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The disproportionation of carbon monoxide was investigated mainly on a 5.5% Ni/A120a catalyst 
by infrared spectroscopy and temperature-programmed desorption. The reaction was found to be 
of first order with respect to the surface concentration of CO below 2OOC, while at 450°C the 
reaction proceeded as a second order reaction for the pressure of CO. Results obtained with 
predeposited carbon indicated that the disproportionation reaction requires an ensemble of several 
nickel atoms. In agreement with this result, the disproportionation did not take place readily on a 
1.1% Ni/Al,Os catalyst on which a high dispersion of the metal was indicated by both infrared 
spectroscopy and the chemisorption of hydrogen. In the temperature-programmed desorption 
(TPD) carbon monoxide desorbed in a single peak before 300°C. Some of the carbon monoxide, 
however, underwent disproportionation during TPD and a carbon dioxide peak appeared at about 
220°C. Furthermore, carbon thus deposited on the surface was oxidized to carbon monoxide by 
oxygen supplied from the catalysts and gave a second peak of CO in TPD at temperatures higher 
than 300°C. Possible sources of the oxygen were discussed. 

INTRODUCTION 

The methanation of carbon monoxide has 
been extensively studied and a number of 
works published recently (I-8) indicates, at 
least on nickel catalyst, that the reaction 
occurs through carbon formed by the disso- 
ciation of carbon monoxide. When carbon 
monoxide alone is contacted with nickel 
catalysts, the disproportionation of CO 
(Boudouard reaction) takes place 

2coe c + coz. 

Rostrup-Nielsen (9) reported that the equi- 
librium constant of the reaction varied de- 
pending on the crystallite size of nickel. 
Recently several investigators studied the 
disproportionation reaction mainly in con- 
nection with the methanation of carbon 
monoxide (5, 7, IO, II). Further study is, 
however, necessary since the dissociation 
of CO could be the rate-determining step of 
methanation under certain conditions as 
discussed previously (8). 
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In the present report, the disproportiona- 
tion of carbon monoxide was investigated 
on supported nickel catalysts by infra- 
red spectroscopy and temperature-pro- 
grammed desorption in an attempt to obtain 
more information on the reaction. Results 
were obtained mainly on a 5.5 wt% nickel 
supported on y-alumina but some other 
catalysts were also compared. 

EXPERIMENTAL METHODS 

Apparatus. Two apparatus were used for 
the present study: One with a high-temper- 
ature infrared cell and the other with a 
sector-type mass spectrometer. Both appa- 
ratus have been described previously (8). 
Most of the temperature-programmed de- 
sorption (TPD) was carried out with the 
mass spectrometer system at a heating rate 
of 18”C/min by pumping the gas through 
the mass spectrometer, but some qualita- 
tive TPD was also done in the infrared cell 
with a small quadrupole mass spectrometer 
attached to the system. 

Materials. Two different methods were 
used for the preparation of catalysts. One 
was the precipitation of basic nickel car- 
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bonate on Alon alumina (Cabot Corp., Bos- 
ton, Mass.) by adding an excess of sodium 
carbonate to a nickel nitrate solution in 
which the alumina was suspended. The 
precipitate was thoroughly washed with 
doubly distilled water. Two catalysts, 5.5 
and 1.1 wt% Ni/AlzOs, were prepared by 
this method. The other method employed 
was the simple impregnation of support 
with a nickel nitrate solution. Another 5.5 
wt% Ni/AleOs and a 4.8 wt% Ni/SiOe were 
thus prepared. The catalysts were either 
pressed into a disk for infrared spectros- 
copy or crushed to 9-16 mesh particles for 
TPD. 

Before use all catalysts were reduced in 
the apparatus with hydrogen for 3 hr at 
400°C and finally for 1 hr at 450°C. The 
catalysts were treated after each run with 
hydrogen at 400°C to remove carbon de- 
posit. After this treatmet they were kept 
overnight with hydrogen newly introduced, 
but evacuated at 400°C before each run. 
The highest temperature of TPD was lim- 
ited to 400°C except for one or two experi- 
ments done at the end of a series. By this 
procedure no serious sintering occurred as 
observed by the TPD of hydrogen carried 
out from time to time. 

In preliminary experiments, TPD of car- 
bon monoxide and hydrogen was examined 
with the alumina support. The amounts of 
gases adsorbed and desorbed in TPD were 
all negligible compared with those reported 
in this paper. Although all the catalysts 
were examined for comparison, the 5.5% 
NiYAl& precipitated with sodium carbon- 
ate was mainly used in the present study. 
Results reported in the following sections 
are those obtained with this catalyst un- 
lese otherwise stated. 

Gases used were ultrahigh purity hydro- 
gen (99.999%) and research grade carbon 
monoxide (99.99%), both supplied by 
Matheson of Canada. 

RESULTS 

1. Chemisorption and TPD of CO 
Carbon monoxide adsorbed on the 5.5% 

FIG. 1. Infrared spectra of carbon monoxide ad- 
sorbed on 5.5% Ni/AlzOJ. Catalyst disk, 19 mm 
diameter, 73 mg. After adsorbing CO at 6 Torr and 
lWC, spectra a to d were recorded during TPD as 
indicated by arrows in Fig. 2. Spectra b to d are 
displaced vertically for clarity. 

Ni/A120s catalyst at temperatures between 
room temperature and 200°C showed sev- 
eral ir absorption bands between 2400 and 
1800 cm-’ as represented by spectrum a in 
Fig. 1. In agreement with the previous 
authors (12~17), the bands at 2030 and 1930 
cm-l are the most characteristic of carbon 
monoxide chemisorbed on nickel as they 
always appeared with adsorption. The band 
at 2250 cm-’ was observed only when the 
temperature was higher than 100°C and the 
pressure higher than 5 Torr (1 Torr = 133.3 
N mm2). At low temperature and high pres- 
sure, on the other hand, another band ap- 
peared at 2070 cm-‘. This band usually 
overlapped with the 2030 cm-’ band shift- 
ing the latter to higher frequency, but was 
removed by prolonged evacuation. The in- 
tensity of the 1850 cm-l band increased 
with the temperature of adsorption. 

Curve A in Fig. 2 shows a spectrum of 
TPD carried out in the infrared cell after 
adsorbing CO. Carbon monoxide was ad- 
sorbed for 1 hr at 6 Torr and 15O”C, cooled 
to room temperature, and the gas was 
pumped out before TPD. As shown by 
curve A in Fig. 2, the first peak appeared at 
240°C but the desorption of CO started 
increasing again after 300°C. The heating 
was stopped at 400°C so that the real peak 
maximum of the second peak was not 
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FIG. 2. TPD (in ir cell) of CO adsorbed on 5.5% 
Ni/Alt03 (A) CO adsorbed at 6 Torr and 150°C and 
evacuated at 24°C. Small arrows indicate the start of ir 
scanning and corresponding spectra are shown in Fig. 
1. (B) TPD after the disproportionation of CO and 
removal of CO* at 250°C. 

known. Also detected but not shown in Fig. 
2 was carbon dioxide which desorbed be- 
tween the two peaks of CO. This matter 
will be discussed later in more detail. Dur- 
ing the TPD infrared spectra were also 
recorded: The arrows a-d on curve A in 
Fig. 2 indicate the start of scanning and the 
corresponding spectra are shown in Fig. 1 
with the same symbols. It is seen by com- 
paring Figs. 1 and 2 that all ir bands except 
that at 2230 cm-’ disappeared by 350°C. 
Most of the 2250 cm-’ band was also re- 
moved at this temperature and only a weak 
band remained at 2230 cm-‘. Although only 
the 2400-1800 frequency range was shown 
in Fig. 1, no other bands were found in the 
entire range of 4000 to 1200 cm-l scanned in 
the present work except for hydroxyl 
groups which did not change during the 
TPD. Also in another experiment in which 
CO was adsorbed at room temperature thus 
giving no band at 2250 cm-‘, all ir bands 
disappeared before 350“ during TPD which 
also gave two peaks of CO similarly to 
curve A in Fig. 2. Therefore, carbon mon- 
oxide desorbed under the second peak of 
TPD must have come from a surface spe- 
cies which was not detected spectroscopi- 
cally. 

It should be noted here that the experi- 
mental conditions used for the TPD in the 
infrared cell were far from ideal: Heating in 

vacuum the catalyst disk of 19 mm diameter 
in a large bore of the cell caused a tempera- 
ture gradient on the catalyst resulting in the 
broadening of the peaks. Moreover, the 
temperature shown in Fig. 2 was that of the 
furnace, and the real temperature of the 
catalyst could be considerably lower than 
the temperature of the furnace. As dis- 
cussed above, the results of TPD neverthe- 
less gave the useful information when they 
were compared with the spectroscopic 
results. 

2. Disproportionation of CO 

The present 5.5% nickel catalyst ad- 
sorbed up to about 4 x 10lg molecules/g of 
carbon monoxide almost instantaneously at 
room temperature giving two conspicuous 
ir bands at 2030 and 1930 cm-’ and a broad 
one at 1850 cm-’ similar to those shown by 
Fig. la. While these adsorption bands 
stayed unchanged at room temperature, the 
intensity of the bands decreased with time 
noticeably at temperatures higher than 
100°C. All bands finally disap@ared with- 
out giving rise to any new ir band in the 
frequency range used in the present study. 
At the same time, carbon dioxide was col- 
lected in a trap at -195°C connected to the 
cell, and its amount was always very close 
to half of the amount of carbon monoxide 
admitted to the system initially. Appar- 
ently, the disproportionation of carbon 
monoxide, 2C0 + C + COI, took place 
stoichiometrically. 

The bands at 1930 and 1850 cm-l were so 
broad that their absorbance could not be 
measured accurately. However, the 1930 
cm-’ band disappeared roughly at the same 
rate as that of the 2030 cm-’ band while 
perhaps the 1850 cm-’ band went slightly 
slower. In any case, the latter band was 
very weak compared to the other bands 
particularly when the amount of carbon 
monoxide adsorbed was small. Therefore, 
the rate of the consumption of carbon mon- 
oxide on the surface was examined by 
following the peak absorbance of the 2030 
cm-l band with time as shown in Fig. 3. 



I I I in Fig. 2 must have come from the catalyst 
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TIME (mid instead of the carbon monoxide introduced. 
When carbon monoxide is adsorbed at low 

FIG. 3. First order plot of the peak absorbance of the 
2030 cm-’ band during CO disproportionation. 

temperature (curve A, Fig. 2), CO desorbs 
at relatively low temperatures under the 
first peak. Before all carbon monoxide de- 

Carbon dioxide formed was removed by the sorbs, however, some disproportionation 
trap during the reaction and an initial por- occurs as the temperature rises producing 
tion of the time course where appreciable carbon dioxide and carbon. As the temper- 
pressure of CO was present was omitted ature rises still higher, the carbon thus 
from the figure. As is clear in Fig. 3, the deposited on the surface is oxidized to 
disproportionation reaction takes place carbon monoxide which gives the second 
without CO in the gas phase and proceeds CO peak. As already pointed out, carbon 
as a first order reaction with respect to the dioxide desorbed between the two peaks of 
surface concentration of carbon monoxide. CO of curve A. 
The results indicate that the rate-determin- In some experiments Cl80 was adsorbed 
ing step is the dissociation of CO on at room temperature. Carbon monoxide 
the surface. The rate constant was ob- desorbed in the first peak of TPD subse- 
tained from Fig. 3 as k = 9.68 x lo3 quently carried out was almost exclusively 
exp(- 154OO/RT) see-‘. CEO, while the second peak of carbon 

While the reaction is of first order below monoxide consisted of more than 90% of 
200°C as described above, the plot of the C’“O. Although the exchange of oxygen oc- 
reciprocal of carbon monoxide pressure curs between carbon monoxide and alu- 
against time was found to be linear at mina very slowly at high temperature (18), 
450°C. Therefore, the disproportionation the large fraction of CsO found in the sec- 
reaction takes place as a second order ond peak supports the view that the cata- 
reaction at high temperatures where the lyst oxygen oxidizes deposited carbon. 
rate-determining step probably shifts to the Also high atom fractions of ‘*O (up to 75%) 
surface combination of oxygen and carbon were found in the carbon dioxide desorbed, 
monoxide. but no definite conclusion could be drawn 

from this result since extremely fast ex- 
3. TPD of Carbon Deposit change of oxygen takes place between car- 

A temperature-programmed desorption bon dioxide and alumina (19). 
was carried out after the disproportionation 
of CO was completed at 250°C and carbon 4. Effect of Carbon Deposit on 

dioxide was removed from the surface. The Disproportionation 

TPD spectrum thus obtained is shown by Figure 4a shows a TPD spectrum of 
curve B in Fig. 2. No ir bands due to the carbon monoxide obtained with the mass 
surface CO were detected before the TPD spectrometer system. An amount of 0.201 g 
and the amount of COO removed was half of of the 5.5% Ni/A1209 catalyst was loaded in 
the carbon monoxide admitted within ex- the inner tube of a trap-type reactor (19) 
perimental error. As seen in Fig. 2, the ~~~~~ and the temnerature of the catalvst was -I I 
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carbon deposited on the surface by the 
disproportionation desorbed as CO and the 
desorption pattern coincided with the sec- 
ond peak of spectrum A. Since the stoi- 
chiometric amount of CO2 had been re- 
moved before TPD, the oxygen of the 
carbon monoxide desorbed under curve B 
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FIG. 4. TPD spectra of carbon monoxide adsorbed 
on 0.201% of 5.5% Ni/Al,Os. WO was adsorbed for 30 
min at 1 Torr and room temperature (a) on the fresh 
surface, (b) on the surface precovered with 1.95 x lOLo 
atoms/g of W, and (c) on the surface precovered with 
4.17 x lO*O atoms/g of ‘V. 

measured by a thermocouple located at the 
center of the catalyst bed. Carbon monox- 
ide was adsorbed at 1 Torr and room tem- 
perature and evacuated for 30 min at the 
same temperature before TPD. As seen in 
Fig. 4a, the TPD spectrum thus obtained 
was similar to that in Fig. 2 but with better 
resolution. As already mentioned, the COz 
peak was formed by the disproportionation 
of CO and the second peak of CO appearing 
at _about 360°C resulted from the oxidation 
of carbon deposit produced by the dispro- 
portionation. Again the heating was 
stopped at 400°C so that the second peak of 

CO could not be finished. In Fig. 4, the 
carbon monoxide peaks were corrected for 
the contribution of fragmental ions (m/e = 
28) of carbon dioxide, but the correction for 
the difference in the sensitivity of detecting 
carbon monoxide and carbon dioxide was 
not made. Therefore, the real ratio of 
COJCO is larger than it appears in Fig. 4. 

In a series of experiments, various 
amounts of carbon were predeposited by 
the disproportionation of %O. The reac- 
tion was carried out at increasing tempera- 
ture up to 300°C and the amount of 13C 
deposited was calculated from the 13C02 
collected in a trap at - 195°C. The amount of 
13C0 left on the surface, if any, was negligi- 
ble. 12C0 was then adsorbed under the 
same conditions employed for Fig. 4a and 
TPD was carried out. Some of the results 
thus obtained are shown in Figs. 4b and c 
where the peak of 13C0 (m/e = 29) result- 
ing from the oxidation of the predeposited 
carbon increased with the amount of 13C 
deposited as expected. On the other hand, 
the amount of 12C02 (m/e = 44) decreased 
sharply from a to c in Fig. 4 with increasing 
amount of 13C. As a result, the amount of 
12C0 desorbed under the first peak in- 
creased and the peak maximum shifted to 
higher temperature. The amount (area) of 
1zC02 desorbed was taken as an approxi- 
mate measure of the reaction conversion 
and plotted in Fig. 5 as various functions of 
the surface coverage of 13C predeposited. 
The surface coverage, 6,) was calculated by 
dividing the amount of 13C deposited by the 
monolayer amount of hydrogen (1.1 x loZ” 
atoms/g). Figure 5 shows clearly that a 
straight line was obtained against (1 - 8J4 
rather than (1 - 13,). The results indicate 
that the disproportionation of carbon mon- 
oxide requires an ensemble of several 
nickel atoms. The amount of ‘*COz plotted 
was, however, a rough approximation since 
the reaction took place at varying tempera- 
ture during TPD. Therefore, the results of 
Fig. 5 should not be interpreted to mean 
that the ensemble consists of four nickel 
atoms. 
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onstrated in Fig. 7 where the ratio of COz 
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_ ./ 4a. Although the second peak of carbon , , I I _ 
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FIG. 5. Amount of YOz formed during TPD vs (1 - tion of carbon since the TPD of carbon 

0, I”. deposit showed a CO peak at the same 
temperature. Also when CEO was ad- 
sorbed, the carbon monoxide peak at 

Figure 6 shows infrared spectra observed 320°C was mostly ?O. 
with carbon monoxide adsorbed on the The ir spectrum of carbon monoxide ad- 
fresh surface (a) and on the surface precov- sorbed on the 1.1% nickel catalyst at room 
ered extensively with carbon deposit (b). It temperature was similar to spectrum b in 
is seen that the bands at 2035 and 1930 cm-1 Fig. 6, namely, a band at 2065 cm-’ was 
were greatly suppressed by the presence of the only band observed at low pressure 
carbon deposit and a new band appeared indicating a high dispersion of the metal. 
at 2065 cm-‘. The 2065 cm-l band is proba- The TPD of hydrogen also showed a disper- 
bly due to carbon monoxide adsorbed in a sion of nickel of 34% compared to 19% on 
linear form on nickel sites left sparsely after the 5.5% Ni/Als09 catalyst. The poor activ- 
the deposition of carbon. ity of this catalyst for the disproportiona- 

tion reaction seems to be due to a high 
dispersion of the metal in agreement with 
the results shown in Fig. 5. The saturation 
of the 1.1% Ni/A1203 with hydrogen, how- 
ever, required higher temperatures while 

I I I 
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WAVENUMBER (cm”) 

FIG. 6. ir spectra of carbon monoxide adsorbed at 
TEMPERATUREt’C) 

room temperature (a) on the fresh surface and (b) on FIG. 7. TPD spectrum of carbon monoxide adsorbed 
the surface precovered extensively with carbon de- on 0.248 g of 1.1% Ni/AIIOI. Carbon monoxide was 
posit. Catalyst 5.5% Ni/A1sOS. adsorbed at 2.4 Torr and room temperature. 
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the 5.5% Ni/Al,O, was almost saturated by 
hydrogen at room temperature. It is possi- 
ble that the diluted nickel catalyst is more 
difficult to be reduced. In that case, too, the 
active sites would be more dispersed and 
the catalyst will show a poor activity for the 
disproportionation reaction. 

Unreduced nickel oxide was thought to 
be the most likely source of oxygen which 
oxidized carbon deposit during TPD. Since 
there was the possibility that the sodium 
carbonate used in the preparation of the 
catalysts or the alumina support itself made 
it difficult to reduce the nickel, other nickel 
catalysts, 5.5 wt% Ni/A1203 and 4.8 wt% 
Ni/SiOz, were examined. These catalysts 
were both prepared by impregnation as 
described in the Experimental section. 
Results obtained were essentially the same 
as those on the 5.5% Ni/A1203 precipitated 
with Na&O,, that is, TPD spectra of car- 
bon monoxide consisted of two peaks of 
CO and a peak of CO, appearing at almost 
the same temperatures as observed in Fig. 
4a. Finally all catalysts used in the present 
study were reduced with hydrogen more 
extensively at 55o”C, but there was no sign 
of reducing the second peak of CO. 

DISCUSSION 

The assignment of the ir bands is not the 
objective of this paper, nor is it possible at 
this stage. Nevertheless, we add some 
notes on the adsorption bands, particularly 
the 2250 cm-’ band observed in the present 
work. Carbon monoxide adsorbed on metal 
catalysts usually gives most conspicuous 
bands between 1900 and 2100 cm-’ but 
sometimes gives additional bands at higher 
frequencies. These bands appearing be- 
tween 2100 and 2200 cm-’ were discussed 
in detail by Little (20). The highest fre- 
quency band was observed on the present 
5.5% nickel catalyst at 2250 cm-l which 
was beyond the above range and situated 
between the frequencies of gaseous carbon 
monoxide and carbon dioxide. Bore110 et 
al. (21) and Della Gatta et al. (22) found a 
band at 2240 cm-’ with carbon monoxide 

adsorbed on alumina at room temperature 
and the former authors assigned it to CO 
molecule adsorbed on tetrahedral A1+3 
ions. However, this band appeared only 
when alumina was degassed at tempera- 
tures higher than 500°C and it was re- 
moved by evacuation rather easily. The 
present 2250 cm-l band was formed 
above 100°C at high pressures of carbon 
monoxide but was removed only at high 
temperatures as already pointed out. The 
adsorption of carbon dioxide did not give 
this band nor did carbon monoxide on the 
oxidized catalyst. When hydrogen was 
present together with carbon monoxide 
(methanation reaction), no 2250 cm-’ 
band was observed despite much higher 
temperatures and CO pressures em- 
ployed. The 2250 cm-’ band may be due 
to a species, O-C-O, formed by an 
interaction between adsorbed CO and ox- 
ygen atoms produced by the dispropor- 
tionation. Similar species were considered 
first by Eischens and Pliskin (23) for a 
band observed at 2193 cm-’ during the 
oxidation of CO on a nickel catalyst. Ac- 
tually the 2250 cm-’ band is a doublet as 
seen in Fig. 1 although the frequency 
split seems to be too small for the sym- 
metric and asymmetric stretching vibra- 
tions. It is also unlikely that this species 
is an intermediate of the disproportiona- 
tion reaction since this band is rather sta- 
ble. Certainly, more information is neces- 
sary for a definite assignment. 

For carbon monoxide adsorbed on metal 
catalysts, bands appearing above and be- 
low 2000 cm-’ have been usually assigned 
to CO adsorbed in linear and bridge forms, 
respectively, since the work of Eischens et 
al. (24) with few exceptions (25). Recently, 
Martin ef al. (II) assigned a band at 1830 
cm-’ observed with CO adsorbed on a 
nickel/silica catalyst to carbon monoxide 
bonded to four nickel atoms. However, no 
attempt will be made here to identify the 
bands observed in this work. 

As described in the preceding sections, 
the disproportionation of carbon monoxide 



below 200°C was found to be of first order completely blocked by predeposited carbon 
for the surface concentration of CO with an at a concentration of 4.2 x 1Olg atoms/g 
activation energy of 15 kcal/mole. The (Fig. 4c), much more carbon could be de- 
rate-determining step would be the disso- posited when carbon monoxide was con- 
ciation of carbon monoxide as already tacted with the catalyst at temperatures 
pointed out. Tottrup (10) also found on a higher than 300°C. Probably carbon would 
9.9 wt% Ni/Alz03 catalyst that the rate was become mobile on the surface at these 
expressed between 280 and 400°C by a temperatures and multisite centers are 
Langmuir-Hinshelwood equation derived formed from place to place. 
by assuming that the dissociation of ad- As seen in Fig. 4, the first peak of CO 
sorbed carbon monoxide was the rate-de- (28) became larger and the peak maximum 
termining step. The apparent activation en- shifted to higher temperature as the surface 
ergy found in his study was, however, 31 was blocked with larger amounts of carbon. 
k&/mole which apparently included the This is due to the fact that, with carbon 
heat of adsorption of CO. The activation predeposited on the surface, more carbon 
energy of the dissociation of CO, therefore, monoxide molecules survive and desorb as 
could be still greater. We cannot explain CO at high temperature region of the first 
this large difference in the activation energy peak where CO would have otherwise dis- 
between the two studies at this moment. sociated into carbon. There is another fac- 
Martin et al. (II) investigated the dissocia- tor to be considered for the shape of the 
tion of carbon monoxide by ir and satura- peak: The metal sites would not be homo- 
tion magnetization and postulated that CO geneous and the disproportionation reac- 
adsorbed on nickel in linear and bridged tion should occur on high energy sites pref- 
form (2035 and 1935 cm-‘) were irreversibly erentially. The similarity of the peak 
transformed to N&CO (1830 cm-l) before temperature of the first peaks of Figs. 4a 
the dissociation. In the present experi- and 7 may indicate that the CO of the first 
ments, however, all ir bands disappeared at peak of Fig. 4a desorbed mostly from 
similar rates as described earlier, and no highly dispersed nickel on which no dispro- 
clear selectivity toward dissociation was portionation occurred. In any case, we will 
observed among the adsorbed species of never see the complete peak of CO de- 
CO during the reaction. sorbed from the unpoisoned surface. The 

The results shown in Fig. 5 indicated that CO (28) peak in Fig. 4c was obtained 
the dissociation of carbon monoxide re- almost without disproportionation, but 
quires an ensemble of several metal atoms about 40% of the metal surface was cov- 
as mentioned. Similar conclusion has ered by carbon. Therefore, the CO peak on 
been obtained by previous investigators the clean surface would extend still higher 
(I, 7, II). A poor activity of the 1.1% temperatures. 
nickel catalyst for the disproportionation The adsorption of carbon monoxide on 
was also explained in terms of ensemble. unsupported nickel, single crystal, or poly- 
This view was actually supported by the crystalline has been studied extensively by 
spectroscopic observation that the 2065 the flash desorption technique (2630). 
cm-’ band became predominant when the Those results mostly show that carbon 
metal was poisoned by carbon or dispersed. monoxide desorbed in a single peak before 
Results obtained by Yates and Garland (12) 200°C when CO was adsorbed at room 
also indicated the predominance of 2057 temperature. Recently carbon monoxide 
and 2082 cm-’ bands of CO when nickel was -chemisorbed on supported nickel catalysts 
highly dispersed on alumina. Although the was investigated by using the technique of 
disproportionation of CO during the TPD temperature-programmed desorption by 
on the 5.5% nickel catalyst was almost Zagli et al. (5) and Wentrcek et al. (31). 
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Their results of TPD are in general agree- 
ment with those of the present work: Two 
peaks of carbon monoxide appeared in tem- 
perature regions similar to those in Fig. 4a. 
Zagli ef al. also found that a large fraction 
of CO adsorbed underwent disproportiona- 
tion during TPD, and that a second peak 
appeared at high temperatures after a CO, 
peak (5). While Wentrcek ef al. (31) inter- 
preted the two CO peaks as different states 
of adsorption, Zagli et al. suggested that the 
high temperature CO peak was likely due to 
carbon-oxygen recombination although 
they also pointed out the possibility that 
CaO and carbon in one of the supports or a 
component of kieselguhr used might be 
responsible for the CO peak desorbed 
above 600°C (5). The present results clearly 
demonstrated that the second peak of car- 
bon monoxide appearing at high tempera- 
ture in TPD resulted from the oxidation of 
carbon on the surface by oxygen supplied 
from the catalyst. Since the second peak 
did not finish in TPD, the total amount of 
the oxygen available was not measured. 
The oxidation reaction of carbon was rather 
slow below 400°C and only about 30% of 
carbon deposited on the surface was recov- 
ered as CO in the second CO peak of TPD. 

The source of oxygen which oxidized 
carbon on the surface is not known 
definitely at this stage. There are a couple 
of possibilities: (1) Unreduced nickel oxide 
as already suggested; (2) A leak of air 
between runs; (3) The accumulation of 
moisture degassed from the walls of the 
apparatus; (4) Oxygen of alumina or sup- 
port itself. These possibilities are discussed 
individually in the following. 

(1) As described in 5 in the Results sec- 
tion, the comparison of various catalysts 
and the results obtained on the catalysts 
reduced extensively did not show any sign 
indicating that unreduced NiO played an 
important role in the oxidation of carbon. 
In a TPD of carbon monoxide, say in Fig. 
4a, a minimum of 1 x lOI oxygen atoms/g 
was desorbed in the second peak of CO. 
This amount of oxygen as NiO corresponds 

to about 2% of the total nickel in the 5.5% 
nickel catalyst, and at least a dozen of these 
TPD were repeated without decreasing the 
high temperature CO peak. Although the 
possibility of unreduced nickel cannot be 
excluded completely, it seems difficult to 
explain all the oxygen involved by the 
unreduced nickel alone. 

(2) Although a small amount of leak could 
occur, the catalysts were kept with hydro- 
gen and reduced with the hydrogen at 400°C 
before each run as described earlier. More- 
over, if air leaked in overnight, it is likely 
that the surface nickel is oxidized preferen- 
tially. The same calculation used above 
shows that at least 10% of the nickel sur- 
face would have been oxidized before each 
experiment. Results of infrared spectros- 
copy did not indicate such a large fraction 
of oxide surface. 

(3) The presence of moisture desorbed 
from the walls of the apparatus is rather 
possible. In fact, some weak ir bands were 
observed at 1590 and 1370 cm-’ as well as 
those due to chemisorbed CO when carbon 
monoxide was adsorbed at high tempera- 
tures. Similar bands were observed on alu- 
mina during the water-gas conversion reac- 
tion and ascribed to formate ion which was 
proved to be the intermediate of the reac- 
tion (32). Therefore, water seems to exist 
on the surface to some extent. The direct 
oxidation of nickel by water is again im- 
probable, instead the water may be retained 
on the surface of the support mainly as 
hydroxyl groups. 

(4) Oxygen atoms on the alumina surface 
are exchangeable with carbon dioxide and 
some of them are quite reactive (19). The 
Alon alumina used as a support in the 
present study was found to have similar 
exchangeable oxygen, the density of which 
was 1.2 x I@‘, 2.3 x l@O, and 2.9 x loZ” 
atoms/g at 220, 350, 400°C respectively 
(33). These oxygen may be involved in the 
oxidation of carbon particularly in the pres- 
ence of nickel. Since hydroxyl groups are a 
part of the exchangeable oxygen (Z8), the 
moisture from the walls could replenish the 
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oxygen consumed. The determination of 
definite source of the oxygen, however, has 
to wait for further investigations. 

Finally, it has been pointed out that some 
carbon monoxide might be adsorbed in a 
form which is infrared inactive, for exam- 
ple, CO lying horizontally on the surface 
(17). The present results showed that the 
stoichiometric amount of CO2 was formed 
when all infrared bands due to chemisorbed 
CO disappeared, and the CO desorbed after 
that was due to the oxidation of carbon 
deposit. Therefore, it is unlikely that there 
was another form of chemisorption of CO 
which was not detected by infrared spec- 
troscopy . 

REFERENCES 

I. Araki, M., and Ponec, V., J. Catal. 44,439 (1976). 
2. Wentrcek, P. R., Wood, B. J., and Wise, H, J. 

Catal. 43, 363 (1976). 
3. Ponec, V., Catal. Rev. Sci. Eng. 18, 151 (1978). 
4. Rabo, J. A., Risch, A. P., and Poutsma, M. L., J. 

Catal. 53, 295 (1978). 
5. Zagli, A. E., Falconer, J. L., and Keenan, C. A., 

J. Catal. 56, 453 (1979). 
6. Biloen, P., Helle, J. N., and Sachtler, W. M. H., 

J. Catal. 58, 95 (1979). 
7. Rostrup-Nielsen, J. R., and Pedersen, K., J. Catal. 

59, 395 (1979). 
8. Gahrszka, J., Chang, J. R., and Amenomiya, Y., 

7th International Congress on Catalysis, Tokyo, 
1980, Paper A36. 

9. Rostrup-Nielsen, J. R., J: Catal. 27, 343 (1972). 
10. Tottrup, P. B. J. Catal. 42, 29 (1976). 
11. Martin, G. A., Primet, hi., and Dalmon, J. A., J. 

Coral. 53, 321 (1978). 
12. Yates, J. T., Jr., and Garland, C. W., J. Phys. 

Chem. 65, 617 (l%l). 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 
26. 

27. 

28. 

29. 

30. 

31. 

32. 
33. 

O’Neill, C. E., and Yates, D. J. C., J. Phys. 
Chem. 65, 901 (l%l). 
Bradshaw, A. M., and Pritchard, J., Surface Sci. 
17, 372 (1969). 
Primet, M., and Sheppard, N., J. Catal. 41, 258 
(1976). 
Heal, M. J., Leisegang, F. C., and Torrington, R. 
G., J. Catal. 42, 10 (1976). 
van Dijk, W. L., Groenewegen, J. A., and Ponec, 
V., J. Catal. 45, 277 (1976). 
Morikawa, Y., and Amenomiya, Y., J. Catal. 54, 
281 (1978). 
Morikawa, Y., and Amenomiya, Y., J. Catal. 48, 
120 (1977). 
Little, L. H., “Infrared Spectra of Adsorbed 
Species,” p. 67. Academic Press, New York, 
1966. 
Borello, E., Cimino, A., Ghiotti, G., Lo Jacono, 
M., Schiavello, M., and Zecchina, A., Discuss. 
Faraday Sot. 52, 149 (1971). 
Della Gatta, G., Fubini, B., Ghiotti, G., and 
Mot-terra, C., J. Catal. 43, 90 (1976). 
Eischens, R. P., and Pliskin, W. A., in “Advances 
in Catalysis” (D. D. Eley, W. G. Frankenburg, V. 
I. Komarewsky, and P. B. Weisz, Eds.), Vol. 10, 
p. 1. Academic Press, New York, 1958. 
Eischens, R. P., Francis, S. A., and Pliskin, W. 
A., J. Phys. Chem. 60, 194 (1956). 
Blyholder, G., J. Phys. Chem. 68, 2772 (1964). 
Taylor, T. N., and Es&up, P. J., J. Vat. Sci. Tech. 
10, 26 (1973). 
Madden, H. H., and Ertl, G., Surf. Sci. 35, 211 
(1973). 
Wedler, G., Papp, H., and Schroll, G., Surf. Sci. 
44, 463 (1974). 
Falconer, J. L., andMadix, R. J.,Surf. Sci. 48,393 
(1975). 
McCarty, J. G., and Madix, R, J., Surf. Sci. 54, 
121 (1976). 
Wentrcek, P. W., McCarty, J. G., Ablow, C. M., 
and Wise, H., J. Catal. 61, 232 (1980). 
Amenomiya, Y., J. Catal. 57, 64 (1979). 
Krupay, B. W., and Amenomiya, Y., J. Catal. 
67, 362 (1981). 


