
Introduction

In many industrial processes like air separation, hydro-

gen production and helium extraction carbon dioxide

needs to be removed from various gas mixtures. Differ-

ent types of alkali-metal cation-exchanged zeolites are

suitable adsorbents for CO2 (e.g. [1–11]). Moreover,

CO2 is widely used as a probe molecule to study proper-

ties of basic surface sites of metal oxides and zeolites

(e.g. [12–14]). For both applications the best possible

characterization of the carbon dioxide adsorption and

desorption characteristics of the studied metal oxides

and zeolites, respectively, is required. The temperature-

programmed desorption (TPD) is an appropriated

method to obtain detailed information about the adsorp-

tion/desorption behavior in particular considering low

adsorbate concentrations. This should be an advantage

in comparison to isothermal adsorption measurements,

where low coverages are relatively difficult to investi-

gate, because of very low equilibrium pressures.

Therefore, we have studied the temperature-pro-

grammed desorption of carbon dioxide on alkali-metal

cation-exchanged faujasite type zeolites (LSX, X

and Y) after adsorption of CO2. Different experimental

adsorption conditions (adsorption time, temperature)

were applied. The TPD results were interpreted by

means of diffuse reflectance infrared Fourier transform

spectroscopic (DRIFTS) measurements.

Experimental

Zeolites

The parent faujasite samples NaX and NaY, both sup-

plied from the Chemie AG Bitterfeld/Wolfen (Ger-

many), were ion-exchanged with aqueous solutions of

KCl, RbCl and CsCl as described elsewhere [15, 16].

Furthermore, a Li-LSX zeolite produced by Tricat

Zeolites GmbH, Bitterfeld (Germany) was also stud-

ied. The micropore volumes were determined by nitro-

gen adsorption at 77 K (t-plot analysis). The character-

istics of all studied zeolites are summarized in Table 1.

Temperature-programmed desorption (TPD)

All TPD experiments were carried out in a flow appara-

tus with helium as carrier gas (50 cm3 min–1). For

evolved gas detection both a thermal conductivity detec-

tor (TCD) and a quadrupole mass spectrometer (Ley-

bold, Transpector CIS System) with a capillary-cou-

pling system were used. The zeolite samples were

equilibrated with water vapor over a saturated Ca(NO3)2

solution in a desiccator. For each experiment 500 mg of

hydrated zeolite were used in a mixture with 1 g quartz

of the same grain size (0.2–0.4 mm). The zeolites were

heated up to 773 K at 10 K min–1 in a helium flow. In the

following step the samples were cooled down to adsorp-

tion temperature (300–450 K) and loaded with carbon

dioxide. The saturated samples were flushed with he-

lium at several times (0.5–7 h). Afterwards the linear
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temperature program (10 K min–1) was started. The

desorbed amounts of carbon dioxide were determined

by calibration of the intensity of 44 amu response. Ex-

periments with different heating rates (α=2–20 K min–1)

were carried out for a quantitative analysis of the

desorption profiles.

DRIFT spectroscopic studies

The DRIFT spectroscopic experiments were carried out

with a System 2000R spectrometer (Perkin Elmer) using

a Praying Mantis diffuse reflection attachment equipped

with a stainless steel reaction chamber (Harrick) allow-

ing temperature-programmed investigations between

room temperature and 723 K in a carrier gas flow (he-

lium, 50 cm3 min–1). For each experiment about 50 mg

of hydrated NaX zeolite (granulated, 0.2–0.4 mm) were

used. At first the zeolites were heated up to 673 K

at 10 K min–1 in a helium flow. Afterwards the samples

were cooled down to 298 and 413 K, respectively, and

loaded with carbon dioxide in a CO2/He flow

(3.3 vol%). In the following step zeolites were flushed

with helium at several times (30–60 min). The spectra

were recorded at a resolution of 4 cm–1 with 32 scans be-

ing averaged. KBr was used as standard (background).

Results and discussions

Figures 1–3 show the desorption profiles of all inves-

tigated zeolites which were obtained after adsorption

of carbon dioxide at 298 K. The desorbed amounts are

summarized in Table 2. In case of NaY, Li-LSX and

CsNaY zeolites a very small CO2 uptake was found

for the used adsorption conditions. The other zeolites

show a pronounced peak at around 370–390 K of dif-

ferent intensities and a weak shoulder at higher tem-

peratures (470–480 K). For the NaX zeolite the

desorbed amount corresponds to about one percent of

the saturation capacity at 298 K (e.g. [5, 10, 17]).
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Table 1 Zeolite characteristics

Zeolite Si/Al Chemical composition Micropore volume/cm3 g–1

Li-LSX 1.01 Li93.1Na2.4[Al95.5Si96.5O384] 0.309

NaX 1.18 Na88.1[Al88.1Si103.9O384] 0.295

KNaX 1.18 K66.1Na22[Al88.1Si103.9O384] 0.263

RbNaX 1.35 Rb57.8Na23.9[Al81.7Si110.3O384] 0.217

CsNaX(5) 1.18 Cs4.4Na83.7[Al88.1Si103.9O384] 0.231

CsNaX(45) 1.18 Cs39.6Na48.5[Al88.1Si103.9O384] 0.194

CsNaX(55) 1.35 Cs44.9Na36.8[Al81.7Si110.3O384] 0.201

NaY 2.6 Na53.3[Al53.3Si138.7O384] 0.296

CsNaY 2.6 Cs35.5Na17.8[Al53.3Si138.7O384] 0.196

Fig. 1 Desorption profiles of CO2 on NaX and NaY (10 K min–1)

Fig. 2 Desorption profiles of CO2 on Li-LSX, KNaX and

RbNaX (10 K min–1)



In case of NaX and X type zeolites exchanged

with Cs+ ions an additional desorption peak appears

above 500 K (Figs 1 and 3). For CsNaX(45) zeolite

sample it was found that the peak intensity increases

with longer adsorption times and higher adsorption

temperatures as can be seen in Figs 4 and 5. The in-

creasing intensity of the desorption peak at higher tem-

peratures is accompanied by a decrease of the desorbed

amount at lower temperatures. These findings indicate

that different adsorption states of CO2 influence each

other. One can conclude that the formation of the

strongly adsorbed CO2 is an activated process.

The observed desorption profiles rd(T) were ana-

lyzed by considering a first order desorption process

with a distribution function f(E) of the effective

desorption energy E [18, 19]:
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Here θ is the average coverage or loading, and A
is an effective pre-exponential factor. θloc is the cover-

age of adsorption sites with desorption energy E. Emin

and Emax are the limits of the desorption energy range.

The estimation of the desorption energy distribution

function from experimental TPD data, i.e. the solu-

tion of Eq. (1) requires the knowledge of the pre-ex-

ponential factor A. In a previous paper [20] it could be

shown that taking into account desorption curves of

different heating rates desorption energy distribution

functions can be calculated without any a priori

knowledge about A by using an extended integral
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Table 2 Desorbed CO2 amounts in different temperature ranges

Zeolite
300–500 K/

µmol g–1
500–800 K/

µmol g–1
Total/

µmol g–1

Li-LSX 1.2 – 1.2±0.1

NaX 32.6 2.5 35.1±0.5

KNaX 26.7 – 26.7

RbNaX 15.8 – 15.8

CsNaX(5) 7.9 2.5 10.4

CsNaX(45) 3.6 5.1 8.7

CsNaX(55) 2.6 3.4 6.0

NaY 2.9 – 2.9

CsNaY 1.7 – 1.7

Fig. 3 Desorption profiles of CO2 on Cs+ ion-exchanged

zeolites (10 K min–1)

Fig. 4 Desorption profiles of CO2 on CsNaX(45) after adsorp-

tion at 298 K using different flushing times with helium



equation. All calculations were carried out by the pro-

gram INTEG, which involves a regularization method

for solving the integral equation [18, 20].

The residual of the regularization in dependence

on the pre-exponential factor shows for CO2-TPD on

NaX a minimum at A=5.6⋅107 min–1 (lnA=17.8±0.6)

(Fig. 6) by using several desorption curves at different

heating rates (α=2–20 K min–1). This value of A cor-

responds to the optimal description of all desorption

curves with the calculated desorption energy distribu-

tion function.

The pre-exponential factor can be also determined

by the relationship between the peak-maximum temper-

ature and the heating rate even if the desorption energy

depends on the coverage [21, 22]. Figure 7 shows the

corresponding plot for the high temperature peak of CO2

desorption on NaX. By linear fitting a pre-exponential

factor of A=4.8⋅107 min–1 (lnA=17.7±0.8) was obtained.

The estimation for the low temperature peak results in a

value of A=4.0⋅107 min–1 (lnA=17.5±1.7). The differ-

ences between the three obtained values correspond to

the accuracy of estimation of this parameter. Therefore,

a constant value of 5⋅107 min–1 was used for the calcula-

tion of the distribution function of the desorption profile

in the temperature range between 300 and 700 K.

The calculated desorption energy distribution

function for NaX is presented in Fig. 8. The width of the

bimodal distribution function of about 60 kJ mol–1

shows clearly the energetic heterogeneity of the CO2-ze-

olite interaction. In case of Cs+ ion-exchanged X type

zeolites the calculation also result in a bimodal distribu-

tion. For KNaX and RbNaX zeolites distribution func-

tions of the effective desorption energy with one pro-

nounced maximum at about 60 kJ mol–1 were obtained.

In Table 3 the energy values of the maxima of all

desorption energy distributions are summarized. For

NaX the obtained desorption energies (50–110 kJ mol–1)

are higher than isosteric heats of adsorption of CO2 at
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Fig. 5 Desorption profiles of CO2 on CsNaX(45) after adsorp-

tion at different temperatures

Fig. 6 Dependence of the residual of the regularization on the

pre-exponential factor for CO2-TPD on NaX using

desorption curves with different heating rates

Fig. 7 Plot of 2ln(Tm–α) vs. 1/Tm of the high temperature peak

of CO2 desorption on NaX



lower coverages calculated from adsorption isotherms

(limit of zero coverage: 47–50 kJ mol–1) [5, 6]. Higher

initial heats of adsorption (up to 70 kJ mol–1) were only

obtained by calorimetric measurements at higher ad-

sorption temperatures (343 K) [3] indicating that the for-

mation of stronger adsorbed carbon dioxide is a slow

and activated process. This finding is in agreement with

the presented TPD results.

In order to characterize the adsorption state of

carbon dioxide on investigated zeolites DRIFT spec-

troscopic studies were carried out. In Figs 9 and 10

DRIFT spectra of CsNaX(45) and NaX are shown. The

ν3 vibration (slightly shifted to the 2349 cm–1 value for

free CO2) of linearly adsorbed carbon dioxide in an

end-on configuration to a cation (e.g. [17, 23, 24])

could not be observed (Fig. 9). It is not a surprising

result because the present adsorption conditions do

not allow adsorption of weakly interacting CO2, but

result only in a smaller uptake of stronger adsorbed

carbon dioxide. On CsNaX(45) different pairs of

bands were obtained in the wavenumber region be-

tween 1800 and 1300 cm–1 depending on the adsorp-

tion temperature. After adsorption at 298 K two pairs

of bands appear at 1679 and 1337 and at 1653 and

1387 cm–1, respectively. Whereas after adsorption at

413 K only one pair of bands at 1649 and 1381 cm–1 is

observed. These bands can be assigned to carbonate

structures of adsorbed CO2 coordinated to an extra-

framework cation and a framework oxygen atom

[25–27]. The splitting of the ν3 vibration of free ion

CO3

2– (ν3 ≈1440–1450 cm–1) into two bands is caused

by lowering the symmetry due to the interaction of

CO2 with the zeolite to built the carbonate structure

[28]. The two pairs of bands with different extent of

splitting represent two bent configurations of adsorbed

carbon dioxide within zeolite cavities in different envi-

ronments. After adsorption at 413 K bands only appear

at 1649 and 1381 cm–1. One can conclude that these

bands of lower splitting (∆ν=286 cm–1) correspond to

adsorbed CO2 of higher thermal stability which

desorbs above 450 K with an average desorption en-

ergy of 85 kJ mol–1 (Fig. 3, Table 3). The other pair of

bands with higher splitting (∆ν=342 cm–1) can be as-

signed to adsorbed CO2 desorbing at lower tempera-

tures between 300 and 450 K with a desorption energy

of about 60 kJ mol–1. The stronger interaction of a part

of adsorbed CO2 on CsNaX zeolites with higher Cs+

ion content should be mainly caused by the higher par-

tial negative charge (higher basicity) of the framework

oxygen atoms of these zeolites [29]. The conclusion is

supported by TPD results on CsNaY. This zeolite with

a lower basicity of the oxygen atoms due to the lower

aluminium content shows no desorption of CO2 at

higher temperatures (Fig. 3).

Besides two pairs of bands at 1711/1362 cm–1

(∆ν=347 cm–1) and at 1690/1375 cm–1 (∆ν=315 cm–1) a

new pair of bands at 1482 and 1426 cm–1 (∆ν=56 cm–1)

appears after adsorption of CO2 on NaX (Fig. 10). These

bands were already observed for carbon dioxide adsorp-

tion on NaX and sometimes on dehydrated and partially

hydrated Ca2+ ion-exchanged X and Y type zeolites. It

can be related to ‘true’ carbonate structures in an almost

symmetrical environment which possess a higher ther-

mal stability of the adsorption structure [25–27]. Thus

the high-temperature peak of CO2-TPD at 670 K on

NaX and CsNaX(5) with a desorption energy of
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Table 3 Energy values of the maxima of desorption energy
distribution functions

Zeolite Peak 1/kJ mol–1 Peak 2/kJ mol–1

NaX 59±6 99±6

KNaX 59 –

RbNaX 58 –

CsNaX(5) 60 100

CsNaX(45) 58 85

Fig. 8 Desorption energy distribution function of CO2 on NaX

Fig. 9 DRIFT spectra of CsNaX(45) after adsorption of CO2

at 298 and 413 K



100 kJ mol–1 can be related to this ‘true’ carbonate struc-

ture (Figs 1 and 3, Table 3). This assignment is also sup-

ported by results of temperature-programmed DRIFTS

studies (5 K min–1) which have been shown that the

pairs at 1711/1362 and at 1690/1375 cm–1 disappear at

about 420 K. Whereas the bands of the other pair with

lower splitting disappear at about 520 K.

The presented CO2-TPD results are, to our best

knowledge, the first experimental evidence of carbon-

ate species on faujasite type zeolites next to infrared

spectroscopic studies. However, a clarification of the

molecular structure should be a difficult task, because

only a small amount of these species exist.
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Fig. 10 DRIFT spectra of NaX after adsorption of CO2 at 298 K


