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The adsorption of CO* on SiOf was studied by means of infrared spectroscopy. The desorp- 
tion of COz is accounted for by the assumption of two kinds of adsorbed species of CO2 on SiOn. 
By adsorption measurements after modification of the surface OH groups on SiOz by heat 
treatments, it was deduced that these two adsorbed CO, species are related to the isolated 
surface OH groups (which have an absorption band at 3750 cm-‘) and the bonded OH groups 
(which have a broad band centered at 3550 cm-‘), respect,ively. The isosteric heats of adsorp- 
tion and the activation energies for desorption were calculated for both CO, adsorbed species. 
They are 5.0 and 5.2 kcal/mol, respectively, for CO* adsorbed on isolated OH groups, and 5.1 
and 5.0 kcal/mol for bonded OH groups. The changes in the standard entropies of adsorption 
are also discussed in relation to the structure of CO* hydrogen-bonded to the OH groups; the 
CO, adsorbed on the bonded OH groups has a higher entropy than that adsorbed on the isolated 
OH groups. 

INTRODUCTION there should be only one absorption band 

One of the aims of the application of 
infrared spectroscopy to the study of 
catalysis is to identify the properties of 
active sites on the surface of a catalyst. 
Many studies have been done on the surface 
hydroxyl groups of oxide catalysts (l-4) 
and of zeolite catalysts (5). Elegant 
experiments were introduced by Peri (6) 
to identify the geometrical locations of the 
surface hydroxyl groups on ALO by means 
of infrared spectroscopy. According to his 
results, infrared absorption bands depended 
not only on whether OH groups were 
isolated or bonded by hydrogen bonding 
but also on the numbers of O*- ions 
surrounding isolated OH groups of the 
A1203 surface. The five adsorption bands 
observed were assigned to the isolated 
OH groups according to the O*- ion 
concentrations. For Si02, its OH groups 
have so far only been separated into the 
isolated and bonded groups (7). Thus, 

assigned to the isolated OH group on 
SiOZ. It has been usually observed at 
3747 cm-‘, and the bonded OH group is 
centered at approximately 3500 cm-‘. 

The surface states of the oxide catalysts, 
and, in part’icular, those associated with 
OH groups, are by now quite well under- 
stood. Their reactivities, however, are still 
ambiguous. In order to study this question, 
the adsorptjion of gases ont,o oxides has 
been investigated (8, 9) by infrared 
techniques. Carbon dioxide (10, 11) has 
been used as one of these adsorbates in 
order to test ideas on the acid-base 
concept of cat’alysis. 

Usually, carbon dioxide adsorbs on metal 
catalysts to form the carboxylate ion (lb) 
and adsorbs on oxygen atoms of oxide 
catalysts t#o produce the carbonate ion 
(IS). Eischens (14) was t’he first t’o observe 
the molecular state of CO, adsorption 
when CO2 was added to SiOl catalyst’ at 
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room temperature. This adsorbed CO, was 
observed to be free from its rotation, but 
its absorpt,ion band appeared at a wave 
number very close to that of gaseous COz. 
This was the basis of assigning the band 
to physisorbed COz on SiOz. Since Eischens’ 
observations on the molecular state of 
CO2 adsorption, there have been severa 
papers reporting the same adsorption on 
Al203 (15) and on Ag supported on SiOz 
(26). However, less attention was paid to 
this adsorption because of its assi~ment 
to the physisorbed species. 

Recently, Conner and Bennett (17) 
observed oxygen exchange between C1aOz 
and SiOz at lSO”C, which means that 
CO2 chemisorbed on SiOz. Peri (18) also 
observed this oxygen exchange on SiOz 
at higher temperature. According to his 
results, C03*- was proposed as the interme- 
diate of this exchange reaction. The 
absorption bands corresponding to COz2- 
on SiOz were not observed, however, when 
CO2 was added. The observed weak band 
corresponded to adsorbed molecular COz. 

In the case of AlzO$, Parkyns (19) 
observed adsorbed molecular COz, and it 
was also assigned to physisorbed COz. 
Its intensity in the spectrum increased 
with elevated preheating temperatures, 
however, and this caused a decrease in 
the surface area of A1208. If this is phys- 
isorption, its intensity should decrease 
with the reduction of the surface area of 
A1203. 

The purpose of the present work is to 
obtain information concerning the molec- 
ular-type adsorbed COz on SiOz as a 
function of the surface OH states. The 
dynamic transient technique, developed by 
Kobayashi and Kobayashi ($0) and one 
of the present authors (ZZ), was applied 
for the analysis of the transient8 of COz 
desorption. 

EXPERIMENTAL 

The measurements were carried out in a 
flow system associated with an infrared 

Fm. 1. (a) Infrared spectrum of OH groups on 
SiOs at 31°C (SiOz was preheated at 150°C): 
(- - -) in the presence of CO*; (-) approximately 
3 min after flushing CO2 by Ar. (b) Infrared spec- 
trum of absorbed COZ on SiOn: (- - -) in the 
presence of COZ; (p) approximately 3 min 
aft,er flushing CO2 by Ar. 

spectrometer (Spex 1701, Harrick) with 
optics the same as reported previously 
(22). The reactor cell used was also the 
same, except that BaFz was used as an 
infrared window instead of Irtran 6. The 
window made of BaFz allowed us to keep 
the reactor at temperatures higher than 
3OO’C. The spectroscopic conditions em- 
ployed were as follows: To obtain the 
usual spectrum, the physical slit widths 
were 1.25 mm, and the time constant was 
0.3 set, with a sensitivity of 250 PV on 
the lock-in amplifier (PAR. Model 128). 
To follow the change in the transmission 
during COz desorption, the wavenumber 
to be measured was fixed at the maximum 
absorption position of the band due to 
CO, adsorbed (invariant with intensity), 
and the signal was recorded with a sensitiv- 
ity of 100 PV and a time constant of 0.1 
sec. The changes with time of both sides 
of the band were also recorded at 2381 
and 2312 cm-l for every experimental 
run. The optical density was calculated 
every 5 set by using these t,hree wave- 
numbers. 

Carbon dioxide desorpt~ion was performed 
by the replacement of a given COz atmo- 
sphere in the reaction celf by Ar, i.e., 
by the quick switching to Ar flow from COZ 
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FIG. 2. Infrared spectrum of OH groups on SiOz varied by heat treatment: (a) original SiO,; 
(b) preheated at 150°C for 4 hr in Ar; (r) preheated at, 200°C for 5 hr in Ar; (d) preheated at 
350°C for 5 hr in Ar. 

flow. In the present experiments, the 
gaseous flow rates were usually 3.0 ml/see, 
and this means that the residence time of a 
gas in the reactor was less than 1.0 sec. 

The gases employed were Ar, COz, and 
their mixtures, and they were purified 
before use. Ar passed through a Hydrox 
purifier to eliminate any water or oxygen. 
Carbon dioxide was passed through tubing 
cooled in a refrigerator in order to remove 
water. The silica employed here was 
Cabosil (H-5) silica powder, and it was 
prepared as round disk with 1 cm2 area 
at around 1000 pounds force. 

The sample was heated at various 
temperatures before the experiments in 
order to vary its surface OH st’ate. Usually, 
the infrared spectrum of OH groups on 
SiO, was resolved to two or more bands. 
To obtain the areas of OH in the spectrum, 
a curve resolver-310 (DuPont) was used 
with t’he assumption that the curves were 
Gaussian. 

RESULTS 

The typical infrared spectrum of 
adsorbed CO2 on SiO, preheated at 150°C 
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FIG. 3. The changes in optical density of adsorbed 
CO2 during its desorption at 31°C from SiOz 
surfaces varied by heat t,reatment : (1) COz desorp- 
tion from the original SiOn; (2) CO, desorption from 
SiOz preheated at 150°C; (3) CO, desorption from 
SiOz preheat,ed at 200°C ; (4) CO2 desorpt,ion from 
SiOt preheated at 350°C. CO2 was 100 kPa. The 
A10 and kl for A1 species obtained from these 
results were as follows: (1) Alo 0.2491, kl, 1.76X 1O-3 
se6 ; (2) A10 0.2060, kl, 2.13 X 10m3 see-l; (3) 
A+ 0.1930, kl, 3.30 X W3 set-I; (4) Al” 0.1864, 
k,, 3.55 X 10m3 set?. 

is shown in Fig. 1. Gaseous CO2 at 31°C 
was passed over the solid until equilibrium 
was reached, and then the flow was switched 
to Ar. The changes in the spectrum of the 
OH groups caused by CO2 addition are 
also shown in Fig. 1. The infrared spectrum 

of surface 011 groups on SiO, changed 
depending on heat treatment, as is shown 
in Fig. 2. The spect,rum could be roughly 
separated t’o two parts: one is a sharp 
band, and its maximum absorption is 
observed at 3750 cm-‘; the other is broad, 
centered at around 3550 cm-‘. These 
bands were resolved, and their areas were 
obtained by means of the curve resolver. 
Their areas were normalized to the area 
of the total OH groups of the original 
SiO,. The results are listed in Table 1. 

Figure 3 represents the changes in the 
absorbance of adsorbed CO2 on SiOZ 
during desorption from surfaces of varying 
OH distribution cont’rolled by heat treat- 
ment. For adsorption, 100 kI’a CO2 was 
used. In Fig. 3, t.he ordinate is expressed 
in terms of the logarithm of the absorbance. 
The curves in Fig. 3 could not be explained 
by any adsorption/desorption equations 
thus far proposed for single adsorbed 
species. Moreover, the curves in Fig. 3 
intersect one another, which seems to 
indicate that there is more than one kind 
of adsorbed CO, on the SiOZ surface. 

All curves in Fig. 3 become straight lines 
after approximately 60 sec. These straight 
lines can be considered as the contribution 
from one of two adsorbed species, called the 
A1 species. As is shown in Fig. 3, the value 
of Al”, which represents the absorbance 
of the A1 species at time zero, was obtained 
for each curve by extrapolation. 

By the subtraction of the absorbance 
of the Al species from the original one, 

TABLE 1 

Area of Absorption Peaks of OH Groups in the Spectrum” 

Run Preheat 
temperature 

(“C) 

Total Isolated 
OH OH 

Bonded 
OH 

1 Original 100.0 11.0 89.0 
2 150 75.0 15.0 60.0 
3 200 60.0 15.6 44.4 
4 350 36.7 16.1 20.6 

Q Areas are normalized to total OH of the original silica. 
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the absorbance of the other adsorbed 
species (called As) was calculated. These 
values are given in Fig. 4. The absorbances 
in Fig. 4 are also linear with reaction time, 
and AZ0 values were obtained for each 
curve in the same manner. 

In Fig. 5, the relationship between the 
spectral area of OH groups at 3750 cm-’ 
and AZ0 and between t)hat of OH groups 
centered at 3.550 cm-’ and A,” are shown 
for each heat treatment of SiOz. 

For silica which was preheated at l.?O”C 
for 5 hr with Ar, the adsorption isotherms 
were obtained at 31, 42, 53, and 69°C 
for both bhe A1 and A, species of adsorbed 
COz. The results are given in Fig. 6. To 
obtain the isotherms, A?’ and A,” were 
measured by using 20 kPa through 100 
kPa CO, at each adsorption temperature 
(see Figs. 7 and S). 

From the results shown in Fig. 6, the 
isosteric heats of adsorption were calculat,ed 
for both species and are shown in Fig. 9. 
The activation energies for desorption were 

S 

Fro. 4. AZ type adsorbed CO2 desorption at 31 “C 
from various SiOz surfaces ; symbols are the same as 
in Fig. 3. AZ0 and kp were obt,ained for the AZ 
species were as follows : (1) A?, 0.1496, kz, 5.83X 1OF 
see-‘; (2) A$‘, 0.2122, k,, 8.55 X 1OP set-I; (3) A?, 
0.2982, k?, 9.30 X lo-” seccl; (4) AP, 0.3791, k4, 
7.75 X 10m2 set-I. 
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FIG. 5. The relationship between the isolated or 
bonded OH groups on SiO, and the optical densit,y: 
(0) A1 species ; ( l ) AZ species. 

also calculated for both COz adsorbed 
species by using their desorption rate 
constants obtained from Figs. 7 and S, 
and the values are given in Fig. 10. 

There were no significant changes in 
the infrared spectrum in the region 2000 
through 1000 cm-’ during the adsorption 
and t,he desorption of CO, on SiOz, which 
is evidence that no COP ion was formed 
by the addition of COz to SiO,. 

Finally, in t’he spectra, bhere was only 
one band assigned to the molecular-type 
adsorbed COz, but’ it’s behavior during the 
desorption was explained by the assumption 
that this band represented two kinds of 
adsorbed species. The position of t’he 
absorption maximum changed very little ; 
for the original silica it’ was at 2347 cm-‘, 
and for the silica preheat,ed at 350°C 
it was 2344 cm-‘. 

DISCUSSION 

Carbon dioxide adsorbs in A1,03 and 
silica-alumina to form carbonate ions and 
molecular-type adsorbed COz. On the 
surface of SiOz, however, no carbonate ion 
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FIG. 6. (a) Adsorption isotherm for AI species. (b) Adsorption isotherm for A2 species. 

was observed by infrared spectroscopy 
when CO2 was added over SiOZ at 31 to 
69°C. Infrared spectra showed only ad- 
sorbed molecular CO2 associated with 
changes in the band shape of the hydroxyl 
groups on SiOZ. The hydroxyl groups 
showed a sharp band at 3750 cm-’ and a 
broad band centered at 3550 cm-‘. The 
latter band changed its band shape after 
exposure to COZ. 

We assumed that the OH groups on 
SiOZ could be roughly separated into two 
groups-one isolated and the other bonded. 
The desorption of carbon dioxide from both 
OH groups is assumed to obey a first-order 
rate expression. Since for any adsorbed 
species the absorbance Ai can be assumed 
to be proportional to the partial coverage 
B;, the first-order expression for desorption 
is -dAJdt = kiAi. By these assumptions, 
the desorption curves for CO2 on SiO, 
are well explained. 

The amounts of OH groups can be 
controlled by heating the sample at the 
different temperatures. With increasing 
heating temperature, the amount of the 
bonded OH groups decreased, whereas 
that of the isolated OH groups increased, 
up to 350°C. Parkyns (19) also reported 

the same results using A1203. When AlzO, 
was heated higher than 6OO”C, the amount 
of the isolated OH also began to decrease. 
The amounts of CO2 adsorbed at equilib- 
rium (expressed by its absorbance A$), 
were proportional to the amounts of OH 
groups available, in both cases. 

To discuss the thermodynamic properties 
of adsorbed CO2 on the isolated OH and 
on the bonded OH groups, their adsorption 
isotherms and activation energies were 
obtained for the surface OH states of SiOZ. 
This was done by heating at 150°C for 
5 hr in flowing Ar. The isosteric heats of 
CO2 adsorption did not depend on the 
surface coverage. The adsorption isotherms 
seem to obey Henry’s law for adsorption, 
and this means that the equilibrium 
constants for their adsorption are very 
small because of their small surface cover- 
ages. According to Eischens (14), the 
surface coverage of CO2 on SiOZ should be 
less than 0.1%. Peri (15) also reported a 
Henry-type adsorption isotherm for CO2 
on Aerosil silica. 

The activation energies for desorption 
were very close to the isosteric heats of 
adsorption, so that their activation energies 
for adsorption should be almost zero. 
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FIG. 7. COz desorption for Al species. (A) Desorpt,ion at 31°C. A10 and ICI values as follows: 

(100 kPa) A+, 0.2021, h, 2.26 X lop3 set-I; (80 kPa) AI, 0 0.1875, kl, 2.16 X lop3 see-l; (50 kPa) 

Alo, 0.1224, kl, 2.30 X lo-gsec-1; (40 kPa) AI , 0 0.1082, kl, 2.25 X 10-a set-l ; (20 kPa) A lo, 0.0557, 

kl, 2.11 X 10-s set-1. Average k,, 2.21 X 10-X see-‘. (B) Desorption at 42°C. Alo and h values as 

follows : (100 kPa) Alo, 0.1670, h, 2.40 X 10-S see-1 ; (80 kPa) A10, 0.1584, kl, 2.33 X 10-S set-I; 

(50 kPa) A10, 0.1122, ICI, 2.75 X 10-S see-l; (40 kPa) Alo, 0.0919, h, 2.28 X lop3 see-‘; (20 kPa) 
AlO, 0.0490, kl, 2.60 X 10-S see-i. Average kl, 2.47 X 10V3 set-‘. (C) CO2 desorption at 53%. Alo 
and kl values as follows : (100 kPa) A 1, 0 0.1287, kl, 3.70 X 1W3 set-l; (80 kPa) Alo, 0.1164, h, 

3.70 X 10-S set-1; (60 kPa) Al, 0.0885, kl, 3.90 X lop8 set-*; (40 kPa) A?, 0.0564, h, 3.95 X IO-’ 
se@; (20 kPa) ALO, 0.0325, h, 3.90 X lop3 see- . 1 Average kl, 3.83 X low3 see-l. (D) Desorption 

at 69°C. A 10 and ICI values as follows : (100 kPa) A I , 0 0.0918, kl, 4.92 X 10-a set-I; (80 kPa) Alo, 

0.0832, kl, 4.93 >( 10-3 set-1; (60 kPa) B I , 0 0.0590, IQ, 5.40 X 10e3 see-* ; (40 kPa) Alo, 0.0450, 

/cl, 5.00 X lo-3 set-1; (20 kPa) A10, 0.0273, h, 4.85 X 1OW see-l. Average kl, 5.02 X 10p3 set-I. 
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FIG. 8. COz desorption for AS species. (A) Desorption at 31°C. A$ and kz as follows: (100 kPa) 
A#, 0.2019, kz, 7.25 X 10mz set-I; (80 kPa) A$, 0.1496, lcp, 7.63 X 10V2 set-I; (50 kPa) A$, 0.1353, 
k~, 6.88 X 10” set-I; (40 kPa) A&‘, 0.0781, kz, 7.75 X 10” set-I; (20 kPa) A#, 0.0498, kp, 7.30 
X lo-* set-I. Average kp, 7.36 X lo-* set-I. (B) Desorption at 42°C. AzO and kl values as follows: 
(100 kPa) A20, 0.1327, kz, 8.45 X 10e2 set-I; (80 kPa) AZ, 0.1142, kz, 8.75 X 10-a set-*; (50 kPa) 
A?, 0.0706, kp, 8.63 X lo-* set-I; (40 kPa) Ape, 0.0498, ks, 8.63 X 1OV set-‘; (20 kPa) Ap, 0.0351, 
kz, 9.13 X 10m2 set-I. Average kz, 8.72 X 10ea set-I. (C) COz desorption at 53°C. A# and kz 
values as follows: (100 kPa) Az”, 0.0907, kt, 11.17 X 1O-2 set-1; (80 kPa) Ap, 0.0707, kz, 11.23 
X 10e2 set-l; (60 kPa) AzO, 0.0523, ks, 11.17 X lo-* set-I; (40 kPa) A$‘, 0.0429, kz, 12.10 X 10-Z 
se@; (20 kPa) A?, 0.0247, kg, 12.77 X 10e2 set-I. Average kz, 11.69 X 10-Z set-1. (E) COz De- 
sorption at, 69°C. AzO and k2 values as follows: (100 kPa) A pot 0.0773, kz, 16.48 X 10-Z set-1; 
(80 kPa) A to, 0.0498, kz, 15.80 X lo+ set? ; (60 kPa) Az”, 0.0354, kr, 17.20 X 10m2 set-1; (40 kPa) 
Azo, 0.0293, ky, 18.78 X lo-* set-I; (20 kPa) Ape, 0.0224, kz, 20.05 X 10” set-1. Average kz, 17.67 
X 10-a set-I. 
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TABLE 2 

Differences of the Standard Entropy Changes for Adsorption of AI and At Species at Various 
Partial Pressures of CO2 and Various Temperatures” 

PC02 
&Pa) 

Standard entropy change” (cal/mol-“K) 

31°C 42°C 53°C 69°C 

100 -0.30 -0.46 -0.70 -0.34 
80 -0.45 -0.65 -0.99 - 1.02 
60 - - - 1.05 - 
50 $0.20 -0.92 - - 

40 -0.65 - 1.22 -0.55 -0.85 
20 -0.22 -0.67 -0.55 -0.39 

a A(A#‘) = (-A&‘) - (-A&“). 

This result, however, does not mean 
necessarily that COz adsorbs on SiO, in 
a form of physisorption. Chemisorptions 
with very small activation energies have 
been observed (23, 24). On the contrary, 
CO2 adsorption on SiOz seems to be 
chemisorption because of the observation 
of the infrared absorption band due to 
adsorbed CO2 at temperatures up to 69°C. 
Carbon dioxide chemisorption on SiOz 
could be explained by considering the 
hydrogen bonding formed between COz 
and OH groups on SiOz. The observed 
heats of adsorption were around 5 kcal/mol 
for both types of CO2 adsorbed, and these 
values are compatible with hydrogen 
bonding. 

Although the activation energies for 
desorption and adsorption and the isosteric 
heats of adsorption were almost the same 
for COz adsorbed on the isolated OH and 
on the bonded OH groups, the surface 
coverages (preexponential factors) for the 
two types of COz on SiOz were different. 
This seems to indicate a difference in 
entropy between the A1 and AZ species. 

The standard molar entropy change 
caused by adsorption at temperature T 
and equilibrium pressure P is given by: 

BP0 AH0 
-AS0 = -Rln 

(1 - B)P 
-77 (1) 

where PO is the standard pressure (100 kPa) 
and AH0 is equal to the isosteric heat of 
adsorption obtained (since it did not 
depend on the surface coverage). In the 
present experiments, 0 is considered small 
enough to be neglected with respect to 
unity. Accordingly, the following equation 
can be obtained from Eq. (1) : 

-AS0 = -Rln (2) 

The surface coverage 0 could not be 
calculated from the present results, but 
it can be assumed that the absorbance of 
the infrared adsorption band is proportional 
to the surface coverage; i.e., A = cr0. 
Equation (2) then becomes: 

-AS0 = -RIn (3) 

Accordingly, the changes in the standard 
molar entropy for the A1 and A2 species 
can be obtained in terms of a! by using the 
results for Aio and AH;. In the present 
work, the AH values for the A1 and A2 
species are almost the same, so the difference 
of AS0 between the formation of the A1 and 
A2 species can be obtained as follows: 

A(ASO) = (-A&‘) - ( -A&O) 
= -R In (A$/AzO). (4) 
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The calculated results are given in Table 2. 
At all temperatures and pressures em- 

ployed in this experiment except one, the 
sign of A(Ah'O) is always minus. This 
means the decrease of the entropy for CO2 
adsorption on isolated OH group is larger 
than that for COz adsorbed on bonded 
OH groups. This seems reasonable because 
COz adsorbed on isolated OH groups should 
be immobile, whereas COa on bonded OH 
should be rather mobile, as is shown in 
t’he following scheme. 

H---O=C=O---H 
b 

H---A= C ~,O\;-,.H 

0 iI 
/ : %SH i ;i \si 

-SI -O-41-0 -4i- 
sy.--To;b \,,i \o 

I I 
Si-O-Si-O-<i-O-!4 

A, Species A, Species 

The A1 species has many possible modes 
of hydrogen bonding compared to t’he A, 
species, which leads to a higher entropy for 
the former. 
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