
at the same time, weakens the C-O bond 
on the surface. 

We obtained strong IR evidence for the 
existence and the role of carbonyl hydride 
species in the hydrogenation of CO2 and 
CO on supported Rh (11, 30, 33, 34), 

which was recently confirmed by Worley et 
al. (35) through the use of deuterium. 

We note here that Vannice et al. (37) 
found a shift of the CO bands (O-40 cm-l) in 
the same direction in the presence of HZ, 
while Palazov et al. (38) reported a shift to 
higher frequencies. This was interpreted by 
the formation of an electronegative P-hy- 
drogen coadsorbed with CO on the Pd sur- 
face. While we cannot exclude the possibil- 
ity that the sample preparation, particle 
sizes, and nature of support influence the 
formation and bonding of chemisorbed spe- 
cies, we also emphasize that different kinds 
of chemisorbed CO are formed in a surface 
reaction (i.e., bonded to different sites of 
the metal) and following CO adsorption at 
the same coverage. This was demonstrated 
in the low-temperature interaction of HZ + 
COZ on Pd (I) and also in the case of Rh 
(33, 34, 39). 

A Possible Mode of Hydrogenation 
MC02 

On the basis of the above considerations, 
we propose Scheme 1 for the methanation 
of COZ on supported Pd. 

As the rate of methanation of CO2 is 
higher than that of CO, the dissociation of 
CO2 cannot be the rate-determining step. 
This conclusion is supported by our pre- 
vious observation (I) that the dissociation 
of CO* occurs on supported Pd (particularly 

HCOO(al 

/- I 
H(a) + C02(g) 

1 

+ H(a) 

\ 
CO(a) + HsO(g) 

1 
+Hz 

[Gil t Cx t O(a) - H20(g) 

ahw I+ 2H2 fad/+ 2H2 

CH4 '34 

SCHEME 1. C, = less reactive carbon. 
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in the presence of HZ) at or above 423 K. 
Furthermore, the fact that surface carbon 
can accumulate on the catalyst surface does 
not automatically mean that its hydrogena- 
tion is the slow step. 

For Rh catalysts we demonstrated that the 
surface carbon formed in the dissociation of 
CO (CO*) during the methanation of carbon 
oxides at 548-573 K is easily hydrogenated 
to methane. Above 573 K, however, this 
carbon is rapidly transformed into a less re- 
active form (40). It seems very plausible 
that a significant portion of the surface car- 
bon, found on Pd catalyst by 573 K, is al- 
ready in a less reactive form, and its hydro- 
genation contributes only slightly to CH4 
production. Accordingly, it is most likely 
that the slowest step in the methanation of 
CO2 is the dissociation of adsorbed CO. 

It is very likely that the high activity of 
Pd/TiOZ in the methanation reaction is due 
to its favorable effect on the dissociation of 
CO over Pd. We may assume that an elec- 
tronic interaction occurs between reduced 
titania (the work function of reduced tita- 
nia, Ti3+, is 4.6 eV (41)) and Pd (the work 
function of Pd is 5.12 eV (42)). As a result, 
the electron donation from Pd into an anti- 
bonding n orbital of the CO will be larger, 
which strengthens the Pd-C bond and 
weakens the C-O bond. As the electronic 
interaction between metal and A1203 is 
smaller (43, 44), while it does not exist at 
all for MgO and Si02 support, the activity 
order of the catalyst samples seems to be in 
harmony with this picture. The exception- 
ally high catalytic activity of Rh/Ti02 in the 
methanation of CO2 and CO was also ex- 
plained by this model (II, 30, 40, 4.5). 

The possibility of an electronic interac- 
tion between metal catalyst and TiOz sup- 
port was assumed by Szabo and Solymosi 
(43), who first attempted to demonstrate 
this in 1960 for the Ni/TiOz system. This 
idea has been applied by a number of au- 
thors to explain the high catalytic activity 
of TiO*-supported metals, but at the same 
time it has also been strongly criticized 
(50). As we discussed in a review (44) on 

this topic, it cannot be expected that the 
bulk of the metal will be influenced by this 
electronic effect. A significant interaction, 
i.e., a more important electron-configura- 
tion change, is likely only at the metal-sup- 
port interface, considered the “active site” 
for the catalytic reaction. In the present 
case, where the metal dispersion is rela- 
tively low, the number of these active sites 
is certainly very small. This is in the line 
with the conclusion of Vannice (37) that 
only a small fraction of the Pd surface is 
active for the hydrogenation of CO. 

However, in addition to the above effect, 
the possibility cannot be excluded that the 
support can participate directly in the cata- 
lytic reaction, partly as a result of the acti- 
vating effect of the metal; this view is cur- 
rently receiving increasing attention. This 
idea was suggested by Bond as long ago as 
1960 in the discussion of a paper dealing 
with the Ni/TiOz system (43), and was con- 
sidered further in a review paper in 1967 
(44). The decomposition of isocyanate sur- 
face species, NCO, on supported metal 
provided a good example of the activation 
of a surface species by both the metal and 
the support (51). IR spectroscopic evidence 
was presented that NC0 adsorbs on the 
support via the N atom, but that it also in- 
teracts with the metal by forming a bond 
with the CO of the NCO, which promotes 
its decomposition. 

N-C;0 CO 
= I +“; 

M Pt Pt M 

The importance of the metal/support in- 
terface has recently been emphasized by 
Burch et al. (52). In a discussion of CO 
dissociation on M/TiOz catalysts, they sug- 
gested a direct interaction between Ti3+ and 
the oxygen atom of a CO molecule, which 
promotes the dissociation of CO on M/ 
Ti02. 

It is possible that this effect may contrib- 
ute to the high activity of Pd/TiOz in the 
present case too. 

As concerns methanol synthesis it is in- 
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structive to compare the formation of meth- 
anol in the Hz + CO* reaction with that 
observed for the H2 + CO reaction on the 
same samples and under the same condi- 
tions. It appears that the amount of metha- 
nol is more than one order of magnitude 
higher in the latter case. This feature is 
valid for practically all the catalyst sam- 
ples. Thermodynamic calculations suggest 
that more methanol should be produced in 
the H2 + CO* than in the HZ + CO reaction, 
which clearly indicates that kinetic factors 
play a dominant role. 

If we assume that the hydrogenation of 
CO2 occurs through the formation of CO at 
higher pressure, too, the formation of meth- 
anol in the H2 +COz system is preceded by 
the production of CO. In this case, the 
mechanism of methanol formation in the HZ 
+ CO;? mixture would be basically the same 
as that proposed for methanol synthesis 
from the H2 + CO system (25, 46-48). As 
regards the different selectivity values for 
methanol formation, we may assume that in 
the HZ + COz reaction, the hydrogen-as- 
sisted dissociation of CO occurs relatively 
to a greater extent, which favors methane 
production. In the case of the HZ + CO 
reaction, due to the high surface concentra- 
tion of adsorbed CO and to its poisoning 
effect, the hydrogen-assisted dissociation 
of CO is more limited, and therefore more 
methanol is produced. 

This consideration is different from that 
proposed by Ramaroson et al. (49), who 
claimed that methanol synthesis from CO* 
occurs by a direct reaction and not through 
production of CO and consecutive hydroge- 
nation. They produced methanol from Hz + 
COz at a much higher selectivity than from 
a H2 + CO gas mixture. However, they 
worked at a higher pressure, 120 bar, and 
used Laz03 as support. Further, the 
amount of CO formed was not taken into 
account in the calculation of the selectivity 
of methanol production! One might con- 
clude that the reaction pathway of metha- 
nol synthesis from COz is influenced by the 
pressure range, the nature of the support, 

and the surface concentration of adsorbed 
co. 

It has recently been assumed that for- 
mate is an important surface intermediate 
of methanol synthesis (48, 49), too. Al- 
though we found that the formate species 
can be hydrogenated to methane to a great 
extent (31), our attempts to produce metha- 
nol in the reaction between formate and hy- 
drogen at atmospheric pressure have so far 
been unsuccessful. Experiments at high 
pressures are in progress. 
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