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Equilibrium chemisorption of co
2 

on CaO was measured at 923 K to 

1013 K, and the kinetics of rapid adsorption and of slow dissolution of 

= co
2 

in the CaO, perhaps as co
3 

at grain boundaries, were measured in 

1333 Pa pressure of co
2 

at 983 to 1033 K. Surface areas were measured 

by the BET method. From the assumptions that only (100) surfaces of the 

CaO were exposed, it was calculated that "-'55% to "-'99% of the surface 

= = 0 ions reacted with co
2 

to form co
3 

ions. The enthalpy of adsorption 

was -199(±8) kJ/mo1e and the thermal entropy of adsorption was 

-153(±8) J/mole-deg. Both values were somewhat less negative at >80% 

coverage. The apparent activation enthalpy for adsorption was 

61(±10) kJ/mole. The apparent activation enthalpy of the slow 

dissolution process was 303 (±15) kJ/mole CaO. 
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Studies of the thermodynamics and kinetics of chemisorption of 

gases on metal surfaces have long been, and remain, an active area of 

investigation [1). In contrast, very few quantitative studies have been 

made of chemisorption on oxide surfaces. We became interested in the 

chemisorption of co
2 

on CaO because of observations that co
2 

catalyzes a 

rapid reduction in CaO surface area at temperatures as low as 900 K and 

pressures as low as 0.2 Pa [2,3]. 

Busca and Lorenzelli [4] have recently reviewed infrared studies 

of carbon oxides on metal oxide -surfaces ·~---These studi_e~. a:J;"e in general 

agreement that at the temperatures of our interest--800 K and above--the 

co
2 

on oxide surfaces is chemisorbed as co
3

- ions. Fukuda and 

Tanabe [5) concluded that co
3 

ions may be present on CaO surfaces in 

two different coordinations. 

On sc2o
3

, co
2 

is reported [6] to be only weakly chemisorbed. 

(The measured heat of adsorption is -30 kJ/mole.) The kinetics of 

.desorption of co2 from silica surfaces have been studied [7], but the 

reported activation energies are a function of the heating programs used 

in the study. We know of no measurements of either the thermodynamics 

or the kinetics of co2 chemisorption on CaO. We report such 

measurements here, and we also report measurements of the rate of slow 

dissolution of co
2 

in cao. 

EXPERIMENTAL 

Samples preparation. Single crystals of high purity calcite [8] 

were cut along the natural cleavage planes into slices with average 

dimensions of 3.8 rnrn x 4.5 rnrn x 0.8 rnrn. Four such pieces were placed in 

a Pt crucible. It was hung from a symmetrical microbalance in a quartz 
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resistance furnace [9]. A chrornel-alurnel thermocouple tip was placed 

5 rnm from the bottom of the crucible. Calibration with another 

thermocouple introduced from the top of the furnace showed the 

temperature to remain constant within ±1°C over a length of 5 ern. 

Double-wound resistance wires were designed to minimize the temperature 

gradient along the furnace cross section. Pressure was controlled by a 

single-sided absolute sensor head plus a control system placed at the 

top of the thermobalance. Vacuum decompositions of the calcite crystals 

to CaO were carried out at 959 K, while the recorded pressure at the ion 

-3 gauge was 5 x 10 Pa. Two sets of calcite crystals were used for these 

experiments. The total initial weights were 160.8 rng and 156.5 mg. The 

specific surface area of the porous CaO obtained was in both cases 

2 118 ± 2 m /g-cao. 

These high surface area samples of CaO are stable in vacuum, but 

sinter when exposed to co2 at 900 K or higher [2,3]. The rate decreases 

as the surface area is reduced and becomes slow enough when the area is 

reduced below 20 rn2/g-Ca0 to permit adsorption isotherm measurements. 

Accordingly, one sample was sintered at 959 K in co
2 

at 1333 Pa pressure 

for 100 h. After the co
2 

was desorbed at the same temperature in 

vacuum, BET measurements [10,11] with N
2 

at 78 K showed the sample 

2 specific surface area to be 19 rn /g-CaO. The surface area of this 

sample decreased over the total time of the adsorption measurements to 

2 
15 rn /g. For the other sample, the co

2 
treatment was carried out at 

959 K and 1333 Pa for 50 h, and then at 973 K and 2000 Pa for an 

additional 50 h. This yielded CaO of 12.5 rn2;g specific surface area. 

This area did not change significantly during adsorption studies. 



4 

Isotherm measurements. Tests showed that at 973 K the measured 

co2 pressure at which calcite formation started was 5% below the 

reported equilibrium value [12]. Isothermal adsorption equilibria were 

studied at 923 K to 1013 K and in the pressure range from 65 Pa to 

70-80% of the reported equilibrium calcite decomposition pressure. For 

each temperature, weight variations were recorded continuously using the 

-5 microbalance with a sensitivity of 2x10 g/cm. 

As soon as a sample reached the desired temperature, co2 was 

admitted. Constant pressure was established without observable delay. 

Runs with co2 , but without samples, were made to calibrate the system. 

The sample volume was too small to affect the pressure significantly. 

Blank runs -4 
with N

2 
gave buoyancy corrections of 10 g when the pressure 

was 65 Pa, -5 and less than 2x10 g when the pressure was greater than 

150 Pa. 

To obtain an equilibrium isotherm, the CaO was heated in vacuum 

and held in co
2 

under the maximum planned co
2 

pressure for the isotherm 

until the thermogravimetric trace was constant to within its 

sensitivity. -9 Weight changes were then less than 1.5x10 g/min. 

pressure was decreased in steps, and the points where the TG trace 

The 

-9 showed the weight changes to be no more than 10 g/min were recorded. 

After each isotherm, the sample was pumped in vacuum until the initial 

sample weight was recorded. 

To test for reversibility of the isotherms, in two runs pressures 

were then increased by the same step increments. As shown in Fig. 3, 

the weight reached when the changes became too slow for practical 

measurement were reproducible in desorption and adsorption. 
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Kinetic measurements. Adsorption rates were measured on the 

2 samples of 12.5 m /g surface area in the temperature range 983-1033 K, 

and at a constant co
2 

pressure of 1333 Pa. The measured rates depended 

strongly upon the starting surface state. Reproducible runs were 

obtained by introducing initially 7 x 10-5 g of co
2

, a quantity 

equivalent to 0.09% of the weight of co
2 

required to transform all the 

CaO to caco
3

. At each temperature, the weight was recorded from the 

initial time when co
2 

was introduced to the time when the weight change 

was less than 10-9 g/min. Weight increases were followed with the 

-5 thermobalance sensitivity at 2x10 g/crn. The initial chart speed was 

30 em/min and the final speed was 2 ern/h. 

RESULTS AND DISCUSSION 

When co
2 

was first introduced, 4 to 6 hours were required before 

the rate of weight increases became too low to measure. But when 

pressures were then decreased in steps (Figs. 1 and 2), apparent 

equilibration at each step was rapid. Periods of the order of 4 hours 

heating at the temperature of the experiment in vacuum were required to 

remove about the final 20% of the co2 that had been taken up by the 

sample. 

When pressures of co
2 

were reintroduced in steps to obtain 

adsorption isotherms, the initial approach to equilibrium was again 

slow, but once the co
2 

concentration in the sample reached the level 

characteristic of the desorption isotherm the adsorption curve followed 

the desorption curve to within a 2 or 3% scatter in the data (Fig. 3). 

The fact that essentially identical isotherms were thus measured with 
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decreasing and increasing co2 pressures (Fig. 3) is evidence that 

equilibrium was achieved. 

The measured isotherms, however, reflect both adsorption and 

absorption of co2 • The long times required to reach nearly constant 

weights when co
2 

is first introduced or is pumped off are consequences 

of slow transfer of co
2 

into and out of the interior of the CaO. The 

concentration of slowly absorbed co
2 

was subtracted from the total co
2 

content before adsorption equilibria were calculated (Table I) . 

Infrared measurements indicate co
2 

to chemisorb by reaction with 

= surface 0- ions to form co
3 

ions [4,5]. The concentration of surface 

0- ions .was calculated from the surface areas measured by the BET 

method [10,11] on the assumption that the total area is accounted for by 

surfaces formed of (100) planes of the NaCl-type structure. Enough co2 

was chemisorbed at the highest co
2 

pressures to convert some 80 to 

99% of the surface 0- ions to co
3
-. The enthalpies of adsorption then 

were calculated from variations in the logarithm of the pressure of co
2 

with the reciprocal of the temperature at constant co
3
- surface 

concentrations. These enthalpies (Table I) are constant at 

199 ± 2 kJ/mole for surface coverages of 55-80%. The change in surface 

area during measurements with the first sample introduces less than 2% 

uncertainty into the calculated enthalpies. From consideration of all 

probable errors, the uncertainty is set at 8 kJ. Lower entha1pies are 

calculated when the high coverage points that showed upward curvature in 

Figs. 1 and 2 are included. The lower enthalpies may reflect repulsive 

= interactions between surface co3 ions. 

At the average temperature of the equilibrium adsorption 

measurements, the standard enthalpy o~ reaction of co2 and CaO to form 

J 

v 
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calcite is -181 kJ/mole [12]. Thus, the enthalpy of adsorption of co
2 

on CaO is, like the enthalpy of adsorption of sulfur on a transition 

metal surface [13] , more negative than the enthalpy to form the bulk 

solid. As pointed out by Kembell [14], strong chemisorption can be 

expected to imply adsorption on fixed sites and low entropies of the 

adsorbed species in comparison with entropies of more weakly bound 

species. By analogy with observations for bulk and solid solution 

reactions [15], the thermal (i.e., nonconfigurational) entropy of 

adsorption of co
2 

as co
3

- on cao could be expected to be nearly the same 

as the entropy of the reaction of co
2 

with CaO to form calcite. 

Configurational entropies S were calculated from the expression 
c 

S = -R ~n(X/1-X) where X is the mole fraction of surface oxide sites 
c 

= converted to co
3 

ions (Table I). Subtraction of S from.the total 
c 

entropy of co
2 

adsorption gave the thermal entropies reported in the 

last column of Table I. The values found near X: 0.5-0.7, for which 

errors in the calculated configurational entropy should be relatively 

small, gave for the thermal entropy of adsorption -153 ± 8 J/mole-deg, 

compared to -150 J/mole-deg for calcite formation [12]. 

Because co2 must chemisorb on fixed surface sites, the adsorption 

equilibria would be expected to fit Langmuir adsorption isotherms in the 

range of coverage for which a constant enthalpy of adsorption is 

measured [16]. In fact, reasonable fits to Langmuir isotherms are found 

up to the inflection points of Figs. 1 and 2. 

Figure 4 shows, in the insert, the very rapid uptake of co
2 

by 

CaO when CaO is first exposed to co
2 

at a constant pressure at various 

temperatures. The much slower later pickup of co
2 

is shown by the other 

part of the same figure. The rates of adsorption were calculated from 
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the expression Jco = kPCO , where Jco is the moles of co2 reacted 
2 2 2 

per second and k is the rate constant for the initial, essentially 

linear portions of each plot. In the linear range, back reaction must 

be negligible, and the rate of the forward reaction must be little 

affected by the fraction of surface sites already occupied by co
3 

ions. 

From the temperature dependence of the adsorption rates, the apparent 

enthalpy of activation for the adsorption reaction was calculated to be 

61 kJ/moles ± 10 kJ/moles. This activation enthalpy lies within the 

range of values found for co2 adsorption on sc2o3 , from 35 kJ to 105 kJ, 

depending on treatment of the sc
2
o

3 
adsorption data [6]. From the 

temperature dependence of the slow absorption of co
2 

into the CaO, an 

apparent activation enthalpy of 303 kJ/moles ± 15 kJ/moles is calculated 

for the unidentified rate-limiting step of this slow process .. 
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Table I. Adsorption thermodynamic data. 

No. of isotherms Moles of co
2 Mole fraction of 

used for enthalpy per mo~e of CaO surface 0 sites 
derivation (x 10 ) occupied by co

3 

Sample 1 
(at 923-1000 K) 

6 3.0 0.56-0.70* 
6 3.2 0.60-0.75 
6 3.4 0.64-0.80 
6 3.6 0.67-0.84 
6 3.8 0.71-0.89 
5 4.0 0.74-0.93 
4 4.2 0.78-0.98 
3 4.4 0.82-1.00 

Sample 2 
(at 953-1013 K) 

6 2.0 0.55 
6 2.5 0.69 
6 3.0 0.83 
5 3.7 0.99 

(' '1 

Adsorption Thermal entropies 
enthalpy of adsorption 
( -kJ/moles) ( -J/mol-deg.) 

199 156. 2-151.1* 
197 155.2-149.5 
197 157.0-150.3 
199 160.6-152.6 
198 153.5-143.6 
180"l" 142.6-129.5 
18o·r 140. 9-118.'7 
166·j· 127.9-45.0 

199 150.2 
199 150.6 
200 160.9 
180-i" 113.1 

*uncertainties reflect uncertainty in surface area which changed from 19 m2/g initially to 15 m2/g 
finally. 

tsome data points above the deflection points of Figs .. 1 and 2 were used. 

1-' 
1-' 



12 

FIGURE CAPTIONS 

Fig. 1. co
2 

desorption isotherms obtained with CaO of 19 m
2
/g initial 

2 
surface area and 15 m /g final area. N is the moles of co

2 c~ 

taken up by the sample and gcao is the grams of cao. 

Fig. 2. 
2 

co
2 

adsorption isotherms obtained with CaO of 12.5 m /g surface 

area. 

Fig. 3. Left axis, moles of co
2

, NCO , taken up by co
2 

per gram of CaO j 

2 

as a function of co
2 

pressure in Pa. The triangles show values 

measured in two runs with decreasing pressure; the boxes are 

values measured with increasing pressure. 

Fig. 4. Ratios of moles of co
2

, NCO , taken up by CaO to the maximum 
2 

e 
co

2 
taken up, N CO , as function of time when PCO 1333 Pa. 

2 2 

v 
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