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The binding states of CO on NaX zeolite and RuNaX were investigated by thermal desorption 
spectroscopy. Desorption peaks centred at around 390, 430, 490, and 520 K were observed from 
NaX following room-temperature adsorption of CO. The activation energy values corresponding to 
these peaks were calculated to be 41.4, 45.7, 53.8, and 57.7 kJ mol-‘, respectively. These peaks 
were also observed in desorption profiles from RuNaX although their temperatures were higher by 
10 to 20 K. In addition, the desorption spectra from RuNaX also comprised two high-temperature 
peaks at around 575 and 640 K. With both the RuNaX and the NaX samples, the temperature and 
relative intensities of the desorption peaks depended on pretreatment conditions and on the lapsed 
time between CO exposure to the sample and the commencement of programmed heating. Mass 
spectral analysis revealed that the gas desorbed at 300-500 K consisted mainly of CO while at 
higher temperatures COz was the main component. The desorption peaks below 500 K are 
attributed to the release of carbon monoxide from structural and intragranular or intergranular 
zeolitic pores. Lewis sites on the zeolite surface are found to facilitate activation of CO, resulting in 
its transformation to C02. The initial adsorption of carbon monoxide in zeolite pores and 
subsequent diffusion to metal sites leading to its disproportionationloxidation is found to play an 
important role in the CO adsorptiotidesorption process on RuNaX. D 1988 Academic press. IX 

INTRODUCTION 

Catalytic hydrogenation of CO is now 
believed to proceed via active surface car- 
bon intermediates, formed in dispropor- 
tionation of CO over metal surfaces (1-4). 
The product distribution in the process is 
found to be strongly dependent on the 
metal and support material. The metal- 
metal interactions in the case of multicom- 
ponent catalysts and the metal-support in- 
teractions in the supported catalysts have 
therefore been the subjects of many indi- 
vidual studies and several reviews (4-6). In 
addition to altering the electronic proper- 
ties of deposited metal, the support plays 
an important role of providing higher metal 
dispersion, resulting in a larger contact area 
and a reduction in the sintering of metal 
particles. Zeolites find a special place as 
supports and transition metals supported 
on zeolites exhibit characteristic catalytic 

activity for cracking, isomerisation, and 
oxidation reactions of hydrocarbons (6). 
Bifunetional behaviour arises in these cata- 
lysts due to two types of site: metallic sites 
for hydrogenationldehydrogenation and ze- 
olite acid sites for cracking and isomeri- 
sation. 

Zeolite-supported Group VIII metals 
have also been investigated for carbon 
monoxide methanation and the Fischer- 
Tropsch (F-T) process. The activity and 
selectivity to form different products arc 
reported to be significantly affected by the 
nature of the zeolite used as support (7-11). 
The role of the zeolite support in these 
processes is, however, not yet well under- 
stood. For example, it is not clear whether 
carbon monoxide is also adsorbed on the 
zeolite support in addition to that on the 
metal surface. It if is then what are the 
adsorption sites and how does CO adsorbed 
on the zeolite contribute to the overall 
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FIG. 1. Schemalic diagram of thermal desorption 
spectroscopy unit: 1, flow control valve; 2, gas purifi- 
cation system; 3, shut-off valves; 4, gas sampling 
valve; 5, catalytic reactor; 6, furnace; 7, vacuum 
pump; 8, temperature programmer; 9, gas chromato- 
graph; 10, recorder; 11, mass spectrometer. 

hydrogenation process? Another important 
question is whether zeolites could activate 
CO molecules as in the case of hydro- 
carbons. 

To answer some of these questions, the 
adsorption states of carbon monoxide on 
zeolite NaX and on RuNaX catalyst have 
been investigated in this study using tem- 
perature desorption spectroscopy (TDS). 
Mass spectrometry and gas chromatogra- 
phy were employed to analyse the ther- 
mally desorbed gases. Auger electron spec- 
troscopy was used for surface analysis 
before and after using the samples for CO 
TDS. This study is a continuation of work 
reported earlier (I) on the nature and reac- 
tivity of transient species formed in the 
methanation of CO and CO1 over Ru/zeo- 
lite-X catalysts. 

EXPERIMENTAL 

Temperature Desorption Spectroscopy 

The schematics of the instrumentation 
used for TDS studies is shown in Fig. 1. 
The catalyst was housed in a stainless-steel 
tube reactor of 0.4 cm i.d. and could be 
heated under Hz, He, or vacuum in any 
sequence without in-between exposure to 

air. Carbon monoxide pulses were injected 
over the sample using a gas sampling valve 
system. Before a TDS profile was recorded, 
the sample was pretreated in situ by heating 
in succession in H2 (625 K, 16 h, 50 ml 
mini’), under vacuum (10-i Torr, 875 K, 30 
min), and then in helium (875) K, 1 h, 50 ml 
min-‘). The effect of pretreatment at lower 
temperatures was also evaluated. The 
sample at this stage was cooled to room 
temperature under helium flow and then 
about 10 carbon monoxide pulses (each 
containing 5.8 pmol CO mixed with 17 
pmol of He) were introduced in succession 
to completely saturate the sample with CO. 
After the release of loosely held CO, the 
desorption spectra were recorded in the 
dynamic system using He as a carrier gas 
(50 ml min-‘) and a linear heating rate of 30 
K min-‘. The effect of time lapsed between 
CO exposure and commencement of the 
heating programme was investigated by al- 
lowing the sample to equilibrate for 1 to 18 
h at 298 K in helium flow following the last 
CO injection as mentioned above. 

The effluent gases were analysed inde- 
pendently with a gas chromatograph using a 
thermal conductivity detector and a mass 
spectrometer (VG Micromass 7070 F) 
coupled with the catalytic reactor through 
stainless-steel tubes. While the thermal 
conductivity detector gave the total yield of 
evolved gases (say CO and COz), the mass 
spectral analysis enabled the determination 
of individual peak composition. 

The activation energy values correspond- 
ing to different desorption peaks were eval- 
uated using the expression 

Ed 
2.303RT,,, 

= 2 log T, 

- log p - log 2, (1) 

where the terms Ed, T,,,, p, v refer to the 
activation energy of desorption, the tem- 
perature at the peak maximum, the heating 
rate, and the frequency factor, respectively 
(12). If the frequency factor may be pre- 
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sumed to be around 1013 ss’, i.e., of the 
order of molecular vibratrional frequency, 
then the third term on the right-hand side of 
Eq. (1) may be considered negligible and 
the above expression reduces to 

Ed 
2.303RT, 

= 2 log T, - log /3. C-3 

Activation energy values were also eval- 
uated by measuring T, for different /3 val- 
ues and plotting ln(PITfn) versus l/T,. The 
values thus obtained for different peaks 
were lo-15 kJ mall’ less than those calcu- 
lated using Eq. (2). No considerations 
were, however, given to the possible ef- 
fects of CO diffusion through zeolite pores 
in evaluating Ed values. 

Materials 

The 40- to 60-mesh fraction of sodium-X 
zeolite (from the Associated Cement Co. 
Ltd., India) used in these experiments had 
a Si: Al ratio of -1.2 as evaluated by 
gravimetric analysis. The samples were 
washed repeatedly with demineralised wa- 
ter before use and then were dried for 
lo-15 h in a vacuum oven at 425 K. 

Using the washed zeolites as support, the 
catalyst samples containing -1.5 wt% of 
ruthenium were prepared using the incipi- 
ent wetness method. The support material 
was wetted with the required amount of 
RuC13 (aqueous) solution, air-dried at 365 K 
while stirring, and reduced in flowing HZ at 
575 K. 

Helium gas (99.9%) from Airco was used 
after processing through a bed of Deoxo 
catalyst and molecular sieve traps. A glass 
column containing dehydrated silica gel 
was connected to the molecular sieve traps 
to serve as an indicator for the possible 
presence of moisture in the helium carrier 
gas. No colour change in silica gel was 
detected even after using the purification 
system for several months. Hydrogen gas 
was used after purification with a Matheson 
Model 8262 purifier. Carbon monoxide 
from Airco was used without further puri- 
fication. 

Characterization 

The fresh samples and also those used for 
TDS experiments were examined by pow- 
der X-ray diffraction (XRD) using a con- 
ventional diffractometer (CuKo radiation). 

The surface composition was analysed 
by Auger electron spectroscopy using a 
PHI Model 551 electron spectrometer em- 
ploying a 3-keV electron beam. Pellets of 1 
cm diameter and about l-2 mm thickness 
were used for this purpose and were de- 
gassed for 6 h at 425 K in a vacuum oven 
and then for 24 h at 300 K in the spectro- 
meter prechamber (- lop6 Torr). The charg- 
ing shifts in the Auger peaks were cali- 
brated with respect to the 510-eV KLL 
signal from oxygen. 

The heat of carbon monoxide adsorption 
was evaluated by gas chromatography. For 
this purpose, the specific retention volume 
(V,) was determined for differing catalyst 
bed temperatures (T,) and the AH values 
were evaluated from the plots of ln(V,IT,) 
vs l/T, (13). 

The zeolite acid strength was evaluated 
by titration with n-butylamine using bromo- 
thymol blue as an indicator. Prior to acid 
strength measurement, the sample was pre- 
treated in N2 gas flow for 6 h at 675 K. 

The intragranular and intergranular pore 
size distributions in the zeolite (macro- 
pores) were evaluated by the mercury in- 
trusion method using a Micromeritics Auto 
Pore Model 9200 porosimeter. The samples 
used for this purpose were prepared by 
pressing 1.5 g of material at 10,000 kg 
pressure. 

RESULTS 

1. Sample Characteristics 

Table 1 gives the characteristics of NaX 
and RuNax catalyst samples used in this 
study. The X-ray diffraction pattern from 
these samples corresponded to the spec- 
trum reported for NaX zeolite (14). Also, 
the repeated carbon monoxide adsorption/ 
desorption cycles did not result in signifi- 
cant modification of XRD profiles confirm- 
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TABLE 1 

Characteristics of NaX Zeolites and Ru 
(I .%)/NaX Catalyst 

Sample Nz adsorption Heat of CO Acid 
surface area” adsorption’ strength 

(m’ 8-l) (-AH) (mm01 g-‘) 
(kJ mol-‘) 

NaX 
Ru/NaX 

332 14.9 0.46 
300 14.5 - 

(’ By BET method using Nz. 
* By gas chromatography. 
’ Titre value for n-butylamine. 

ing that no lattice distortions are produced 
during heating and cooling of samples un- 
der the present experimental conditions. 

Figure 2 shows the typical macropore 
distribution present in the pelletised NaX 
samples as determined by mercury po- 
rosimetry. An almost similar pore size dis- 
tribution was observed from RuNaX. The 
intragranular and intergranular pores would 
similarly exist in zeolite samples packed in 

66.1 33 1 9.72 2.66 0 639 0.247.0725.0213 

PORE DIAMETER (pm) 

FIG. 2. Macropore distribution in NaX as evaluated 
by the mercury intrusion method. 

300 400 500 600 700 

TEMPERATURE (K) 

FIG. 3. Thermal desorption spectra obtained on 
exposure of CO over differing amounts of RuNaX. (a) 
150 mg, (b) 300 mg, (c) 500 mg. 

our catalyst column, although the pore size 
distribution is likely to be different. 

2. Thermal Desorption Spectra from 
RuNaX 

(i) Effect of sample amount. To ascertain 
the readsorption effects in the catalyst bed, 
the desorption spectra were recorded using 
different quantities of catalyst. Figure 3 
shows the carbon monoxide desorption 
spectra for three different sample amounts 
in the range 150-500 mg. At least six de- 
sorption peaks with maxima (T,) at around 
400, 440, 490, 530, 575, and 640 K, marked 
as peaks I-VI, respectively, could be dis- 
cerned in these spectra. The activation 
energy values corresponding to these peaks 
as evaluated using Eq. (2) were 42.6, 47.5, 
53.8, 64.7, and 73.2 kJ mol-’ respectively. 
As may be seen in Fig. 3, the general shape 
of the desorption spectra remained unal- 
tered, although the T, shifted to slightly 
higher values with increasing sample 
amount. A sample mass of 300 mg was 
considered to be optimum in terms of peak 
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I I I I I 
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FIG. 4. TDS profiles from a 150-mg RuNaX sample 
during four consecutive CO adsorption-thermal de- 
sorption cycles. 

resolution and was used for all the subse- 
quent experiments reported in the text un- 
less mentioned otherwise. 

The time lapsed between carbon mon- 
oxide exposure to the sample and com- 
mencement of the heating programme had a 
considerable effect on the desorption spec- 
tra, as will be discussed shortly. The spec- 
tra in Fig. 3 were recorded with a l-h time 
lapse. 

(ii) Desorption spectra in consecutive CO 
adsorptionldesorption cycles. Consecutive 
carbon monoxide adsorption/desorption 
cycles using the same sample resulted in 
progressive broadening of the first three 
peaks, as is shown in the data of Fig. 4 for 
RuNaX. In between two consecutive CO 
adsorption/desorption cycles when the 
sample was heated without introducing CO, 
no effluents were observed confirming that 
no residual gases remained adsorbed on the 
sample subsequent to a CO adsorption/ 
desorption cycle. Also, the time delay be- 
tween two consecutive adsorption/desorp- 
tion cycles had no significant effect on the 

TDS data. For example, the spectra II and 
III of Fig. 4 were recorded with an in-be- 
tween time interval of about 30 min while 
the interval between spectra I and II and 
that between III and IV was around 16-18 h 
during which the samples were maintained 
under He flow. This confirmed that no 
extraneous impurities are present in the 
system to affect the desorption profiles. 

(iii) Effect of sample preparation and 
thermal pretreatment. It was desirable to 
evaluate the adsorption behaviour of differ- 
ent batches of independently prepared 
RuNaX samples. Spectra a and b of Fig. 5 
show the TDS profile from 300 mg of 
RuNaX prepared in two different batches 
employing the same method as that for the 
sample used to obtain the data of Figs. 3 
and 4. The CO TDS spectra from different 
RuNaX batches gave peaks with almost 

I I I I I I ’ 1 I 
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TEMPERATURE (K) 

FIG. 5. Curves (a,b), TDS profiles from 300-mg 
RuNaX samples from different batches both pre- 
treated in Hz (625 K, 16 h), under vacuum (875 K, 30 
min), and in He (875 K, 1 h) followed by room-tem- 
perature exposure to CO. Curve (c), same sample as 
that used for curve (b) but pretreated in Hz (625 K, 16 
h), under vacuum (625 K, 30 min), and in He (625 K, 1 
h) before CO exposure. 
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I:. (b) 

Jk- 

TEMPERATURE (K) 

FIG. 6. TDS profiles from RuNaX obtained for (a) 
8-h and (b) 16-h time intervals between CO exposure 
and commencement of heating cycle. 

similar T, although their relative intensities 
were considerably different. 

The thermal treatment of the sample 
prior to CO adsorption also had a signifi- 
cant effect on the desorption profile. In- 
stead the sample being heated at 875 K 
under vacuum and then in helium as indi- 
cated earlier, a sample was pretreated simi- 
larly at lower temperatures (~650 K) prior 
to room-temperature CO adsorption; the 
desorption peaks were then less intense and 
their relative intensities were modified. A 
typical desorption profile from a sample 
similar to that for Fig. 5b but pretreated at 
625 K is shown in Fig. 5c. 

(iv) Effect of time delay between CO 
injection and heating cycle. With an in- 
creasing time lapse between the last CO 
injection and heating commencement, the 
intensity of peaks I-IV decreased progres- 
sively while that of peak V increased. Fig- 
ure 6 shows the TDS profiles recorded for 
time intervals of 8 and 16 h. 

(v) Desorbed gas composition. Figure 7 
shows the mass spectral analysis of the 
effluent gases released in a typical desorp- 
tion cycle. The effluent desorbed up to a 
sample temperature of about 500 K con- 
sisted of only CO while at higher tempera- 
tures either CO1 alone or CO2 mixed with a 

small amount of CO was observed. Al- 
though the yields of CO and CO2 were not 
very reproducible, the nature of the TDS 
profile was always found to be similar in 
consecutive CO adsorption/desorption cy- 
cles. In cases when the time interval be- 
tween the last CO pulse injection and heat- 
ing cycle was large, e.g., 16 h, the desorbed 
gas (i.e., Fig. 6b) consisted of mainly CO*. 

3. Thermal Desorption Spectra from NaX 

Figures 8a-8c show the effect of thermal 
pretreatment on the TDS profile from 300 
mg of NaX sample recorded 1 h after being 
exposed to 10 CO pulses as described ear- 
lier. The profile consists of peaks with 
maxima at around 390,430,490, and 520 K. 
The activation energy values associated 
with these peaks were calculated to be 41.4, 
45.7, 53.8, and 57.7 kJ mollr, respectively. 
With an increase in sample pretreatment 
temperature the peaks at T,,, < 500 K de- 
creased in intensity while the high-tempera- 
ture peak (520 K) grew larger, as is shown 
in Fig. 8. 

The effect of consecutive adsorption/ 
desorption cycles and that of CO injection- 
heating time gap on temperature desorption 
spectra from NaX were similar to those 
from RuNaX samples. For example, spec- 
trum d in Fig. 8 shows the TDS profile 
recorded with a 16-h CO injection-heating 
cycle gap. It may be observed in Fig. 8d 
that with an increased lapse of time the 

I I I I I I 
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FIG. 7. CO and CO2 desorption profiles from RuNaX 
following room-temperature CO adsorption. 
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I 1 I I 
300 400 500 600 7 

TEMPERATURE (K) 

0 

FIG. 8. TDS profiles from NaX following CO ad- 
sorption, curves (a-c) were recorded under the follow- 
ing pretreatment conditions: curve (a) Hz (600 K, 6 h), 
vacuum (600 K, 30 min), He (600 K, 1 h); curve (b) H2 
(600 K, 6 h), vacuum (675 K, 30 min), He (675 K, I h); 
curve (c) H2 (600 K, 16 h), vacuum (875 K, 30 min), He 
(875 K, 1 h). Curve (d) shows TDS profile for the CO 
adsorption-heating interval of 18 h, the interval in the 
case of curves (a-c) being 1 h. 

L I I 1 
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FIG. 9. TDS profiles from a NaX sample during 
consecutive CO adsorption/desorption cycles. 

low-temperature peaks became smaller 
while the intensity of the 520 K peak in- 
creased. 

Figure 9 shows three consecutive CO 
adsorption/desorption profiles from a 300- 
mg NaX sample. While the time lapsed 
between the recordings of spectra I and II 
was 17 h, spectrum III was recorded soon 
after the second adsorption/desorption 
cycle. 

Mass spectral analysis of the desorbed 
gas stream is shown in Fig. 10. It may be 
observed that, as in the case of RuNaX, the 
peaks at T,,, less than 500 K consisted 
basically of CO while those at higher tem- 
perature were predominantly due to CO*. 
Also, when the CO injection-heating cycle 
gap was 16 h, the desorbed gas correspond- 
ing to Fig. 8d was mainly CO*. 

4. Desorption from Blank Sample 

The following experiment was carried 
out to confirm that the carrier helium did 
not contain any contaminants (e.g., H20, 
02, or CO*), which after becoming ad- 
sorbed with time in the zeolite bed could 
affect the TDS data. A 300-mg NaX sample 
was treated successively in HZ, under vac- 
uum, and in He as described under Experi- 

350 450 550 6 

TEMPERATURE (K) 

‘0 

FIG. 10. CO and CO2 desorption profiles from NaX 
following CO adsorption, CO adsorption-heating 
commencement gap for curve (a) 1 hr and for curve (b) 
16 hr. 
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TABLE 2 

Effect of Thermal Treatment prior to Room-Temperature CO Exposure 
over NaX and RuNaX and That of the Time Interval between CO Exposure 

and Heating Commencement on the Amounts of CO and CO: Released 
during Programmed Heating 

Sample 

RuNaX 

NaX 

Pretreatment co 
temperature exposure-heating 

(K) cycle gap (h) 

875 1 
875 I 
875 8 
875 16 
625 I 
875 I 
875 I6 
675 I 
600 I 

Amount of 
desorbed gas 

(fmol) 

co co2 
*IO% ?lO% 

1.30 0.25 
1.41 0.27 
0.16 I .09 
0.05 1.10 
0.77 0.14 
0.67 0.54 
0.01 0.63 
0.89 0.19 
1.15 0.04 

Desorption 
spectrum 

(figure no.) 

4b 
6a 
7a 
7b 
6b 
9c 
9d 
9b 
9a 

mental and was then cooled to room tem- 
perature. A TDS profile recorded at this 
stage showed only a slight baseline shift. 
The sample was then maintained under He 
flow at 297 K for 18 h and when a desorp- 
tion spectrum was recorded again, no TDS 
pattern or baseline shift was observed. 

5. Comparative CO and CO1 Yields 

Comparative yields of CO and CO2 de- 
sorbed as a function of pretreatment tem- 
perature and the carbon monoxide injec- 
tion-heating commencement gap are given 
in Table 2. These data represent the inte- 
grated area under different peaks con- 
sidering the desorption peaks below 500 K 
to be due to CO and those at higher temper- 
atures to be due to CO*. It may be noted 
that in two batches of RuNaX samples, 
although desorption peaks had varying rela- 
tive intensities, the overall amounts of CO 
and CO2 evolved were almost the same. 
Similar results were obtained with other 
batches of RuNaX samples. If we compare 
corresponding data from NaX and RuNaX 
(Table 2), we find that the total amount of 
desorbed CO + COz and particularly that of 
CO* are higher from RuNaX. With an in- 

creasing time gap between CO exposure 
and heating commencement the yield of 
desorbed CO1 increased considerably, 
while that of CO decreased in the cases of 
both RuNaX and NaX samples. 

6. Auger Analysis 

Auger spectra of both the NaX and the 
RuNaX samples after usage for the CO 
adsorptionidesorption process showed the 
presence of a prominent KLL carbon peak 
at 272 eV. In the Auger spectra from NaX 
and RuNaX, which were not exposed to 
CO, the intensity of the carbon peak was 
negligibly small. Argon ion sputtering for 
S-10 min was able to remove carbon from 
CO-exposed samples, thus confirming its 
presence only at the surface. 

DISCUSSION 

Binding states of CO over transition met- 
als have been widely investigated using 
clean metal surfaces (1.5) as well as sup- 
ported catalysts (16-22) wherein different 
forms of CO-metal bonding have been ad- 
vocated. Most of the studies on supported 
metals have used alumina or silica as sup- 
ports and offer varying views regarding 
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carbon monoxide adsorption states. Foger 
and Anderson (16), for example, observed 
that thermally desorbed gases from Pt/ 
A&O3 and Pt/Aerosil subsequent to room- 
temperature CO adsorption contained CO* 
in addition to CO and the formation of CO* 
was attributed to a catalysed reaction be- 
tween CO and traces of residual HzO. Zagli 
et al. (28) similarly reported the thermal 
desorption of CO and CO2 from the surface 
of supported Ni catalysts following CO 
adsorption. Multiple CO desorption chro- 
matograms have been reported by Choi et 
al. (19) in their carbon monoxide TDS 
study on Co/A1203 catalysts and these have 
been attributed to different metal sites. It 
has also been suggested that the alumina 
support is activated at temperatures above 
575 K and its oxygen reacted with CO to 
produce CO;!. Rieck and Bell (21) have 
shown that in Pd/La*O, a portion of lan- 
thana in close contact with Pd particles 
undergoes reduction to form Lao, moie- 
ties. The Lao, moieties also facilitate the 
dissociation of CO, a key step in carbon 
monoxide methanation. In the study by Lee 
et al. (17) on Ni/SiOz it was observed that 
C and 0 remained on the catalyst surface 
subsequent to CO adsorption followed by 
thermal desorption of CO and COz. The 
desorption peaks were attributed to carbon 
monoxide bonded in linear and bridged 
forms at metal sites. Galuszka et al. (23) 
reported that temperature-programmed de- 
sorption of CO from Ni/A1203 occurs in a 
single peak before 575 K. Some of the CO 
was found to be disproportionated and car- 
bon thus formed reacted with lattice oxy- 
gen to again form CO. 

The role of the support, particularly that 
of molecular sieves, in CO adsorption/ 
desorption over supported catalysts has, 
however, not yet been investigated in 
detail. 

The results of the present study may be 
summarized as follows. 

(I) At least four distinct CO adsorption 
sites exist over NaX giving rise to desorp- 

tion peaks at 390,430,490, and 520 K. The 
desorption spectra from RuNaX comprised 
two additional high-temperature peaks at 
-575 and 640 K in addition to the peaks 
observed from NaX (although at slightly 
higher T,). 

(II) The gases desorbed from both NaX 
and RuNaX at temperatures lower than 500 
K consist mainly of CO while COz is the 
main component at higher temperatures. 
The amount of desorbed CO + CO;, is 
higher from RuNaX than that from NaX 
(Table 2). 

(III) The thermal pretreatment of the 
sample prior to room-temperature CO ad- 
sorption has a considerable effect on the 
relative peak intensities (Figs. 5 and 8), the 
effect being more pronounced in the case of 
NaX. The higher the pretreatment tempera- 
ture, the greater is the intensity of the 520 K 
peak, i.e., the amount of desorbed CO2 
(Table 2). 

(IV) The desorption spectra recorded 
with different time gaps between CO expo- 
sure to the sample and the heating com- 
mencement (Figs. 6 and 8) show that CO 
and CO2 are retained for a considerable 
duration over both NaX and RuNaX under 
continuous gas flow conditions and CO 
diffuses with time to those sites where it 
becomes converted to CO2 (Table 2). 

(V) Auger spectroscopy results show that 
CO adsorption and subsequent thermal de- 
sorption result in surface carbon deposition 
on both the NaX and the RuNaX samples. 

The carbon monoxide adsorption sites on 
our samples may be divided into two 
categories, (a) where CO is held and is 
thermally desorbed without accompanying 
chemical change and (b) where it is acti- 
vated and converts to C02. The CO ad- 
sorbed in zeolites may be located either in 
cages or at surface sites. The structure 
formed on joining the sodalite cages in NaX 
has two types of pores or cavities in it: 
supercages (a-cages, diameter 1.3 nm, 
aperture 0.8 nm) and sodalite cavities 
(P-cages, diameter 0.66 nm, aperture 0.22 
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nm). However, with van der Waals diame- 
ter of 0.31 nm (24) the CO molecules may 
not enter the sodalite cages. In addition to 
the intracrystalline pore structure (micro- 
pores), the zeolite crystallites are bound 
together into granules giving rise to a sec- 
ond type of pore distribution (macropores). 
The typical macropore distribution in our 
sample is shown in Fig. 2. The CO ad- 
sorbed in different pore systems is ex- 
pected to be thermally released without 
accompanying chemical transformation. 
The data obtained for repeated CO ad- 
sorption/desorption cycles (Fig. 4) show 
that the pore system entrapping the CO is 
modified in the process. XRD results, on 
the other hand, suggest that crystal struc- 
ture and hence the zeolitic pore structure is 
not affected during CO adsorption/desorp- 
tion cycles. It is therefore apparent that the 
modification in macropore distribution due 
to thermal sintering contributes signifi- 
cantly to the desorption profiles observed 
in our study. Although the present data do 
not allow the assignment of desorption 
peaks to the specific pores, it may be in- 
ferred that the peaks with T, in the range 
300-500 K are due to CO released from 
structural and intergranular zeolitic pores. 
The activation energy values for these de- 
sorption peaks are similar to those required 
for diffusion of simple molecules through 
zeolite pores (25). 

In RuNaX samples, the ruthenium metal 
will be dispersed at the zeolite surface as 
well as in different pores. Complete or 
partial blocking of the pores by Ru crystal- 
lites would therefore result in the absence 
of certain desorption peaks or an increase 
in activation energy required for release of 
entrapped CO. This is in agreement with 
the data obtained from RuNaX (Figs. 3 
and 5). 

The desorption peaks in the range 500- 
650 K from RuNaX (Fig. 3) and at 520 K in 
NaX (Fig. 8) arise due to release of COZ. 
Disproportionation of CO over Group VIII 
metals is a well-known phenomenon. The 
data of Table 2 show that the carbon mon- 

oxide initially adsorbed in zeolite pores 
diffuses with time to Ru sites, resulting in 
CO2 formation. The multiple CO:! peaks 
from RuNaX may be ascribed to dispropor- 
tionation of CO at ruthenium located at 
different sites although our data do not 
completely rule out the possibility of part of 
the CO combining with lattice oxygen. 

The formation of CO2 on NaX (Fig. 10) is 
an interesting observation. Auger analysis 
(26) confirmed that no transition metal im- 
purities were present in our samples. CO 
reaction with adsorbed water or zeolitic 
hydroxyl groups could be one possible 
source of CO2 formation. However, the 
consistent CO:! peak (-500 K) observed in 
TDS profiles in consecutive CO adsorption/ 
desorption cycles (Fig. 9) indicates that 
formation of CO1 by the CO oxidation route 
may not play a very important role. It is 
well known that the chemisorption of CO 
on Group VIII metals involves an accep- 
tor-donor bond with electron transfer from 
the 5~ orbital of CO into the unoccupied 
metal orbitals and back-donation of metal- 
lic d-electrons into the antibonding 2 x* 
orbitals of CO (4). Lewis acid sites being 
the sites of surface unsaturation would sim- 
ilarly be expected to accept an electron pair 
from CO to form a chemisorption bond. 
The structure of some Lewis acid sites 
which could participate in CO chemisorp- 
tion are shown in Scheme I (27). The open 
circle in these structures represents an elec- 
tron hole. Figure 8 shows that on increasing 
the pretreatment temperature prior to 
room-temperature CO adsorption, the yield 
of CO* released on thermal desorption was 
considerably higher. It is well known that 
with a rise in temperature, particularly at 
more than 600 K, the hydroxyl group con- 
tent of the zeolite decreases, resulting in 
the conversion of Brgnsted sites to Lewis 
acid sites (28). The catalytic activity of 
different zeolites has been found to have a 
correlation with Lewis acidity. Barthomeuf 
(28), for example, has shown that the activ- 
ity of acid-catalysed n-hexane cracking 
over NH4Y zeolite increased with pretreat- 
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ment temperature in the range 600-850 K, 
which corresponded with a decrease in 
hydroxyl group content. A Lewis site as- 
sisted CO activation and dissociation over 
alumina-supported catalysts has recently 
been proposed by Odebunmi et al. (29). 
Our data can be interpreted to suggest that 
the zeolitic Lewis sites facilitate the che- 
misorption, activation, and dissociation of 
carbon monoxide molecules. The Auger 
analysis results have confirmed that the 
exposure of NaX to carbon monoxide and 
subsequent heating to 700 K results in the 
deposition of surface carbon, suggesting 
that the disproportionation of CO according 
to the Boudouard reaction is a possible step 
leading to CO* formation. Although an une- 
quivocal description of the adsorbed CO 
configuration may not be possible at this 
stage, the studies on cation-exchanged zeo- 
lites (26) tend to support the Blyholder 
mechanism, i.e., with carbon directed to- 
wards the Lewis site. 

CONCLUSIONS 

1. Carbon monoxide is strongly adsorbed 
in different pores and at Lewis acid sites 
when exposed over NaX zeolite at room 
temperature and atmospheric pressure. At 
least four distinct CO adsorption sites are 
found to be present. In the case of RuNaX, 
the CO is held over different metal sites in 
addition to the zeolite pores. 

2. Carbon monoxide adsorbed over 
Lewis acid sites and over ruthenium is 
converted to CO1 on programmed heating. 

3. The CO desorbed from zeolite pores 
on thermal activation either is released as 
such into the He carrier gas or diffuses to 
metal sites leading to CO* formation. 
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