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Resumen. Para investigar sobre la captura de CO2 en adsorbentes só-
lidos, se analizaron las especies formadas en la interacción de CO2 con 
mordenita intercambiada con Na, K y Ca. Los resultados muestran 
CO2 fisisorbido y diferentes especies de carbonatos en la superficie de 
la zeolita. A alta concentración de CO2, el poder polarizante del catión 
determina el tipo de carbonatos formados: bidentados en Ca-mordeni-
ta, bi y polidentados en Na-mordenita y polidentados en K-morde-
nita. A baja concentración de CO2 (10-4 Torr), se forman carbonatos 
bidentados. Agua preadsorbida produce bicarbonatos y disminuye la 
adsorción de CO2.
Palabras clave: Captura de CO2; (Na, K, Ca)-Mordenita; carbonatos 
quimisorbidos; espectroscopia infrarroja IR; interacción CO2-mordenita.

Abstract. To enquire on the CO2 capture on solid adsorbents, the in-
teractions of CO2 with mordenite exchanged with Na, K, and Ca were 
analyzed using FTIR spectroscopy. The results reveal that physisorbed 
CO2 and different carbonate species are present on the zeolite surface. 
At high CO2 concentration, the cation polarizing power determines the 
type of carbonates formed: mainly bidentate carbonates on Ca-mor-
denite; bi and polydentate carbonates on Na-mordenite; polyden-
tate carbonates on K-mordenite. At low CO2 (10-4 Torr), mostly 
bidentate carbonates are formed. Pre-adsorbed water produces bicar-
bonates and decreases CO2 adsorption.
Keywords: CO2 capture; (Na, K, Ca)-Mordenite; chemisorbed car-
bonates; IR spectroscopy; interaction CO2-mordenite.

Introduction

Biogas is an important source of renewable energy, produced 
by the anaerobic fermentation of biomass by methanogenic 
bacteria [1,2]. Typically, biogas contains methane and carbon 
dioxide along with other contaminants [3]. The presence of 
CO2 lowers the specific heat capacity of biogas and limits its 
utilization [4,5]. One of the strategies to reduce the amount of 
CO2 in biogas is to separate it selectively from methane using 
feasible adsorbents such as zeolites [6,7] or activated carbon 
[8,9]. According to the literature, CO2 is mainly physisorbed 
and also chemisorbed on zeolites [6,10,11]. The chemisorption 
of CO2 on zeolites can produce several types of carbonates, 
some of them very stable [10,12,13].

The formation of carbonate species inside the cavities of 
the zeolites is small compared to the physisorbed CO2. Howev-
er, the presence of carbonates on the surface can hinder the phy-
sisorption of CO2, lowering the adsorption capacity of the 
zeolite [14]. Therefore, careful control of the carbonate forma-
tion during the CO2 adsorption process is necessary for the ef-
ficient performance of zeolites i.e., in pressure (or temperature) 
swing adsorption processes [15].

The adsorption of carbon dioxide on zeolites is mainly af-
fected by the structure of the cavity, the amount and type of 
exchangeable cations [13,16–18], and the presence of other 
molecules such as water[14].

Gallei and Stumpf [10] proposed a mechanism for carbon-
ate formation during the adsorption of CO2 in Na- and Ni-ex-
changed Y zeolite. According to their proposal, to produce 
monodentate carbonate, the first step is the polarization of the 
CO2 molecule by the exchanged cation. They observed that 
the formation of carbonates on zeolites can be largely influ-
enced by the polarizing power of the cation.

The polarizing power of a cation is calculated as the cation 
charge divided by the square of the ionic radius (Z+/r 2ionic). 
Small cations with high charge have large polarizing power 
[19]. In the case of cations inside the zeolite framework, the 
polarizing power decreases due to their interaction with 
the framework oxygens, and can also be affected by the pres-
ence of other molecules such as water [20]. Since the cations 
can be in different sites of the zeolite framework, not all them 
have the same polarizing power and consequently the strength 
of the interaction with CO2 is different.

The effect of the presence of water molecules that interact 
strongly with the exchanged cations is not yet completely un-
derstood. For the adsorption of CO2 in faujasite some authors 
observed a decrease in the global amount of adsorbed CO2 and 
concluded that water can delay [10] or impede the formation of 
carbonates [10,21,22]. However, other reports on the CO2 ad-
sorption on 13 X and 5A zeolites indicate that water can in-
crease the amount of adsorbed CO2 due to the formation of 
bicarbonate species [23].
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Almost all the research on the effect of the polarizing pow-
er of cations in the formation of carbonates in zeolites has been 
performed with large pore zeolites and little information exists 
explaining this effect for medium pore zeolites where molecular 
sieving effects are important, such as in the case of mordenite.

Mordenite (MOR) has interesting properties for CO2 se-
lective adsorption due to its channel structure, with main chan-
nels that allow the entrance of molecules up to 6.7 Å, connected 
by side pockets of smaller diameter (3.9 Å) [24], in addition to 
its affinity towards polar molecules, wide availability and low 
cost [25].

The aim of this work is to investigate the effect of exchang-
ing mordenite with different cations (Na, K, Ca) on the type of 
carbonates formed during the adsorption of carbon dioxide, 
with and without the presence of adsorbed water. For this pur-
pose, we contacted Na+, K+ and Ca2+ exchanged mordenite 
with CO2 in a high vacuum line and followed, by in situ infra-
red spectroscopy, the formation of surface carbonates during 
the adsorption and desorption of CO2.

2. Experimental

2.1 Exchanged zeolites preparation

Calcium, sodium and potassium mordenite ((Ca, Na2, K2) Al-
2Si10O24·7H2O), called hereafter Ca-MOR, Na-MOR and 
K-MOR, were prepared by cationic exchange, using Na-MOR 
(Zeolyst) as starting material. For the cationic exchange, 10 mL 
of 1 M solution of CaCl2 (Baker, 94.65%) or KCl (Mallinck-
rodt, 99%) were added to one gram of Na-MOR powder. The 
suspension was stirred for 7 h at 353.15 K and then centrifuged. 
The powder was washed with water several times (~6 times) to 
eliminate the remaining Cl- ions (detected with a pH sensor).

To prepare Na-H-MOR, the cationic exchange was per-
formed using a 0.01 M HNO3 solution (Aldrich, 70%). The sus-
pension was stirred at room temperature for 7 h, centrifuged 
and washed.

The zeolites were dried overnight at 393 K, treated in a dry 
air flow (50 mL/g min) at 363 K for 1h (heating ramp 1K/min), 
and then at 723 K for 2 h (heating ramp 5 K/min). The samples 
were stored in ambient conditions.

2.2 Characterization

The composition of the samples (Na, K, Ca, Si, Al, and O) was 
determined by SEM-EDX with a JEOL JSM-5900-LV micro-
scope coupled with microanalysis Oxford ISIS.

The textural properties of the zeolites were calculated with 
the N2 adsorption-desorption isotherms obtained with a Mi-
cromeritics Tristar 3000 after evacuating the samples overnight 
at 573 K. The microporous volume was determined using the 
t-plot method.

The X-ray diffractograms were registered on a D8 Advance 
Davinci X-ray diffractometer (Cu Ka, l=0.154 nm) in the scan-
ning range from 0 to 80° (2q), with a step size of 0.02°/min.

2.3 FT-IR analysis of CO2 adsorption

For the IR analysis, the zeolites were pressed into self-support-
ed discs of about 2 cm of diameter (~25 mg). The prepared 
wafer was introduced into a cell with KBr windows that allows 
treating the samples under heat and vacuum. For activation, the 
zeolite wafer was outgassed in vacuum (1.4 × 10-4 Torr) at 673 
K for 1 h, and cooled down to room temperature.

After activation, the sample was contacted at room tem-
perature with increasing measured amounts (~26, 66, 100, 110 
and 130 mmol) of CO2 (99.99% pure, INFRA). The IR spectra 
were recorded after each CO2 addition every 5 min during 30 
min. Following the CO2 adsorption, the cell was outgassed at 
room temperature for 30 min. IR spectra were also collected 
at the beginning and at the end of the evacuation period. The 
sample was then heated in vacuum to 673 K and a final spec-
trum was taken.

The IR spectra were recorded in a FT-IR Nicolet 380 spec-
trometer (DTGS detector) with a 4 cm-1 resolution.

3. Results and Discussion

The following sections will discuss the characteristics of the 
prepared zeolites: Na-MOR, Na-H-MOR, K-MOR and Ca-
MOR and the IR study of the different species of carbonates 
produced during adsorption and desorption of CO2, in the ab-
sence and presence of water.

3.1 Characteristics of exchanged zeolites

The prepared samples were characterized by SEM-EDS to de-
termine their chemical composition (results in Table 1). The 
Na/Al ratio in Na-MOR is 0.7, close to reported values for sim-
ilar materials [26].The real exchange capacity of alkaline and 
alkaline earth cations in mordenite is often below the maximum 
exchange capacity, due to the low mobility of cations in the side 
pockets [26]. In accordance, the Ca/Al ratio in Ca-MOR is 0.44. 
However, the K/Al ratio is 1.08, most likely due to a better af-
finity of mordenite towards K [27]. In the partially exchanged 
Na-H-MOR, only half of the electronically deficient sites are 
neutralized by Na. Regarding the Si/Al ratio, all zeolites have 
similar values (~5.6), except for K-MOR, where the Si/Al ratio 
is slightly lower.

Table 1. Chemical composition and textural properties of zeolites 

Sample

Atomic %

Cation/Al Si/Al

*Micropore 
volume
(cm3/g)Na K Ca

Na-MOR 4.3 0.1 0 0.70 5.6 0.19 
Na-H-MOR 2.5 0 0 0.36 5.5 0.15
K-MOR 0.3 6.7 0 1.03 5.0 0.13
Ca-MOR 0.4 0.3 2.9 0.44 5.5 0.12

* Micropores with diameters smaller than 8 Å
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The XRD diffractograms of the samples are displayed in 
Fig. 1. The XRD of Na-MOR is consistent with the crystallo-
graphic data of mordenite (JCPDS 29-1257). All the other sam-
ples have similar diffractograms to that of Na-MOR, indicating 
that the ion-exchange procedure did not destroy or change the 
framework of the zeolite.

The samples were also characterized by N2 adsorption (see 
Table 1). The shapes of the N2 adsorption isotherms (Fig. 2) are 
typical of microporous materials with mesopores. Since X-ray 
diffractograms showed that all prepared samples are fully crys-
talline materials, the mesopores can be explained by intrapar-
ticular space.

The isotherms were analyzed using the t-plot method 
[28,29] to obtain the micropore volume (Table 1). The K and Ca 
exchanged mordenites show a reduced pore volume that can be 
explained with the position of these cations inside the mor-
denite channels. According to the literature [20,27,30], K+ and 
Ca2 + are placed at two positions in the gate of the side pockets 
blocking the entrance to these channels. These results indicate 
that the ion-exchanged mordenites retained the framework 
characteristics of the starting Na-MOR zeolite. 

3.2 Formation of carbonates during the adsorption of CO2 
on Na-MOR

CO2 adsorption in zeolites produce physisorbed CO2 and car-
bonates [6,10,14]. Infrared spectroscopy has revealed that sev-
eral species can be formed, such as mono, bi, and polydentate 
carbonates, along with bicarbonate [10,31,32]. The type of car-
bonate formed is a consequence of the type of zeolite frame-
work and of the polarizing power of the exchanged cation [18]. 

The presence of water in CO2 adsorption is also important 
since it modifies the polarization power of the cations at the 
interior of the framework and can prevent the adsorption of 
the CO2 molecule.

To investigate the effect of the presence of water in Na-
MOR in the formation of carbonates, the zeolite was activated 
at 473 or 673 K. These temperatures are below and above 
573 K, where the main step of dehydration of the mordenite 
occurs [27,33,34].

Fig. 3 displays the spectra of Na-MOR exposed to increas-
ing amounts of CO2 for 30 min. Several spectra were taken (ev-
ery 5 min) after the initial contact with CO2. The absorbance of 
the spectra grows in the first minutes of the contact between the 
gas and the solid and then reaches a plateau.

The bands at 1705, 1682, 1654, 1634 and 1618 cm-1 along 
with the bands at 1361 and 1335 cm-1 can be attributed to differ-
ent species of carbonates. However, the assignation of each 
band to a specific type of carbonate is not straightforward. The 
spectra also show a band at 1380 cm-1, assigned to physisorbed 
CO2. In general, the absorbance of the bands increases with 
each addition of CO2; in the case of the bands at 1670-1550 cm-1, 
the band at 1618 cm-1 becomes predominant.

It is well known that in the spectrum of carbonates, the 
double degenerated v3 vibration is observed as two bands in 
the infrared [35]. Busca and Lorenzelli [32] proposed the use 
of the magnitude of the split of these two bands to distinguish 
the different species of carbonates.

Fig. 2. N2 adsorption-desorption isotherms. 

Fig. 1. XRD diffractograms of prepared samples.

Fig. 3. IR spectra of Na-MOR activated at 473 K (bottom) and 673 K 
(top) contacted for 30 min with measured amounts of CO2 (~26, 66, 
100, 110 and 130mmol). The IR spectra were obtained after subtracting 
the contributions of the gas phase and the clean surface.
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When Na-MOR is activated at 473 K, the contact with ~26 
mmol of CO2 gives rise to a spectrum with clear maxima at 
1682, 1634 and 1606 cm-1, and shoulders at 1705 and 1654 cm-1. 
With increasing CO2 pressures, the bands at 1705, 1654, 1361 
and 1335 cm-1 are better defined and the band at 1606 shifts to 
1618 cm-1. Also, bands are observed at 1454 and 1423 cm-1.

The bands at 1454 and 1423 cm-1arise from monodentate 
carbonates since they are observed in the corresponding region 
and have a small Dn3 (31 cm-1) [10,14,22], that according to 
Busca et. al. [23] correspond to this type of carbonate.

The bands at 1654, 1634 and 1618 cm-1 along with the 
bands at 1361 and 1335 cm-1 could be assigned to bidentate 
carbonates [13,14,36-38]. However, the main band of bicarbon-
ate can be observed in the same zone (~1620 cm-1) [39]. The 
analysis of the variations in absorbance with the CO2 pressure 
can help to distinguish between these two species. The bands at 
1654, 1634 cm-1 and 1361, 1335 cm-1 show a slight intensity 
increase with the CO2 pressure while the intensity increment of 
the band at 1618 cm-1 is large. Besides, the Dn3 of the two dou-
blets at 1654-1361 cm-1 and 1634-1335 cm-1 is 296 cm-1, which 
according to Busca et. al. [32] correspond to bidentate car-
bonates. Therefore, the band at 1618 cm-1 is assigned to bi-
carbonates while the bands at 1654, 1634 cm-1 and 1361, 
1335 cm-1 are assigned to the high and low frequency of the n3 
vibration of bidentate carbonates, respectively. Further discus-
sion about the assignation of these bands will be presented in 
the following sections. 

Finally, the bands at 1705 and 1682 cm-1 can be assigned to 
polydentate carbonates (also called “bridged bidentate carbon-
ates”) [31,40]. In this case the bands at low wave numbers are 
in the region of the zeolite cut-off.

The spectra of the adsorption of CO2 on Na-MOR activat-
ed at 673 K are also shown in Fig. 3. The absorbance of the 
bands is smaller due to the dehydration of the zeolite. The bands 
assigned to monodentate carbonate are no longer present be-
cause the formation mechanism of this type of carbonate in-
volves water molecules [16].

The adsorption of CO2 at higher temperatures produces 
mainly physisorbed CO2. When 130 mmol of CO2 are contacted 
with Na-MOR at 373, 473, and 573 K, the spectra showed the 
band at 1380 cm-1, assigned to the symmetric vibration of phy-
sisorbed CO2, in contrast with reported experiments that men-
tion that CO2 is adsorbed in mordenite only at room temperature 
[10]. This band decreased with the increase of adsorption tem-
peratures. The bands of carbonates and bicarbonate are not well 
defined in the spectra obtained at high temperatures and are 
observed only as small broad features in the 1750-1550 cm-1 
region.

The results indicate that the contact at room tempera-
ture of Na-MOR activated at low temperature (473 K) with 
CO2 produce poly, bi and monodentate carbonates along 
with bicarbonate. When the zeolite is activated at higher tem-
perature (673 K), the monodentate carbonates are not formed. 
Hereafter, all experiments were performed on mordenites ac-
tivated at 673 K.

3.3 Formation of bidentate carbonates during CO2 
desorption on Na-MOR

The stability of the carbonates and bicarbonate was explored 
after the CO2 adsorption experiment collecting several spectra 
while evacuating the cell. Fig. 4 shows the spectrum of Na-
MOR with gas in the cell (~130mmol), and those taken during 
desorption. One spectrum was taken at the beginning of evacu-
ation at room temperature, and another after 30 min of vacuum. 
The zeolite was then heated to 673 K to record a final spectrum. 

In the spectrum of Na-MOR with CO2 in the cell, the main 
band of physisorbed CO2 (2361 cm-1, not shown in Fig. 4) has 
a “cut-off” shape because the concentration of the adsorbed gas 
is very high. This band is the most intense at the beginning of 
desorption, indicating that CO2 is physisorbed at this stage of 
the experiment. After 30 minutes of vacuum, the absorbance of 
this band largely decreases but is still observable in the spec-
trum. This means that CO2 desorption is a slow process, and 
that some physisorbed species are still adsorbed on the zeolite. 

The evacuation for 30 min gives rise to a large increase in 
the absorbance of the spectrum in the 1670-1580 cm-1 region 
(see Fig. 4), in accordance with reports for zeolite X [31]. Par-
ticularly, the band of bidentate carbonates at 1637 cm-1increas-
es and becomes the main contribution in the spectrum. 
Contributions of polydentate carbonates and bicarbonates are 
also observed in the spectrum. 

The increase in the absorbance of this band can be ex-
plained by a combination of the polarization power of the Na+ 
cation and the amount of CO2 physisorbed in Na-MOR. When 
many molecules of CO2 are physisorbed (in the adsorption ex-
periments), the interactions with the Na+ cations are weak. 
However, the decrease in the number of adsorbed CO2 mole-
cules (while evacuating cell) makes possible the polarization of 
the CO2, that is considered the first step in the formation of 
carbonates [10]. Therefore, the formation of bidentate carbon-
ates is favored by a low concentration of physisorbed CO2. 

Fig. 4 shows that accordingly to literature reports [31,32,41] 
the only bands remaining after heating the Na-MOR corre-
spond to polydentate carbonates, showing that these species are 
the most stable.

When Na-MOR was contacted with CO2 at 373, 473, and 
573 K and later evacuated during 30 min at room temperature, 
the spectra showed small well defined bands in the carbonates 
and bicarbonate region at 1654, 1634 and 1618 cm-1.

The results presented above evidence that bidentate car-
bonate formation is enhanced when fewer molecules of CO2 are 
adsorbed on the zeolite. Also, that only polydentate carbonates 
are stable at high temperatures.

3.4 Effect of exchanged cation in the type of carbonates 
produced

The formation of carbonates and bicarbonate was analyzed for 
Na-MOR exchanged with cations of different polarizing power: 
H+, Na+ (Z+/r2

ionic) = 0.74, K+ (Z+/r2
ionic) = 0.43, and Ca2+ (Z+/

r2
ionic) = 1.54. A zeolite wafer was contacted with 234 mmol of 



106 J. Mex. Chem. Soc. 2017, 61(2) Aline Villarreal et al.

CO2 during 30 min, followed by outgassing during 30 min be-
fore taking the IR spectra. Figures 5A and 5B show the spectra 
taken after contacting the wafer with CO2 for 30 min, and after 
outgassing 30 min respectively.

The shape of the different spectra indicates that the type of 
carbonate formed during CO2 adsorption depends on the ex-
changed cation. The spectrum of Na-H-MOR (not shown) exhi-
bit smaller bands at the same positions of those of the spectrum 
of CO2 adsorbed on Na-MOR described above, shown in Fig. 
5A. The amount of chemisorbed and physisorbed species de-
crease due to the partial exchange of Na+ with H+, that do not 
produce carbonates [42]. 

The cationic exchange with Ca2+, which has a stronger po-
larizing power than Na+ and K+ due to its smaller size and 

higher charge, changes the shape of the spectrum (Fig. 5A). The 
band of physisorbed CO2 at 1380 cm-1 is more intense, because 
the Ca2+cations can interact with more CO2 molecules due to its 
higher polarizing power. Regarding the carbonate region (1750-
1580 cm-1), it is evident that the formation of polydentate car-
bonates with bands at 1705 and 1682 cm-1 is reduced, while the 
absorbance in the region of bidentate carbonates increases 
(1654 and 1634 cm-1). The band at 1618 cm-1 of bicarbonate 
slightly decreases.

The exchange with K+ [43], leads to a weak interaction 
between CO2 and the cation (Fig. 5A). Consequently, the band 
of physisorbed CO2 is small and bidentate carbonates are not 
formed. The lack of H+ in the zeolite, consequence of the full 
exchange in K-MOR (see Table 1), hinders the formation of 
bicarbonate. In contrast, the bands of polydentate carbonates 
are intense in this spectrum.

It appears then that, if mordenite is exchanged with a cat-
ion with high polarizing power like Ca2+, the formation of 
bidentate carbonates will be enhanced, while the exchange with 
a cation with small polarizing power like K+, will yield mainly 
polydentate carbonates. For applications like the elimination of 
CO2 from biogas, the use of K-MOR does not seem suitable 
because surface polydentate carbonates formed on this zeo-
lite are stable even at high temperatures, decreasing therefore 
the efficiency of the zeolite regeneration process.

After evacuating the CO2 for 30 min, Fig. 5B shows that 
the absorbance of all spectra increases. The Na-MOR spectrum 
displays a very intense bidentate-carbonate band at 1637 cm-1 
with a clear shoulder arising from bicarbonate at 1618 cm-1. 
The shape of the band makes evident that the formation of 
bidentate carbonates is enhanced compared to that of bicarbon-
ates. The spectrum of the partially exchanged Na-H-MOR zeo-
lite (not shown), behaves similarly, but the bidentate carbonate 
(1637 cm-1)/bicarbonate (1618 cm-1) band absorbance ratio 
changes from 1.8 to 1.4. This indicates a greater presence of 
bicarbonates due to the presence of H+ cations in Na-H-MOR 
[23].In contrast, the spectrum of Ca-MOR shows a single large 
band at 1635 cm-1arising from bidentate carbonate. In this case, 
the band of bicarbonate at 1618 cm-1 is observed only as an 
asymmetry. 

The spectrum of K-MOR after outgassing, shows, unex-
pectedly, an intense band of bidentate carbonates at 1636 cm-1, 
showing that when fewer molecules of CO2 are in contact with 
K+, the cation is able to polarize them despite its low polarizing 
power, and form bidentate carbonates. The band at 1636 cm-1 is 
not symmetrical showing at high wavenumbers a small contri-
bution of polydentate carbonates. There is no evidence of any 
contribution at 1618 cm-1 associated with the presence of bicar-
bonates, in agreement with the lack of H+ in the zeolite. 

The spectra recorded after outgassing allows the analysis 
of the n3 vibration band of physisorbed CO2 because under 
these conditions the signal for this vibration is no longer satu-
rated. In K-MOR, physisorbed CO2 is observed at 2345 cm-1, 
which is similar to the observed vibration frequency of CO2 in 
the gas phase, indicating a weak interaction with the cation. 
In contrast, in the spectra of Na-MOR, Na-H-MOR and Ca-MOR 

Fig. 4. IR spectra of Na-MOR activated at 673 K. The spectra were 
collected (a) with ~130 mmol of CO2 (last dose of CO2 in the adsorp-
tion experiments), (b) at the beginning of evacuation at room tempera-
ture (P=4x10-4 Torr), (c) after 30 min of vacuum, and (d) after heating 
the sample to 673 K in vacuum.

Fig. 5. Infrared spectra collected A) with CO2 in the cell for 30 min, B) 
after 30 min of evacuation. (a) Ca-MOR, (b) Na-MOR and (c) K-MOR 
activated at 673 K.
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the band shifts 16 cm-1 towards higher wavenumbers, appear-
ing at 2361 cm-1due to the stronger interaction of CO2 with the 
cation. The fact that the band at 1380 cm-1 (ν1 of physisorbed 
CO2) is still evident in the Ca-MOR spectrum (Fig. 5B) indi-
cates the stronger physisorption of CO2 on this zeolite. 

The results indicate that after 30 min outgassing that is just 
with few CO2 molecules in contact with the zeolite, the forma-
tion of bidentate carbonates is largely enhanced for all the zeo-
lites regardless of the polarizing power of the exchanged cation. 
Bicarbonates are formed only when H+ cations are present, as in 
Na-H-MOR, or in the partially exchanged Na-MOR and Ca- 
MOR (Table 1), where some H+ ions are still likely to be present.

3.5 Formation of carbonates in hydrated zeolites

The influence of adsorbed water on the adsorption of CO2 on 
zeolites is not well understood. There are some reports indicat-
ing that water increases the amount of adsorbed CO2 due to the 
formation of bicarbonate species [23] on 13X and 5A zeolites, 
while in the case of faujasites others report a decrease in the 
CO2 adsorption capacity and a slower and more difficult forma-
tion of carbonates and bicarbonates [10,19,20]. To investigate 
the role of water during the adsorption of carbon dioxide on 
mordenite, a zeolite wafer activated at 673 K was contacted 
with a 72 mmol of water vapor to obtain a strongly hydroxylated 
surface. Subsequently, the sample was evacuated for 5 minutes 
to eliminate the water vapor in the cell and a spectrum was tak-
en. Then, 66 mmol of CO2 were contacted with the zeolite for 30 
min and another IR spectrum was taken. Finally, the gas was 
evacuated, and the wafer was maintained in vacuum for 30 min 
before taking the IR spectrum. The experiment was performed 
with all the zeolite samples, obtaining similar results. The spec-
tra shown in Fig. 6 correspond to Na-MOR: a) after contacting 
the wafer with CO2 for 30 min, and b) after 30 min in vacuum. 

When CO2 was contacted with the hydroxylated surface of 
the zeolite, the n3 vibration band of physisorbed CO2 at 2345 

cm-1does not reach saturation, but is still very intense. In con-
trast in the dehydrated zeolite this band appears in 2361 cm-1 
and the signal is saturated. Both facts indicate that the presence 
of water in the zeolite decreases the strength of interaction be-
tween the CO2 and the cation. Moreover, after evacuation of the 
gas, the band corresponding to physisorbed CO2 is no longer 
observed (Fig. 6b). This behavior was similar for all zeolites 
investigated here and agrees well with the idea that water de-
creases the CO2 adsorption capacity of the zeolite. 

In the region of carbonates, the IR spectrum of CO2 con-
tacted with the hydroxylated Na-MOR displays only two small 
bands at 1663 and 1613 cm-1, that can be assigned to the pres-
ence of bicarbonates not interacting with the zeolite because the 
bands associated with the free HCO3

- ion are displayed at simi-
lar positions [44,45]. No bands of polydentate, bidentate and 
monodentate carbonates are observed. The bicarbonate bands 
(Fig. 6) do not increase their absorbance during evacuation, in 
contrast with the absorbance increase observed in the case of 
bidentate carbonates (Fig. 5).

In Na-H-MOR, the bicarbonate bands are observed at the 
same frequency and display the same behavior as for Na-MOR. 
In the spectra of Ca-MOR and K-MOR, the bicarbonate bands 
are observed at 1650 and 1610 cm-1. After evacuation, they dis-
appear and instead a broad, intense band of molecularly ad-
sorbed water is observed at 1628 cm-1. This indicates a weak 
interaction of the bicarbonates with the surface that can be ex-
plained because of the presence of layers of adsorbed water 
molecules, as suggested by Montanari and Wang [12,23].

According to these results, the presence of water in the ze-
olite weakens the adsorption of CO2 on the exchanged cations 
decreasing the adsorption capacity of mordenite. Therefore, a 
dehydration step is necessary to efficiently adsorb carbon diox-
ide on mordenite, regardless of the exchanged cation. 

For CO2 adsorption-regeneration applications like biogas 
cleaning CO2 physisorption must be favored and this follows 
the order: Ca-MOR>Na-MOR>K-MOR. The formation of 
polydentate carbonates, as in K-MOR, must be avoided be-
cause its greater stability on the surface hinders the regenera-
tion of the zeolite surface even at temperatures of 400 oC. 

4. Conclusions

 • The IR study of the interaction of CO2 with the surface of 
mordenite exchanged with Na+, K+ and Ca2+ revealed the 
presence of bicarbonates and several types of carbonates in 
addition of physisorbed CO2.

 • The distribution of carbonates changed with the polarizing 
power of the exchanged cation. Mostly bidentate carbonates 
are produced when the mordenite is exchanged with Ca2+, a 
cation with high polarizing power. In contrast, mainly 
polydentate carbonates are formed on mordenite exchanged 
with potassium, which has the lowest polarizing power.

 • The adsorption of CO2 on sodium mordenite gives rise to 
mono, bi, and polydentate carbonates, along with bicar-
bonate. Monodentate carbonate is only formed when the 

Fig. 6. IR spectra of surface species arising on Na-MOR hydrated sur-
face (a) after 30 minutes of CO2 introduction and (b) after 30 min of 
evacuation.
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mordenite is partially dehydrated, because the formation of 
this species requires the presence of water molecules.

 • At low concentrations of CO2 on the zeolites, a strong inter-
action between the CO2 molecules and the exchanged cations 
is favored leading to the polarization of the CO2 molecule, 
favoring the formation of bidentate carbonates.

 • The presence of adsorbed water on the zeolite weakens the 
physisorption of CO2 on the cations and produces only bicar-
bonates.

 • The adsorption of CO2 on mordenite leads to carbonates 
with different stabilities related to the type of exchanged 
cation. This must be taken into consideration for the selec-
tion of the exchanged mordenite for adsorption-regenera-
tion applications.
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