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Pavel Čičmanec • Roman Bulánek •
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Abstract The existence of the new type of the adsorption

complexes of carbon monoxide, where CO molecule

interacts simultaneously with both copper and potassium

cation, formed on so-called heterogeneous dual adsorption

sites was detected by the FTIR spectroscopy and temper-

ature programmed desorption technique (TPD) in the Cu,

K–FER zeolite samples. The time-resolved IR spectros-

copy and TPD experiments also proved their lower stability

in the comparison with the classical monodentate adsorp-

tion complexes. The TPD curves of these materials

exhibited low temperature desorption peak which was

ascribed to these sites. The energetic parameters (i.e.,

energy and entropy of adsorption) as well as distribution of

all present Cu? sites were obtained by the fitting of TPD

data to the phenomenological model. Obtained results

suggest that the heterogeneous dual sites are special form

of the adsorption sites localized on the wall of channels

destabilized due to significantly higher change of the

entropy of adsorption. Direct microcalorimetric measure-

ment proved energetic equality of single and heterogeneous

dual sites together with the validity of the adsorption

energy values obtained from TPD.
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Introduction

Detailed characterization of high-silica zeolites is crucial

for understanding of these interesting materials with

unique properties which offer possibility to employ them

in wide range of important catalytic and adsorption pro-

cesses. Nevertheless the complicated structure of these

materials limits or hinders the applicability of conven-

tional methods of structural research and the methods

based on the evaluation of interaction of proper probe

molecules with these materials are employed instead of

them [1–7]. The carbon monoxide is frequently used as a

probe molecule for zeolite characterization due to its high

sensitivity of adsorption interaction to nature of zeolite

extra framework cations and their environment. The

interaction of carbonyl species with extra framework cat-

ion is usually analyzed and interpreted within the concept

of single cation sites. This concept, which works well in

the case of flat surface with low concentration of adsorp-

tion sites, cannot be uncritically used without reserve in

the case of zeolites due to very complex inner texture a

confined space of zeolite channels and cavities. Several

authors referred to that some CO molecules interact with

more than one cationic center in alkali metal zeolites [8–

10]. This hypothesis has been later supported by series of

detailed studies combining infrared (IR) spectroscopy with

computational studies on carbon monoxide adsorption on

sodium and potassium form of FER [11, 12] and MFI [13]

zeolites. These bridged M?���CO���M? complexes appear

whenever two cations are at the proper distance apart from

each other, and such a pair of metal cations was termed a

dual cation site. These adsorption complexes showed red

shifted C–O stretching frequencies and larger adsorption

heats, with respect to CO adsorption on isolated sites

(M?���CO).
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The monovalent copper ion-exchanged zeolites are

promising catalysts for the direct NOx decomposition [14]

as well as for the selective reduction of NOx by hydro-

carbons. The detailed localization of Cu? ions was widely

studied by the CO probe molecule adsorption using the

FTIR, EXAFS, EPR, UV–Vis, microcalorimetry, and TPD

techniques [15–27] assuming the presence of several dis-

tinguishable types of Cu?–CO adsorption complexes. The

finding of bridged species on alkali-metal exchanged zeo-

lites prompted the question of whether similar complexes

would also occur in zeolites with other cations and whether

they can be behind some peculiar features of CO IR

spectra. Very recently, the authors reported preliminary

results of CO interaction with cations in Cu,M–FER zeo-

lites, which brought evidence of existence of bridged

Cu?��� CO��� M? complexes, where M stands for alkali-

metal cations. [28] In this article the authors report about

these so-called heterogeneous dual sites in more details.

Newly, it was report the data on stability and thermody-

namic characteristics of these complexes obtained by

temperature programmed and isothermal desorption mea-

surements and by direct calorimetric measurements as

function of copper concentration which allows with pre-

viously published structure and stability of CO adsorption

complexes in Cu,M–FER at the periodic DFT level [28], to

create a picture of these species at atomistic level and then

better understand to the CO adsorption in cation exchanged

zeolites.

Experimental

Preparation of samples

Ferrierite sample having nominal Si/Al ratio 8.6 was sup-

plied by the Research Institute of Inorganic Chemistry, Ústı́

nad Labem. Firstly, the starting ammonium form of zeolite

was calcined in dried O2 at 450 �C for 5 h for decompo-

sition of the rest of template and ammonium ions, yielding

protonic form of the zeolite. The alkali metal forms of

zeolite were prepared by the one step procedure taken at

RT in the 1 M aqueous solution of NaCl or KCl. After

washing, filtration and drying of resulting solids, complete

ion exchange to alkali metal form was checked by the

absence of IR absorption band corresponding to the

Brønsted acid Si(OH)Al groups in the samples. Samples, in

both alkali metal form, were then contacted with 5.10-4–

1.10-2 M aqueous solution of CuCl2 or Cu (acetate)2 at RT

in order to obtain the zeolite sample containing demanded

amount of Cu ions. The resulting solution was filtered,

three times washed by re-distilled water, and final powder

was dried at 120 �C in air.

Analysis of sample composition

The amount of copper content in prepared samples was

determined by WD XRF spectroscopy by Spectroscan U

(Spectron Optel, St. Petersburg, Russia) [29] and they are

summarized together with the conditions of preparation in

Table 1. It must be noted that all samples prepared from

alkali-metal form of parent zeolite contain certain amount

of protons. These protons were ion-exchanged into zeolite

during Cu ion-exchange procedure in aqueous solution (pH

ca 5.5) or were produced during reduction of Cu2? to Cu?

ions. The zeolites are labeled as Cu,M–Fer–Cu/Al ratio,

where M indicate co-cation (it means the original cation in

the zeolite before Cu ions introduction, M = Na or K).

FTIR experiments

For IR spectroscopic measurements, thin self-supported

wafers (around 5 mg/cm2) were prepared, activated by

oxidation in 100 Torr O2 at 450 �C and subsequently

reduced in 100 Torr CO at 470 �C inside glass IR-cell. The

spectra reported and discussed in this paper were obtained

by adsorption of 10 Torr of CO at 25 �C and subsequent

short evacuation at 25 �C for 1 min for removal of dicar-

bonyl complexes (process was checked by disappearance

of the symmetric vibration band of this complex at

2177 cm-1). Measurement of IR spectra was done by using

the Nicolet Protégé 460 spectrometer equipped by MCT-A

detector. All spectra were measured in the range

400–4000 cm-1 with the resolution 0.5 cm-1 as a sum of

256 scans. Due to remarkable difference in adsorption

energy of first and second CO molecule on the Cu? site is

reasonable to assume that all reported spectra represent the

C-O stretching vibration mode of Cu?-CO mono carbon-

yls. In addition, it can be assumed that these spectra cor-

respond to sample coverage close to monolayer. Additional

evacuation by turbomolecular pump leads to desorption of

CO from mono-carbonyl complexes. IR spectra corre-

sponding to different coverage were measured after

Table 1 Chemical composition of Cu,M–FER zeolites and condi-

tions of ion exchange at RT

Zeolites Ion exchange parameters

Sample Cu/Ala wCu/wt% Solution Time/h

Cu,Na–FER-0.31 0.31 2.70 1 9 10-3 M CuCl2 24

Cu,K–FER-0.09 0.09 0.83 5 9 10-4 M CuCl2 24

Cu,K–FER-0.18 0.18 1.60 5 9 10-4 M CuAc2 36

Cu,K–FER-0.30 0.30 2.64 1 9 10-2 M CuAc2 24

a Atomic ratio
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continuous evacuation of samples by turbomolecular pump

for time in the range from 1 to 180 min.

CO-TPD experiments

In order to investigate stability and thermodynamic char-

acteristics of mono-carbonyl complexes of CO on investi-

gated samples, temperature programmed desorption (TPD),

and microcalorimetry were measured. CO-TPD experi-

ments were measured in the through-flow device equipped

by quadrupole mass spectrometer Balzers OmniStar GSD

300 monitoring masses 4, 18, 28, and 32 amu. The copper

in samples was reduced to Cu? in the CO/He gas mixture

(5 vol% of CO in He) at 450 �C for 2 h and the samples

were subsequently saturated by CO for 40 min at RT and

then purged in flow of He (flow rate 25 ml/min) for 20 min

in order to desorb physically adsorbed CO. The CO-TPD

experiments were carried out in the temperature range from

RT to 550 �C with the heating rate 10 �C/min. The inten-

sities of each mass fraction were registered every 3 s, i.e.,

every 0.5 K. 100 mg of sample was used in each

experiment.

Microcalorimetry experiments

Microcalorimetric determinations of the adsorption heat of

CO were performed on isothermal Tian-Calvet calorimeter

(BT 2.15, from Setaram) equipped with a standard Sievert

adsorption—desorption volumetric apparatus controlled by

PC. The samples (approximately 400 mg) were outgassed

in dynamic vacuum at 400 �C, reduced in 100 Torr CO at

450 �C overnight and subsequently evacuated at the same

temperature for 1 h. Pretreatment of samples were carried

out outside of calorimeter in an external oven. After pre-

treatment, cell with sample was mounted into the calo-

rimeter under vacuum. Measurement of the heat of

adsorption and adsorption isotherm was carried out at

25 �C by step-by-step dosing of known amount of CO up to

10 Torr of equilibrium pressure. The establishment of

adsorption equilibrium was monitored by both the pressure

and the heat-flow measurement after each dose minimally

for 45 min.

Methodology of CO-TPD evaluation

The thermodynamic characteristics of CO adsorption

complexes were determined using the formal kinetics

based model similar to the models previously published

[30, 31]. This model was based on few assumption: (i)

desorption is strongly affected by reabsorption of CO on

unoccupied Cu? ions (ii) due to expected high values rate

constant of both adsorption and desorption the adsorption

quasi-equilibrium state is the good approximation for the

description of temperature programmed desorption exper-

iment. (iii) A non-dissociative Langmuir type of adsorption

isotherm defined by eqs. (1), (2) was assumed for the

description of CO adsorption on the Cu? sites in zeolite,

without considering lateral interactions among adsorbed

molecules.

Hi ¼
Kic

1þ Kic
; ð1Þ

Ki ¼ exp �DHads;i � T DSads;i

R T

� �
ð2Þ

The Hi is a dimensionless coverage degree of i-th

adsorption site and c is molar concentration of CO in the

gas phase. (iv) A complete coverage of all Cu? sites at the

beginning of experiment was assumed in the TPD simu-

lations. (v) The Ki value is an equilibrium adsorption

constant related to i-th adsorption site at temperature T and

DHads,i and DSads,i the values of adsorption enthalpies and

entropies for this site are treated as constants. (vi) Only the

formation of mono-carbonyls during the TPD process is

considered. This assumption is in good agreement with the

mass balance of the Cu? content in samples and the

amount of the desorbed CO during the TPD experiments.

(vii) A presence of four independent sites was considered

in zeolites, because three site models were able to describe

TPD experiments in the Cu–Na–MFI and Cu–Na–FER

zeolites without considering the presence of the heteroge-

neous dual sites previously [31–33]. (viii) Diffusion of CO

in the zeolite channels is sufficiently fast and the amount of

sample is small what implies that the continuously stirred

tank model reactor is sufficient for description of the

sample layer in the TPD experiment.

Within these assumptions the TPD spectra simulation

method leads to the one differential eq. (3) for the time

change of CO concentration which was solved numerically.

dc

dt
¼ �

1� eð Þ � cS max �
P4
i¼1

Kixi

1þKicð Þ2
DHads;i

RT2

� �
b

� �
þ F T

T0 V

eþ 1� eð Þ � cS max �
P4
i¼1

Kixi

1þKicð Þ2
� � � c

ð3Þ

The xi is a relative population of adsorption site of type i in

the sample and cmax is the Cu? ions concentration in the

sample of the catalyst related to its volume V. F is the rate

of flow of the carrier gas, e is a porosity of the layer of the

catalyst bed. The b value is rate of temperature change.

The population xi of the Cu? site types and both desorption

energies and desorption entropies for all Cu? site types

were optimized to obtain the best fit with the experimental

data. The values of both adsorption energies and entropies

obtained from the previous results were used as starting

values in fitting. All experimental Cu–K–FER TPD curves
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were fitted at once together with all Cu–Na–FER measured

TPD curves constraining the parameters DHads,i and DSads,i

to be the same values for all samples.

Results and discussion

FTIR study

In order to investigate stability of individual IR band in the

spectra of Cu,M–FER samples, the series of time-resolved

spectra (Fig. 1) were measured in dependence on time of

sample evacuation at 25 �C. The spectra of Cu,Na–FER-

0.31 sample displayed in Fig. 1a exhibit only single,

slightly asymmetric band at 2155 cm-1 and very small

band at 2107 cm-1 whose position is in good agreement

with theoretical position of the band of isotopic 13CO-Cu?

carbonyl complex as a counterpart of band at 2155 cm-1.

The IR spectra of CO molecules adsorbed on Cu,K–FER

zeolites contains the intense and well-distinguished bands

at 2155, 2138, and 2112 cm-1 (see Figs. 1b, 3b). The

relative intensity of bands at 2138 and 2112 cm-1 obser-

vable in spectra of Cu,K–FER samples is decreasing for

samples with the higher loading of copper as it is presented

in the Fig. 3b, and these bands were ascribed to the

vibration of CO adsorbed on the new type of adsorption

site. Previously published [34] correlation between the

vibrational frequency and the CO bond length suggests the

presence of the specie modifying the complex Cu?���CO

properties located close to oxygen atom. Based on this

assumption we can attribute the vibrational bands at 2138

and 2112 cm-1 to some type of heterogeneous dual site

species Cu?���CO���M? whose presence was previously

suggested by DFT calculations [28].

Only small changes of intensity of the band at

2155 cm-1 are apparent in the case of the desorption from

Cu,Na–FER-0.31 sample presented in the Fig. 1a where

only spectra taken in the first 45 min are presented because

after reaching this time, no decreasing of intensity of

spectra was observed on this sample. Figure 1b display

changes in the spectra of Cu,K–FER-0.09 sample within

180 min of evacuation. This sample was chosen due to

well-discernible bands at 2138 and 2112 cm-1. It is clearly

seen that intensity of spectra decrease in time due to

desorption of CO molecules from adsorption complexes.

Deconvolution of the spectra (shown in the inset plots) to

individual bands led to dependences presented in Fig. 2

whose clearly indicate that intensity of individual band

decreased during 180 min to ca 60, 45, and 18% of original

intensity of band at 2155, 2138, and 2112 cm-1 in the case

of Cu,K–FER sample, respectively, and the authors can

conclude that presence of second cation destabilizes the

heterogeneous dual sites and it means that desorption rate

from these sites is much higher than the desorption rate

from the conventional adsorption site and should be

detected at significantly lower temperature at CO-TPD
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Fig. 1 a Time-resolved IR spectra of Cu,Na–FER-0.31 measured

under dynamic vacuum at 25 �C for 1–45 min. Inset plot show

deconvolution of the spectra into individual bands. b Time-resolved

IR spectra of Cu,K–FER-0.09 measured under dynamic vacuum at

25 �C for 1–180 min. Inset plot show deconvolution of the spectra
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Fig. 2 Time dependence of relative intensity of absorption bands of

Cu,Na–FER-0.31 sample (open square—wavenumber 2155 cm-1,
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840 P. Čičmanec et al.

123



experiment. The absorption band at 2155 cm-1 can be

found in both type materials and can not be fitted by one

exponential decay curve what implies that presence of

more adsorption complexes with different stability is

responsible for presence of this absorption band and gen-

erally this vibration is not site specific for usual Cu?���CO

complexes [35]. Similar results were obtained also in the

case of analysis desorption rate of site with absorption

bands at 2138 and 2112 cm-1.

TPD study

However, it is well-known from previous studies [32, 33,

36] that IR bands of mono-carbonyls in Cu–MFI and Cu–

FER are not in generally site-specific and they consist of

various type of mono-carbonyls. Therefore, the methodol-

ogy of CO-TPD curves analysis was developed by our

laboratory for discrimination and characterization of indi-

vidual mono-carbonyl complexes [31–33, 37]. CO-TPD

experiments on Cu,Na–FER were in detail reported pre-

viously [32]; in this article the authors focused on CO-TPD

data obtained on Cu,K–FER samples which exhibit unusual

IR bands at 2138 and 2112 cm-1. Figure 3 show CO-TPD

curves (part A) and corresponding IR spectra of mono-

carbonyls (part B) of Cu,K–FER samples. CO-TPD pattern

and IR spectrum of Cu,Na–FER-0.31 sample is depicted

for comparison too. It is evident that the all TPD curves

obtained for Cu,K–FER samples exhibited the high

desorption rate at low temperature (below 100 �C) and

overall desorption is shifted to lower temperature in

comparison with Cu,Na–FER sample. In the case of Cu,K–

FER sample with Cu/Al ratio 0.09, approximately 40% of

carbon monoxide was desorbed at this low temperature

desorption region. Comparison of TPD curves with IR

spectra led to conclusion that the higher is intensity of IR

bands at 2138 and 2112 cm-1 the higher is desorption rate

of CO at low temperature and the lower is temperature of

the end of TPD peak. It means that presence of these IR

bands in the spectra is directly connected with low-tem-

perature desorption in TPD. This is in agreement with

behavior of IR bands at 25 �C under dynamic vacuum.

Deconvolution of experimental TPD curves by means of

mathematical model based on formal kinetics was used, for

obtaining of more details about adsorption sites in Cu,K–

FER samples. Due to the presence of low-temperature

desorption peak in the TPD curves of Cu,K–FER samples,

early used three-site model was not sufficient and a new

adsorption site had to be included to phenomenological

model of TPD experiments previously used for the

description of the Cu,Na–FER samples [32]. However, it is

clear from IR spectroscopy, that the desorption of CO

occurs from several adsorption sites, the all these sites were

represented into the TPD model by only one adsorption site

to avoid the numerical over-determination of model. The fit

of experimental TPD curves was performed in order to

obtain adsorption energies, changes in entropy during

adsorption and populations for individual site types: sites

denoted ‘‘A’’ (Al pair), ‘‘B’’ (sites for Al at T1 or T2

positions), ‘‘C’’ (sites for Al mainly at T3 or T4 positions),

and ‘‘D’’ (newly introduced site). The new four-site model
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was able to reproduce experimental TPD curves well as it

is demonstrated in the Fig. 4. Values of thermodynamic

parameters are summarized in Table 2. Parameters corre-

sponding to adsorption processes ‘‘A’’, ‘‘B’’, and ‘‘C’’ is

essentially the same as the ones for Cu,Na–FER samples

(cf. ref [32]). The adsorption energy of new site ‘‘D’’ is ca.

-82 kJ mol-1. This value is rather close to adsorption

energy of -86 kJ mol-1 found for the site ‘‘B’’, however,

the adsorption entropy obtained for sites ‘‘B’’ and ‘‘D’’ are

rather different: -67 J K-1 mol-1 and -130 J K-1 mol-1

for sites ‘‘B’’ and ‘‘D’’, respectively. Values of adsorption

energy of site ‘‘B’’ and ‘‘D’’ are nearly the same what allow

us to adopt the assumption that the heterogeneous dual site

is some variant of the ‘‘B’’. The assumption is also sup-

ported by the Fig. 5 where is clearly perceptible that the

sum of population of ‘‘B’’ and ‘‘D’’ site obtained on the

Cu,K–FER samples fits well previously obtained popula-

tion of ‘‘B’’ site on the Cu,Na–FER zeolite. The destabi-

lization of heterogeneous dual sites is in the agreement

with obtained larger value of adsorption entropy whose

value reflects well the more rigid and ‘‘less probable’’

structure of such adsorption complex when compared to

CO molecule bonded to one Cu? ion.

Microcalorimetry study

In order to verify results of TPD fitting, the differential heat

of CO adsorption was directly measured by microcalo-

rimeter coupled with volumetric adsorption apparatus.

Calorimetry was measured on the sample Cu,Na–FER-0.31

(red curve in the Fig. 6), which exhibits only usual IR band

at 2155 cm-1, and on sample Cu,K–FER-0.09 (black curve

in the Fig. 6), which contains significant amount of mono-

carbonyl complexes in unusual IR bands at 2138 and

2112 cm-1. Initial heat of CO adsorption on Cu,Na–FER

sample is 105 ± 3 kJ mol-1 and it is constant until ca.

40–45% coverage. Then differential heat of adsorption

decrease to value 88 ± 4 kJ mol-1 and this value remains

constant until coverage about 90%. With approaching of

coverage to monolayer capacity, the differential adsorption

heat start to decrease and this fall continue to values at

about 45 kJ mol-1. These results are in good agreement

with previously published results [32] obtained from TPD.

First region of adsorption is possible to attribute to

adsorption of CO molecule to Cu? ions localized in Al

atom in T3 and T4 position of FER zeolite (DFT binding

energy values M7/T3 = -120 kJ mol-1, P7/T4 and I2/

T4 = -115 kJ mol-1 [38]) whose relative population was

determined to 48%. The second plateau on the adsorption

curve is attributed to adsorption of CO to copper ions

localized to Al atoms on T1 and T2 positions (DFT energy

P6/T1 = -85 kJ mol-1, I2/T2 = -100 kJ mol-1 [38])

with the adsorption energy ca. 85 kJ mol-1 determined

also by TPD experiments. Final stage of the adsorption can

be ascribed to formation of CO complexes with copper ions

on so-called Al pairs and to formation of di-carbonyls.

Contrary to Cu,Na-FER sample, the calorimetric curve of

the Cu,K–FER sample exhibits significant differences. The

differential heat of CO adsorption is fairly constant with

CO loading up to coverage close to monolayer capacity.

This plateau of heat at 83 ± 3 kJ mol-1 is then followed

by decrease to the value ca. 40 kJ mol-1. It must be noted

that the initial heat of the adsorption is somewhat higher

than plateau (92 kJ/mol), but it very quickly decrease; only

Table 2 Result of the TPD fitting procedure—obtained thermodynamics data

TPD site DSads/J K-1 mol-1 DHads/kJ mol-1 EDFT [38]/kJ mol-1 Site details

‘‘A’’ -44 -62 -59 Al pair

‘‘B’’ -70 -84 -76 Adsorption complex on P6/T1 site

‘‘C’’ -80 -121 -122 Adsorption complexes on M7/T3, P7/T4, and I2/T4 sites

‘‘D’’ -130 -82 -76 ± 4 Heterogeneous dual site in Cu-K-FER zeolite
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Fig. 5 Dependence of calculated adsorption site concentration on the

copper loading: open square ‘‘B’’ site in Cu,Na–FER samples, filled
square ‘‘B’’, filled circle ‘‘D’’, and filled triangle ‘‘B’’ ? ’’D’’ sites in

Cu,K–FER samples
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first doses of CO, resulting to coverage 6%, exhibits this

higher value. The observed effect can be explained by the

fact that copper preferentially coordinates to Al atoms in

positions T1 and T2 which was proved by TPD analysis of

Cu,Na–FER samples [32]. This fact causes rapid disap-

pearance of the CO adsorption complexes with adsorption

energy at about 100–120 kJ mol-1 in the case of sample

with small degree of ion exchange. The sample Cu,K–

FER-0.09 contain remarkable amount of heterogeneous

dual sites (ca. 50%) based on the FTIR and TPD results and

therefore the dependence of the differential heat of

adsorption on the coverage degree should contain

remarkable contribution of adsorption heat from these sites.

Nevertheless the relatively constant adsorption heat of the

first stage of calorimetric experiment indicates that the

adsorption to the conventional site and the heterogeneous

dual sites occurs on the sites with similar adsorption energy

what is also in agreement with result of TPD experiments.

The authors can conclude that observed destabilization of

these sites can be ascribed to change of the entropy of

adsorption as it was already suggested by analysis of TPD

experiments.

Conclusions

The authors can summarize results of this study of CO

adsorption on Cu,K–FER zeolite in few subsequent points.

• The IR spectroscopy proved presence of new type

adsorption complexes in the Cu,K–FER samples, called

heterogeneous dual sites, and presence of these sites is

especially remarkable at low degree of Cu? ion

exchange. Measurement of the desorption rate proved

that those sites are destabilized in comparison with

conventional adsorption sites.

• The CO TPD experiments performed on Cu–K–FER

can be described by the four-site adsorption model

based on the reaction kinetics. The low-temperature

peak in TPD was attributed to adsorption complexes

formed on the heterogeneous dual cation sites. Adsorp-

tion energies obtained from the fit of TPD are in good

agreement with the results obtained for Cu–Na–FER

samples previously and with the results of DFT

calculations.

• The CO adsorption energy on the heterogeneous dual

sites in Cu,K–FER zeolite is comparable to adsorption

of CO on the ‘‘B’’ site of Cu,Na–FER zeolite.

Destabilization of these adsorption complexes is caused

by the change the entropy of adsorption when com-

pared to site B of the ‘‘normal’’ adsorption site. The

comparison of population ‘‘B’’ site of Cu,Na–FER

zeolite with the sum of ‘‘B’’ and ‘‘D’’ site in the case of

Cu,K–FER zeolite suggests that the heterogeneous dual

sites are formed as a special form the ‘‘B’’ site.

• The direct microcalorimetric measurement of adsorp-

tion heats provided results consistent with results

obtained from the TPD including the entropic reason

of destabilization of heterogeneous dual sites.

Data presented in this article clearly evidence the use-

fulness of both TPD and calorimetry techniques for char-

acterization of metal-exchanged zeolites. However, it must

be noticed that complete image of adsorbed CO molecule

properties can not be elucidated by using only one of those

techniques but the combination of results of several

methods whose are capable to verify at least a part of

results obtained by other methods is necessary.

Acknowledgements A financial support of the Grant Agency of the

Czech Republic under the project no. 203/09/0143 and Ministry of

Education of Czech Republic under project no. MSM 0021627501

and LC 512 is highly acknowledged.

References

1. Vimont A, Thibault-Starzyk F, Daturi M. Analysing and under-

standing the active site by ir spectroscopy. Chem Soc Rev.

2010;36(12):4541–5072. doi:10.1039/B919543M.

2. Lamberti C, Zecchina A, Groppo E, Bordiga S. Probing the

surfaces of heterogeneous catalysts by in situ IR spectroscopy.

Chem Soc Rev. 2010;39(12):4951–5001. doi:10.1039/C0CS00

117A.

3. Auroux A. Acidity characterization by microcalorimetry and

relationship with reactivity. Top Catal. 1997;4(1–2):71–89.

4. Auroux A. Microcalorimetry methods to study the acidity and

reactivity of zeolites, pillared clays and mesoporous materials.

Top Catal. 2002;19(3–4):205–13.

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75

20

40

60

80

100

120
q di

ff/k
J 

m
ol

–1

Coverage/a.u.

Fig. 6 Differential heat of adsorption of CO at 298 K on the Cu,

K–FER-0.09 (squares) and Cu,Na–FER-0.31 (circles)

Thermodynamics of CO probe molecule adsorption 843

123

http://dx.doi.org/10.1039/B919543M
http://dx.doi.org/10.1039/C0CS00117A
http://dx.doi.org/10.1039/C0CS00117A


5. Tsyganenko AA, Chizhik AM, Chizhik AI. A ftir search for

linkage isomerism of CN—ions adsorbed on oxides and zeolites.

Phys Chem Chem Phys. 2010;12(24):6387–95.

6. Zecchina A, Arena CO. Diatomic molecular probes for Mid-IR

studies of zeolites. Chem Soc Rev. 1996;25(3):187.

7. Xia X, d’Alnoncourt RN, Muhler M. Entropy of adsorption of

carbon monoxide on energetically heterogeneous surfaces.

J Therm Anal Calorim. 2008;91(1):167–72.

8. Salla I, Montanari T, Salagre P, Cesteros Y, Busca G. A reex-

amination of the adsorption of CO and nitriles on alkali-metal

mordenites: characterization of multiple interactions. Phys Chem

Chem Phys. 2005;7(12):2526–32.

9. Bordiga S, Palomino GT, Paze C, Zecchina A. Vibrational spec-

troscopy of H-2, N-2, Co and No adsorbed on H, Li, Na, K-

exchanged Ferrierite. Microporous Mesoporous Mat. 2000;34(1):

67–80.

10. Nachtigallova D, Bludsky O, Arean CO, Bulanek R, Nachtigall P.

The vibrational dynamics of carbon monoxide in a confined space—

CO in zeolites. Phys Chem Chem Phys. 2006;8(42):4849–52.

11. Nachtigall P, Delgado MR, Frolich K, Bulanek R, Palomino GT,

Bauca CL, et al. Periodic density functional and FTIR spectro-

scopic studies on CO adsorption on the zeolite Na-Fer. Micro-

porous Mesoporous Mat. 2007;106(1–3):162–73.

12. Garrone E, Bulanek R, Frolich K, Arean O, Delgado Rg, Palo-

mino T, et al. Single and dual cation sites in zeolites: theoretical

calculations and FTIR spectroscopic studies on CO adsorption on

K-Fer. J Phys Chem B. 2006;110:22542–50.

13. Arean CO, Delgado MR, Frolich K, Bulanek R, Pulido A, Bibi-

loni GF, et al. Computational and fourier transform infrared

spectroscopic studies on carbon monoxide adsorption on the

zeolites Na-ZSM-5 and K-ZSM-5: evidence of dual-cation sites.

J Phys Chem C. 2008;112(12):4658–66.

14. Iwamoto M, Furukawa H, Mine Y, Uemura F, Mikuriya S,

Kagawa S. Copper(II) ion-exchanged ZSM-5 zeolites as highly-

active catalysts for direct and continuous decomposition of

nitrogen monoxide. J Chem Soc, Chem Commun. 1986;1272.

15. Dedecek J, Wichterlova B. Siting and redox behavior of Cu ions

in CuH-ZSM-5 zeolites—Cu? photoluminescence study. J Phys

Chem. 1994;98(22):5721–7.

16. Dedecek J, Sobalik Z, Tvaruzkova Z, Kaucky D, Wichterlova B.

Coordination of cu ions in high-silica zeolite matrices—cu?

photoluminescence, ir of no adsorbed on Cu2?, and Cu2? ESR

study. J Phys Chem. 1995;99(44):16327–37.

17. Iwamoto M, Hoshino Y. Assignment of nonclassical [Cu(Co)

(n)](?) (n=1, 2) complex ions in zeolite cages. Inorg Chem.

1996;35(24):6918–21.

18. Kuroda Y, Yoshikawa Y, Kumashiro R, Nagao M. Analysis of

active sites on copper ion-exchanged ZSM-5 for co adsorption

through ir and adsorption-heat measurements. J Phys Chem B.

1997;101(33):6497–503.

19. Lamberti C, Bordiga S, Zecchina A, Salvalaggio M, Geobaldo F,

Arean CO. XANES, EXAFS and FTIR characterization of cop-

per-exchanged mordenite. J Chem Soc-Faraday Trans. 1998;

94(10):1519–25.

20. Lamberti C, Salvalaggio M, Bordiga S, Geobaldo F, Spoto G,

Zecchina A, et al. Cu-I sites in Cu(I)ZSM-5: a XAFS, IR and

computer graphics study. J Phys IV. 1997;7(C2):905–6.

21. Lamberti C, Palomino GT, Bordiga S, Berlier G, D’Acapito F,

Zecchina A. Structure of homoleptic Cu-I(Co)(3) cations in Cu-I-

exchanged ZSM-5 zeolite: an X-ray absorption study. Angew

Chem-Int Edit. 2000;39(12):2138.

22. Kuroda Y, Maeda H, Yoshikawa Y, Kumashiro R, Nagao M.

Characterization of active sites on copper ion-exchanged

mordenite for dinitrogen adsorption by using co as a probe

molecule. J Phys Chem B. 1997;101(8):1312–6.

23. Kumashiro P, Kuroda Y, Nagao M. New analysis of oxidation

state and coordination environment of copper ion-exchanged in

ZSM-5 zeolite. J Phys Chem B. 1999;103(1):89–96.

24. Bolis V, Maggiorini S, Meda L, D’Acapito F, Palomino GT,

Bordiga S, et al. X-ray photoelectron spectroscopy and X-ray

absorption near edge structure study of copper sites hosted at the

internal surface of ZSM-5 zeolite: a comparison with quantitative

and energetic data on the co and NH3 adsorption. J Chem Phys.

2000;113(20):9248–61.

25. Bolis V, Barbaglia A, Bordiga S, Lamberti C, Zecchina A. Het-

erogeneous nonclassical carbonyls stabilized in Cu(I)- and Ag(I)-

ZSM-5 zeolites: thermodynamic and spectroscopic features.

J Phys Chem B. 2004;108(28):9970–83.

26. Gervasini A, Picciau C, Auroux A. Characterization of copper-

exchanged ZSM-5 and ETS-10 catalysts with low and high

degrees of exchange. Microporous Mesoporous Mat. 2000;35–6:

457–69.

27. Dondur V, Rakic V, Damjanovic L, Auroux A. Comparative

study of the active sites in zeolites by different probe molecules.

J Serb Chem Soc. 2005;70(3):457–74.

28. Nachtigall P, Pulido A, Frolich K, Bulanek R. Evidence of het-

erogeneous dual cation sites in zeolites by combined IR and DFT

investigation. Stud Surf Sci Catal. 2008;174B:1005–8.

29. Pouzar M, Cernohorsky T, Bulanek R, Krejcova A. Determina-

tion of copper in zeolites by wavelenth-disperse X-ray spec-

trometry. Chem Listy. 2000;94(3):197–201.

30. Kanervo JM, Reinikainen KM, Krause AOI. Kinetic analysis of

temperature-programmed desorption. Appl Catal A-Gen. 2004;

258(2):135–44.

31. Bulanek R, Cicmanec P, Knotek P, Nachtigallova D, Nachtigall

P. Localization of Cu? sites and framework al positions in high-

silica zeolites: combined experimental and theoretical study.

PCCP Phys Chem Chem Phys. 2004;6(9):2003–7.

32. Nachtigall P, Bludsky O, Nachtigallova D, Cicmanec P, Drobna

H, Bulanek R. Characterization of Cu? sites in fer: combined

computational and experimental TPD study. Molecular sieves:

from basic research to industrial applications, pts a and b. Studies

in surface science and catalysis. Amsterdam: Elsevier Science

Bv; 2005. p. 925–32.

33. Bludsky O, Nachtigall P, Cicmamec P, Knotek P, Bulanek R.

Characterization of the Cu? sites in MFI zeolites: combined

computational and experimental study. Catal Today. 2005;

100(3–4):385–9.

34. Bludsky O, Silhan M, Nachtigallova D, Nachtigall P. Calcula-

tions of site-specific co stretching frequencies for copper car-

bonyls with the ‘‘Near spectroscopic accuracy’’: Co interaction

with Cu?/MFI. J Physic Chem A. 2003;107(48):10381–8.

35. Davidova M, Nachtigallova D, Bulanek R, Nachtigall P. Char-

acterization of the Cu? sites in high-silica zeolites interacting

with the Co molecule: combined computational and experimental

study. J Physic Chem B. 2003;107(10):2327–32.

36. Bulanek R. Investigation of ir vibrational band of C–O bond of

carbonyl species in Cu?-MFI zeolites. Phys Chem Chem Phys.

2004;6(16):4208–14.

37. Bulanek R, Nachtigall P, Cicmanec P. Combined tpd and theo-

retical investigation of co desorption from Cu-K-Fer zeolite. Stud

Surf Sci Catal. 2008;174B:893–6.

38. Bulanek R, Drobna H, Nachtigall P, Rubes M, Bludsky O. On the

site-specificity of polycarbonyl complexes in Cu/zeolites: com-

bined experimental and DFT study. Phys Chem Chem Phys.

2006;8:5535–42.
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