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4.2 Single component adsorption experiments: Paper A
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4.3 Multicomponent adsorption experiments: Papers A and B
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4.3.2 Comparison between experimentally determined loadings and
values predicted by the Ideal Adsorbed Solution Theory
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4.3.3 Adsorption selectivity
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ABSTRACT  

Biogas and natural gas are interesting fuels with high H/C ratio. However, these gases 

frequently contain carbon dioxide and water which lowers the heat value of the gas and may 

induce corrosion. Therefore, the development of more efficient processes, such as membrane 

processes and improved adsorbents, for the separation of carbon dioxide and water from 

biogas and natural gas is of great importance. Zeolite ZSM-5 membranes are promising for 

this separation which is controlled by the adsorption and diffusion of the different species in 

the zeolite. Multicomponent adsorption data is therefore required for development of new 

membrane and adsorption processes. In the present work, the adsorption of water, carbon 

dioxide and methane in a Na-ZSM-5 zeolite film at various temperatures was studied by in-

situ ATR-FTIR spectroscopy for the first time. Adsorption isotherms were retrieved from the 

experimental data and the Langmuir model fitted the isotherms very well. Limiting heat of 

adsorption was determined from the Henry´s law regime and the values determined agreed 

well with previously reported data. A few experiments were conducted with multicomponent 

mixtures and the experimentally determined amounts adsorbed were compared with values 

predicted by the Ideal Adsorbed Solution Theory (IAST). It was found that for the binary 

mixture of carbon dioxide and methane there was good agreement between the experimental 

values and those predicted by the IAST. However, when water was also introduced, the IAST 

could not fully capture the adsorption behavior of the multicomponent mixture, probably 

because the adsorbed phase is not ideal. These findings are in line with previous reports for 

adsorption in zeolites. The multicomponent adsorption behavior of this system will be further 

investigated in forthcoming work.  

Keywords: FTIR-ATR, Langmuir isotherm, ideal adsorbed solution theory, carbon dioxide, 

methane



INTRODUCTION 

To lower the consumption of traditional fuels derived from oil, such as gasoline and diesel, 

biogas and natural gas are interesting alternatives. Biogas is a renewable resource which is 

produced by anaerobic degradation of biomass, resulting in a mixture of carbon dioxide and 

methane (usually 60-70%).1, 2 In natural gas, methane is the main component (usually 80-

90%) along with contaminants such as water and carbon dioxide.3, 4  

There are two main reasons for the removal of carbon dioxide and water from bio- and 

natural gas. First of all, from an economical aspect, there is a desire to lower the cost for the 

transportation of undesired gases. Secondly, the heat value of the gas decreases in the 

presence of inert species and to increase the heat value of biogas and natural gas, removal of 

carbon dioxide and water is desired. Adsorption or membrane based processes have been 

proposed as interesting alternatives for this separation. Among the different adsorbent or 

membrane materials available, zeolites have received much attention in the scientific 

literature due to its great potential.5-8 

A zeolite is a microporous, crystalline solid with a well-defined structure of which the 

framework is based on silicon, aluminum and oxygen.9 The material is unique due to its 

uniform micro pores which give the zeolites the characteristics of separating molecules based 

on their sizes10, shape and polarity.9  

Silicalite-1 and ZSM-5 are two forms of the zeolite type MFI where silicalite-1 is a pure 

silica analogue of ZSM-5. Silicalite-1 does not contain any aluminum, it lacks 

counterbalancing cations and thus ion-exchange capabilities and it is classified as a molecular 

sieve rather than a zeolite. The lack of aluminum in silicalite-1 also makes it more 

hydrophobic compared to ZSM-5.11 

During the last ten years, there has been a significant amount of research focusing on the 

usage of zeolites for carbon dioxide and methane separation by e.g. membrane and adsorption 



technologies.12-15 Recently, our group has demonstrated very effective separation of CO2 from 

synthesis gas using MFI membranes.16 Adsorption of carbon dioxide and methane in MFI 

zeolites is fairly well studied whereas adsorption of water has been less investigated. 

Choudhary et al.17 studied single gas adsorption of carbon dioxide and methane on silicalite-1 

at 32 and 80 °C using gravimetry. The results showed that the Langmuir isotherm model fits 

the experimental data for carbon dioxide and the Dubinin-Polanyi equation fits for methane at 

32 °C. At 80 °C, the Freundlich equation fits the experimental data for both of the analyzed 

gases. An isosteric heat of adsorption of 20 kJ/mol was reported for carbon dioxide and 27.5 

kJ/mol for methane. Sun et al.18 also used gravimetry to study single gas adsorption of carbon 

dioxide and methane in silicalite-1. The adsorption isotherms for both gases were of Type 1 in 

the Brunauer classification and the Virial equation was fitted to the isotherm data. The 

isosteric heats of adsorption for carbon dioxide and methane were reported to be 

approximately 28 kJ/mol and 20 kJ/mol, respectively. Dunne et al.19, 20 studied single gas 

adsorption of carbon dioxide and methane in silicalite-1, H-ZSM-5 (Si/Al = 30) and Na-ZSM-

5 (Si/Al = 30) using gravimetry. The isosteric heat of adsorption of carbon dioxide was 27.2 

kJ/mol in silicalite-1, 38 kJ/mol in H-ZSM-5 and 50 kJ/mol in Na-ZSM-5, which shows an 

increase in the isosteric heat of adsorption with increasing aluminum content and a rater 

strong dependency on the type of counter ion. The choice of counter ion also affects the 

isosteric heat of adsorption for methane, which was reported to 21 kJ/mol in silicalite-1 and 

27.3 kJ/mol in Na-ZSM-5 showing a slight increase with increasing aluminum content.  

Olson et al.21 used thermogravimetry to study single gas adsorption of water in H-ZSM-5 

materials of various Si/Al ratios. The adsorption isotherms were of Freundlich type for H-

ZSM-5 materials having a low Si/Al ratio and of Type 6 (according to the Brunauer 

classification) character for high Si/Al ratios. An isosteric heat of adsorption of water of 113 

kJ/mol was reported for a Si/Al ratio of 38 and 75 kJ/mol for a Si/Al ratio of 250 showing that 



the isosteric heat of adsorption is increasing with increasing aluminum content as may be 

expected. Bolis et al.22 studied single gas adsorption of water in silicalite-1 and H-ZSM-5 

using microcalorimetry. The isosteric heat of adsorption was reported to be in the range of 61-

68 kJ/mol for silicalite-1 and in the 69-84 kJ/mol region for H-ZSM-5 (Si/Al = 3.8) showing a 

slightly higher value for the aluminum containing material. Our group has also studied 

adsorption of water and hydrocarbons in silicalite-1 films using spectroscopic ellipsometry.23  

García-Pérez et al.13 investigated the adsorption properties of carbon dioxide and methane 

in different all silica zeolites for both single and binary mixtures using molecular simulations. 

At the conditions studied, the adsorption of carbon dioxide was always favored but to what 

extent was highly dependent on zeolite structure and bulk gas consumption. Harlick et al.14 

studied the adsorption of carbon dioxide and methane in high silica H-ZSM-5 and used the 

IAST to predict the adsorbed loadings from binary mixtures. It was concluded that the IAST 

cannot fully predict the binary adsorption behavior. However, from the models tested, it gave 

the best fit to the experimental data. Krishna and van Baten6 used Grand Canonical Monte 

Carlo and molecular dynamics simulations when studying the adsorption behavior of carbon 

dioxide and methane in MFI. The IAST was used to predict loadings in the mixture. It was 

reported that the IAST fitted the simulated data very well. Bao et al.15 compared the 

adsorption of carbon dioxide and methane in ZSM-5 and silicalite-1 by volumetric 

measurements showing that ZSM-5 has a higher affinity for carbon dioxide than methane. 

Our group has previously shown that even small differences in the Si/Al ratio in MFI 

membranes affect the separation performance for hydrocarbon isomers.24  

Although some data may be found in literature, experimental data on multicomponent 

adsorption in zeolites still remain scarce. Our group has developed a method based on ATR-

FTIR spectroscopy for studies of adsorption in zeolites and reported single component 



adsorption of n-hexane and p-xylene in silicalite-1 films.25, 26 However, the method allows 

adsorbed concentrations from multicomponent mixtures to be retrieved from infrared spectra.  

In this work, we use the ATR-FTIR technique to study the adsorption of water, carbon 

dioxide and methane in a low alumina Na-ZSM-5 zeolite film. From the single component 

data we used the IAST to predict the amount adsorbed from a multicomponent mixture and 

the predicted values are compared to experimental data on multicomponent adsorption.  



EXPERIMENTAL  

Synthesis 

A zeolite ZSM-5 (Si/Al =130) film was prepared on a trapezoidal ZnS crystal (50x20x2 

mm, 45º cut edges, Spectral systems) using a seeding method. This particular Si/Al ratio was 

chosen as it is the typical composition of the zeolite membranes produced by our group.27, 28 

Details of the film preparation procedure have been given elsewhere11 and only a short 

summary of the procedure is given here. Prior to synthesis, all glass and plastic ware were 

rinsed in a 4% HF aqueous solution. The ZnS crystal was cleaned by immersing it in acetone 

(VWR, 99.9%), ethanol (VWR, 99%) and distilled water while sonicating for 10 min in each 

solution. After cleaning, the ZnS crystal was treated with an aqueous solution of cationic 

polymer to render the surface positively charged. Thereafter, the crystal was immersed in a 

suspension of 50 nm silicalite-1 crystals, for about 5 minutes and then rinsed in 0.1 M 

ammonia solution, which resulted in a monolayer of silicalite-1 seed crystals on the ZnS 

crystal surface. Subsequently, the ZnS crystal was kept for 48h in a synthesis solution with a 

molar composition of 3TPAOH:0.1Al2O3:0.4NaO2:25SiO2:1534H2O:100EtOH. Note that the 

Si/Al ratio in the synthesis mixture is 125, which results in a Si/Al ratio of 130 in the film, as 

will be shown below. The synthesis solution was heated under reflux in an oil bath kept at 100 

°C to grow the seed crystals to a continuous zeolite film. After synthesis, the sample was 

cooled to room temperature and rinsed with a 0.1 M ammonia solution. The sample was 

subsequently rinsed with distilled water and dried at 50 ºC over night. Thereafter, the film was 

calcined at 500ºC for 4 hours with a heating and cooling rate of 0.8 ºC/min to remove the 

template molecules from the pore system of the zeolite. 11, 29 

 



Instrumentation 

Scanning electron microscopy (SEM) images was recorded using a FEI Magellan 400 field 

emission extremely high resolution (XHR) microscope and X-ray diffraction data was 

recorded on a Siemens D5000 X-ray diffractometer (XRD) running in Bragg-Brentano 

geometry. For determining the molar absorptivities of species adsorbed in zeolite a dedicated 

instrument for combined analysis by gravimetry and infrared spectroscopy (AGIR) was 

used.30 The infrared spectra from the AGIR measurements were recorded on a Nicolet 6700 

spectrometer equipped with a mercury, cadmium and tellurium (MCT) detector by co-adding 

64 scans at a resolution of 4 cm-1 and the mass of the zeolite wafer was recorded 

simultaneously by a SETSYS-B microbalance from SETARAM. For the in-situ ATR-FTIR 

measurements, infrared spectra were recorded on a Bruker IFS 66v/S FTIR spectrometer 

equipped with a deuterated triglycine sulphate (DTGS) detector by co-adding 256 scans at a 

resolution of 4 cm-1.  

Determination of molar absorptivity for adsorbates in zeolite 

Molar absorptivities of species adsorbed in the zeolite were determined using the AGIR 

setup. In this setup, a microbalance has been adapted to an infrared reactor cell facilitating 

simultaneous measurements of weight and infrared spectra from solid samples under gas 

flows and at temperatures up to 500 °C. The setup and procedure for retrieving the molar 

absorptivities have been described in detail elsewhere.30 A sample of commercial zeolite 

powder (ZSM-5, Si/Al =115, Eka Chemicals) was pressed to a self-supported wafer with a 

weight of 25 mg and an area of 2 cm2. Prior to measurements, the zeolite was dried at 400 ºC 

under a flow of argon (AIR LIQUIDE, 99.998 %) of 25 ml/min. During the adsorption 

measurements, infrared spectra and mass were recorded continuously until the system reached 

equilibrium and no changes could be observed. The molar absorbance coefficient,  



(cm/μmol), was determined using Beer-Lamberts law, which gives the relationship between 

the absorbance of a particular band and the amount of corresponding molecules31 according to 

 (1)

where A (cm-1) is the integrated absorbance, n (μmol) is the amount of molecules adsorbed 

in the wafer, s (cm2) is the surface area of the wafer, do (cm) is the optical path in the wafer 

and dg (cm) is the geometric thickness of the wafer. Since the optical path and the geometrical 

thickness are most likely not identical and since the optical path is almost impossible to 

determine32, the sample was assumed to act as an isotropic scatter which means that the 

optical path is twice that of the geometrical thickness.  

Adsorption experiments 

The ATR crystal was mounted in a steel flow cell connected to a gas delivery system, the 

system and the ATR cell has been described in detail elsewhere.33 Prior to measurements, the 

zeolite film was dried over night by heating the cell to 300 ºC using a heating and cooling rate 

of 0.9 ºC/min while flowing helium (AGA, 99.999 %) through the cell to remove any 

adsorbed species from the zeolite pores. After drying, the ATR cell was mounted into the 

spectrometer equipped with a Specac vertical ATR attachment with a 45º angle of incidence, 

without disconnecting the helium flow to the cell. After mounting the cell, a background 

spectrum of the dried film under a flow of helium was recorded. The adsorption 

measurements of water (distilled water), carbon dioxide (AGA, 99.995 %) and methane 

(AGA, 99.9995 %) were performed by stepswise increasing the partial pressure of the 

adsorbate in the helium carrier gas with a total pressure of 1 atmosphere. At each partial 

pressure, infrared spectra were recorded continuously until the system reached equilibrium.  

 



Theory 

Concentration of the adsorbate 

The procedure for calculations of the concentrations of the adsorbate has previously been 

described by Tompkins34 and Mirabella35 and more specifically for adsorption in zeolite films 

by our group 25. The amount of absorption per reflection is given by the following equation  

 (2)

where A is the integrated absorbance, N is the number of reflections (20 in our case) inside 

the gasket sealing the cell,  is the ratio of the refractive indices of the denser (ATR 

element) and the rarer (zeolite film) medium. The refractive index of the ZnS crystal is 2.25.36 

Nair and Tsapatsis37 have reported the refractive index of empty zeolite films in the infrared 

region and to account for changes in the refractive index with loading, a linear model25 was 

used with refractive indices38 of water, carbon dioxide and methane of 1.33, 1.35 and 1.3, 

respectively. Furthermore, E0 is the amplitude of the electric field at the ATR element/zeolite 

film interface,  is determined by equation 1 (note that according to Harrick39, the molar 

absorbance coefficient determined in a transmission experiment, , is related to the molar 

absorbance coefficient in an ATR experiment, , via ),  is the angle of 

incidence (45º), C(z) is the concentration of the adsorbate in the zeolite and dp is the 

penetration depth. After integration over the zeolite film (it will be shown later that the 

contribution from the gas phase is negligible) the following equation is obtained 

 (3)

where da is the thickness of the zeolite film. The penetration depth, dp, is given by 

 (4)



where 1 is the wavelength of the infrared radiation inside the ATR crystal. The “effective 

thickness”, de, of the electric field is defined as 

 (5)

The effective thickness is dependent on the polarization direction of the infrared radiation 

and was estimated by 

 (6)

where  and  are the intensity of the radiation without sample for parallel and 

perpendicular polarized radiation respectively. In this work, the contribution from parallel and 

perpendicular polarized radiation was 55% and 45%, respectively. Further  is the effective 

thickness for parallel polarization and is determined by 

 (7)

ed  is the effective thickness for perpendicular polarization and is determined according to 

 (8)

By using the molar absorption coefficient determined from the AGIR measurements and by 

combining equations 3-8, the concentration of adsorbed species in the zeolite may be 

calculated.  

Adsorption isotherms 

Adsorption isotherms were retrieved from the spectral data by integrating the characteristic 

bands of the adsorbed species. For water, the bending vibration at ca. 1620 cm-1 was 

integrated, for carbon dioxide, the asymmetric stretching vibration at ca. 2350-2339 cm-1 was 

integrated, whereas for methane, the C-H stretching vibration at ca. 3015-3003 cm-1 was 

integrated. The calculated areas were subsequently converted to concentrations of the 



adsorbate in the zeolite film using equation 3-8. The single and dual site Langmuir isotherm 

models were used for describing the adsorption data 

 (9)

 (10)

where q1 and q2 are the saturation concentrations of the sites (mmol/g), b is the Langmuir 

adsorption coefficient (Pa-1) and P is the partial pressure (Pa) of the adsorbate in the gas 

phase. The subscribed numbers represents the adsorption sites. The heat of adsorption, H, 

were determined using the van´t Hoff equation 

 (11)

where R is the gas constant, T is the temperature and S is the entropy change upon 

adsorption.  

Ideal adsorbed solution theory (IAST) 

Myers and Prausnitz40 proposed that the IAST, based on Gibbs adsorption isotherm, 

provides a link between single-component and multi-component adsorption. The IAST is 

similar to Raoult´s law in vapor-liquid equilibrium according to  

 (12)

where 0
iP  is the pure component hypothetical pressure which yields the same spreading 

pressure as that of the mixture, i  is the spreading pressure of component i in the adsorbed 

phase and ix  is the adsorbed molar fraction. The reduced spreading pressures, at the 

equilibrium, must be the same for each component and the mixture  

 (13)



 (14)

where  is the pure component equilibrium capacity. By assuming ideal mixing at 

constant T and , the total amount adsorbed is  

 (15)

with the constraint 

 (16)

In the present work, the IAST has been used to predict the adsorbed amounts from 

multicomponent mixtures using the determined single component isotherm parameters as 

input.  

 

 

 



RESULTS AND DISCUSSION 

Film characterization 

Representative SEM images of a zeolite coated ATR crystal are shown in Figure 1. The 

film is polycrystalline and continuous with a thickness of about 550 nm as shown in a). Since 

the film is polycrystalline, grain boundaries are off course observed between all grains, but no 

defects such as cracks or pinholes are observed as shown in b). The top surface of the film is 

very clean and no sediments of crystals formed in the bulk of the synthesis mixture during 

film growth were detected by SEM. The zeolite coated ATR crystal was also analyzed by 

XRD to verify the phase of the zeolite film and the pattern is shown in Figure 2. The peaks 

marked with * emanate from the MFI zeolite film and peaks marked with ° emanates from the 

ZnS crystal. The vertical lines represent the pattern 42-24, recorded for calcined randomly 

oriented ZSM-5 crystals from the ICDD database. The excellent agreement between the 

observed peaks and the database pattern shows that the film is comprised of ZSM-5 crystals. 

Inductively coupled plasma mass spectroscopy (ICP-MS) measurements of the film showed 

that the Si/Al ratio of the crystals in the film is 130 and a Na/Al ratio of 1.  

Adsorption experiments 

The molar absorbance coefficient for the adsorbates in the zeolite pores, , was determined 

from the AGIR measurements by using the Beer-Lamberts law (equation 1) to 0.645 cm/μmol 

for water, 16.3 cm/μmol for carbon dioxide and 0.850 cm/μmol for methane.  

Water 

Figure 3 shows typical infrared spectra of water adsorbed in the ZSM-5 film at 35 ºC at 

partial pressures in the range 0.002 to 2.105 kPa, the partial pressure in each experiment is 

indicated in the Figure. Two main bands originating from adsorbed water appears in the 

spectra. The broad band in the 2800-3700 cm-1 region is assigned to the O-H stretching 

vibration of adsorbed water whereas the band at ca. 1622 cm-1 is assigned to the bending 



vibration of adsorbed water.41 As can be expected, the spectral features assigned to water 

adsorbed in zeolite film increase with increasing partial pressure in the gas. The bands are 

typical for water in a condensed state, without any signs of gas phase rotational transitions. As 

the partial pressure of water is increased, there seem to be different overlapping bands in the 

O-H stretching region positioned at ca. 3650, 3390 and 3230 cm-1. The band at 1622 cm-1 is 

observed at lower wavenumbers than for bulk water (ca. 1650 cm-1) indicating that the oxygen 

in the water molecule is directly bound to the zeolite structure. At higher partial pressures, a 

shoulder appears at ca. 1640 cm-1 i.e. closer to the wavenumber of bulk water. Most likely the 

two features correspond to isolated water molecules and clusters of adsorbed water molecules 

at higher partial pressures as previous shown in molecular simulations.42-45 At the same time, 

a negative band appears at ca. 3730 cm-1 in all spectra, this band has previously been assigned 

to the O-H stretching vibration of silanol groups.42 As water adsorbs on the silanol group, this 

band shifts to lower wavenumbers leading to a negative band at the wavenumber of the 

unperturbed silanol group. Infrared spectra of water adsorbed in ZSM-5 and FAU have been 

reported in the literature.42, 46 Jentys et al.42 analyzed water adsorption in Na-ZSM-5 with 

Si/Al=36 using transmission infrared measurements and reported several bands (2-4 

depending on loading) in the 3200-3700 cm-1 region as well as a band at 1631 cm-1 in their 

infrared spectra in accordance with the findings in the present work. Rege and Yang46 

analyzed water adsorption in 13X zeolite at 22 °C also using transmission infrared 

spectroscopy. Their sample is more hydrophilic than our sample and bands were reported in 

the 2900-3500 cm-1 region and one band at 1644 cm-1. The band at 1644 cm-1 is of similar 

wavenumber as for regular water indicating clusters of adsorbed water molecules. Compared 

to the literature it can be seen that the band assigned to the water bending vibration, which we 

observe at 1622 cm-1, appears at a lower wavelength compared to previous reports. There are 

also some minor dissimilarities in the O-H stretching region between our spectra and those 



previously reported, which is ascribed to the low aluminum content in our sample. The 

relatively high aluminum content in the samples previously reported give rise to clear bands 

associated with adsorption on the O-H stretching bands associated with the aluminum. Due to 

the low aluminum content (and the stoichiometric amounts of sodium) in our sample, we do 

not observe these bands. The spectra of adsorbed water recorded at 50, 85 and 120 ºC were 

very similar in appearance as the ones shown in Figure 3 but with lower intensity as expected 

from the reduced adsorption at higher temperatures.  

Adsorption isotherms were retrieved from the recorded infrared spectra by calculating the 

loading using equations 3-8. The adsorption isotherms (points) are presented in Figure 4 

together with the dual site Langmuir model (curves) fitted to the data. As can be seen, the 

Langmuir model fits the experimental data very well. For the three lower temperatures (35, 50 

and 85 °C), the isotherms show a steep increase in loading at low partial pressures, 

corresponding to adsorption on high energy sites. At higher partial pressures, the slopes of the 

isotherms level off, but saturation is not reached at any temperature at the conditions studied 

in the present work. The fitted dual site Langmuir model parameters i.e. the saturation 

concentration (qsat) and Langmuir adsorption coefficient (b) are reported in Table 1. 

According to the literature21, 44, 47, 48, the saturation concentration of water in MFI varies 

significantly, and concentrations in the range 0.8 and 31 mmol/g have been reported, probably 

reflecting the different Si/Al ratios and the amount of defects (i.e. silanol groups) in the 

zeolites studied.21, 22, 48 However, most values are reported in the lower part of the interval 

(0.8-4.8 mmol/g) and the total saturation concentration (q1+q2) determined in the present work 

of 5.84 mmol/g thus agrees well with literature data. The heat of adsorption of water, H, was 

determined to -71.8 kJ/mol for the first site and -57.5 kJ/mol for the second site using the 

van´t Hoff equation (11). Table 2 shows an overview of the values determined in the present 

work together with values previously reported in the literature. Olson et al.21 used 



thermogravimetry and reported an isosteric heat of adsorption for water in H-ZSM-5 zeolite 

with Si/Al ratios of 38 and 250 to -113 kJ/mol and -75 kJ/mol, respectively. Bolis et al.22 used 

microcalorimetry and reported values of the heat of adsorption in the range -69 to -84 kJ/mol 

for H-ZSM-5 zeolite with a Si/Al ratio of 3.8 and in the -61 to -68 kJ/mol range for silicalite-

1. The Na-ZSM-5 film used in the present work had a Si/Al ratio of 130 and thus the heat of 

adsorption determined in the present work of -71.8 and -57.5 kJ/mol is in good agreement 

with previous findings for MFI zeolite with low aluminum content.  

Carbon dioxide 

Figure 5 shows infrared spectra of carbon dioxide adsorbed in Na-ZSM-5 at 35 ºC at partial 

pressures in the range 0.5 to 101.3 kPa, the partial pressures in each experiment is indicated in 

the Figure. The most prominent band in the spectra is found at 2338 cm-1. This band is 

assigned to the asymmetric stretching vibration of physisorbed carbon dioxide.46 At lower 

partial pressures, up to 2 kPa, two bands can be observed in the spectra at 2350 and 2338 cm-

1, indicating that the carbon dioxide molecules are less restricted at these loadings. At higher 

pressures, only one band at 2338 cm-1 is observed, indicating that the molecules becomes 

more restricted as more carbon dioxide adsorbs in the zeolite. To rule out that the double peak 

originates from the gas phase outside the film, an experiment was conducted at the same 

conditions albeit using an uncoated ATR crystal instead. No signal from carbon dioxide (see 

Figure 1 in supporting information) was detected when the uncoated ATR crystal was used; 

which shows that the two bands at 2350 and 2338 cm-1 originate from carbon dioxide in the 

film. Wirawan and Creaser49 used in-situ DRIFT spectroscopy to investigate the adsorption of 

carbon dioxide in silicalite-1, H-ZSM-5, Na-ZSM-5 and Ba-ZSM-5 where all ZSM-5 samples 

had a Si/Al ratio of 27. A band at 2354 cm-1 was reported for the Na-ZSM-5 sample and 

assigned to physisorbed carbon dioxide. Several bands in the wavenumber range of 1200-

1800 cm-1 was also reported, indicating the presence of carbonates and bicarbonate. Rege and 



Yang46 analyzed carbon dioxide adsorption on 13X zeolite at 22 °C using transmission 

infrared spectroscopy and reported one band at 2359 cm-1. Several bands in the 1200-1700 

cm-1 region was reported, indicating chemisorbed carbon dioxide either on the cations or in 

the form of carbonate or bicarbonate ions. Compared to the literature, it can be seen that the 

band assigned to physisorbed carbon dioxide at 2338 cm-1 in the present work appears at a 

lower wavelength than in the previous studies, however no bands were observed in the 1200-

1700 cm-1 region, indicating that no formation of carbonate species occurred in our study. The 

spectra of adsorbed carbon dioxide at 50, 85 and 120 ºC were very similar but weaker as 

expected from the reduced adsorption at higher temperatures. 

Again, adsorption isotherms were retrieved from the recorded infrared spectra and the 

loading was determined using equations 3-8. The adsorption isotherms obtained are presented 

as points in Figure 6 together with the dual site Langmuir model fitted to the experimental 

data as curves. First of all, it may be noted that saturation loading was not reached at the 

conditions studied and the dual site Langmuir model fit the experimental data very well, as for 

water. The fitted dual site Langmuir model parameters are reported in Table 1. The saturation 

loading obtained in the present work amounts to 2.82 mmol/g. As revealed from literature18-20, 

49-53, the saturation concentration in MFI type zeolites is scattering, ranging between 1.2 and 5 

mmol/g. Hence, the value obtained in the present work is in good agreement with previous 

reports. A closer inspection of the Langmuir adsorption coefficient and saturation loadings 

obtained for the two sites reveals that the carbon dioxide has a higher affinity for site 2 and 

that the saturation loading of this site is rather small (0.04 mmol/g). Therefore, adsorption of 

carbon dioxide on this site corresponds to adsorption on a few high-energy sites, possibly 

related to defects in the form of silanol groups and/or to sites containing sodium ions. The 

heat of adsorption for carbon dioxide, H, was determined to -37.5 kJ/mol for site 1 and -54.0 

kJ/mol for site 2 using the van´t Hoff equation (11). The values determined in the present 



work are presented in Table 2 together with values previously reported in the literature. 

Wirawan and Creaser49 reported similar values for adsorption of carbon dioxide in Na-ZSM-5 

(Si/Al = 27), viz. -30.5 kJ/mol for site 1 and -61 kJ/mol for site 2, when using a step change 

response method. For adsorption of carbon dioxide in silicalite-1, Choudhary et al.17 used 

gravimetry and obtained an isosteric heat of adsorption of -20 kJ/mol, Sun et al.18 used 

gravimetry and reported an isosteric heat of adsorption of -28 kJ/mol whereas Dunne et al.19 

used calorimetry and obtained a heat of adsorption of -27 kJ/mol. For adsorption of carbon 

dioxide in Na-ZSM-5 zeolite, Si/Al = 30, Dunne et al.20, again using calorimetry reported an 

isosteric heat of adsorption of -50 kJ/mol. The results obtained in the present work, with a 

sample having Si/Al = 130, of -37.5 kJ/mol and -54.0 kJ/mol, thus lie within the range of 

previously reported data for the heat of adsorption of carbon dioxide in MFI zeolite.  

Methane 

Figure 7 shows infrared spectra of methane adsorbed in Na-ZSM-5 at 35ºC at partial 

pressures in the range 33.8 to 101.3 kPa, the partial pressures in each experiment is indicated 

in the Figure. Bands in the 3000-3020 cm-1 region are assigned to the C-H stretching vibration 

of the adsorbed methane54, 55, where two bands can be observed at 3015 and 3002 cm-1. The 

spectra of adsorbed methane at 50, 85 and 120 ºC were similar in appearance but weaker as 

expected from the reduced adsorption at higher temperatures. 

The adsorption isotherms determined from the infrared spectra (points) are presented in 

Figure 8 together with the single site Langmuir model fitted to the experimental data (curves) 

and the fitted parameters are reported in Table 1. The loadings determined are quite low 

compared to those obtained for water and carbon dioxide showing that methane is much 

weaker adsorbed in the zeolite. The saturation capacity obtained in the present work of 2 

mmol/g is in agreement with values reported in the literature which lie in the range of 1.9-5.4 

mmol/g.18-20, 50-53 The heat of adsorption was determined to -25.2 kJ/mol, which is reported in 



Table 2 together with values previously reported in the literature. For adsorption of methane 

in silicalite-1, Choudhary et al.17 used gravimetry and found an isosteric heat of adsorption of 

-27.5 kJ/mol, Sun et al.18 used gravimetry and reported an isosteric heat of adsorption of -20 

kJ/mol whereas Dunne et al.19 report a heat of adsorption of -21 kJ/mol from calorimetry 

measurements. For adsorption of methane in Na-ZSM-5 zeolite, Si/Al = 30, Dunne et al.20 

used calorimetry and obtained an isosteric heat of adsorption of -27.3 kJ/mol. The heat of 

adsorption obtained in the present work, is thus in good agreement with previous findings.  

By comparing the results (saturation loadings, Langmuir adsorption coefficients and heat of 

adsorption) obtained for the different species, it may be concluded that water shows the 

greatest affinity for this zeolite followed by carbon dioxide, while methane shows the lowest 

affinity for the zeolite. The results presented above also clearly shows that reliable single 

component quantitative adsorption data can be extracted from infrared spectra of the adsorbed 

species. A natural step is then to utilize the ability of infrared spectroscopy to discriminate 

between different species based on their spectral features for studying adsorption from binary 

and ternary mixtures.  

Adsorption of carbon dioxide and methane from an equimolar mixture 

Based on the results from the single component adsorption data it would be expected that 

carbon dioxide would be preferentially adsorbed in the zeolite from a carbon dioxide/methane 

mixture. Figure 9a shows an infrared spectrum of carbon dioxide and methane simultaneously 

adsorbed in Na-ZSM-5 at 35ºC. The partial pressures of carbon dioxide and methane were 

50.7 kPa, respectively. The characteristic band of physisorbed carbon dioxide appears at 2338 

cm-1 and so do the characteristic bands of adsorbed methane at 3015 and 3003 cm-1. The 

amount of carbon dioxide and methane adsorbed were again determined from the spectra 

(under the reasonable assumption that the molar absorptivity of one component is unaffected 

by the presence of the other species) and the results obtained were compared to concentrations 



predicted by the IAST, see Figure 10 (without water). There is an excellent agreement 

between the experimental values and those predicted by the IAST. This is in accordance with 

previous results for this system showing that the binary adsorption of carbon dioxide and 

methane on MFI can be accurately predicted with the IAST.14, 56, 57  

Adsorption of carbon dioxide and methane in the presence of water 

To elucidate the effect of water on the adsorption of carbon dioxide and methane in Na-

ZSM-5 at 35 °C, an experiment similar to that for the binary mixture was performed but with 

water also present in the gas phase. The composition of the gas phase was: 50.1 kPa of carbon 

dioxide, 50.1 kPa of methane and 1.1 kPa of water. Figure 9b shows an infrared spectrum 

recorded of the ternary mixture adsorbed in the zeolite film. Characteristic absorption bands 

from all species are observed in the spectrum and the bands remain in the same positions as in 

the single component spectra. The band at 2338 cm-1, assigned to physisorbed carbon dioxide, 

is slightly narrower in the presence of water, which might suggest that there is an interaction 

between carbon dioxide and water. The bands assigned to carbon dioxide and methane are 

less intense compared to the bands recorded for the binary mixture suggesting that carbon 

dioxide and methane are partially replaced by competitive water adsorption as could be 

expected from the single component data. When adding water to the mixture, the adsorbed 

concentration of carbon dioxide decreased with 17.5% (while the decrease in partial pressure 

was only 1.1%) whereas for methane, the adsorbed concentration decreased with 97.1%. The 

decrease in adsorbed concentration of carbon dioxide and methane in the presence of water 

has previously been reported in the literature.58 For the ternary mixture, the IAST correctly 

predicts the amount of methane adsorbed but it severely underestimates the amount of carbon 

dioxide adsorbed. This enhanced adsorption of carbon dioxide in zeolites in the presence of 

water (with respect to the value predicted by the IAST) has previously been reported for 

zeolites and constitutes a non-ideal adsorption behavior.46 Moreover, in a recent report Bai et 



al.59 studied multicomponent adsorption of alcohols and water in silicalite-1 at 25 °C and 

found that the presence of small amounts of adsorbed alcohols in the zeolite led to an 

enhanced adsorption of water. The IAST accurately predicted the amount of adsorbed alcohol 

but it severely underestimated the amount of adsorbed water which was believed to be due to 

the promotion of water adsorption by the alcohols. We speculate that a similar mechanism 

may be applied to our system where small amounts of water enhances the adsorption of 

carbon dioxide and therefore, the IAST is not able to correctly predict the amount adsorbed 

carbon dioxide.  

The results presented in the two last sections clearly demonstrate that the technique used in 

the present work may be used for studying adsorption also from multicomponent mixtures. 

Such data may be of great importance when developing novel zeolite adsorbent or membrane 

processes for carbon dioxide removal from bio- and natural gas streams. The adsorption 

behavior of the binary and ternary mixtures will be studied in more detail in forthcoming 

work. 

 

  



CONCLUSIONS 

In the present work, the adsorption of water, carbon dioxide and methane in zeolite Na-

ZSM-5 (Si/Al=130) at four different temperatures were studied using in-situ ATR-FTIR 

spectroscopy. Quantitative adsorption isotherms were successfully extracted from the infrared 

spectra. Single and dual site Langmuir isotherm models were fitted to the experimental data 

with very good fit. The limiting heats of adsorption and saturation capacities retrieved from 

the Langmuir models were in very good agreement with literature data. The amount of carbon 

dioxide and methane adsorbed from a binary mixture was determined from infrared spectra 

and the experimental results from the binary mixture were in excellent agreement with values 

predicted by the IAST using the single component data. When also water was introduced, the 

amount of adsorbed methane adsorbed could still be correctly predicted using the IAST 

whereas the IAST severely underestimated the amount of carbon dioxide adsorbed. The latter 

finding indicates that water and carbon dioxide does not form ideal adsorbed phase, in 

agreement with previous findings.  
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Table 1. Saturation concentrations (qsat, mmol/g) and Langmuir adsorption coefficients        

(b, Pa-1) for water, carbon dioxide and methane adsorbed in Na-ZSM-5. 

Adsorbate Temp. (°C) q1 (mmol/g) b1 (1/Pa) q2 (mmol/g) b2 (1/Pa) 

H2O 35 

 50 

 85 

 120 

CO2 35 

 50 

 85 

 120 

CH4 35 - 

 50 - 

 85 - 

 120 - 

 

  



Table 2. Values of the heat of adsorption, H, determined in the present work along with 

values previously reported in the literature.  

 
Adsorbate 

 

 
Zeolite 

 
Si/Al ratio 

 
H (kJ/mol) 

 
Reference 

 
H2O 

 

 
Na-ZSM-5 

 
130 

 
-72 (site 1) 
-58 (site 2) 

 
This work 

 
H-ZSM-5 

 
38 

250 

 
-113 
-75 

 
Olson et. al21 

 
H-ZSM-5 
Silicalite-1 

 
3.8 
- 

 
-69 to -84 
-61 to -68 

 
Bolis et al.22 

 
CO2 

 

 
Na-ZSM-5 

 
130 

 
-37 (site 1) 
-54 (site 2) 

 
This work 

 
Na-ZSM-5 

 
27 

 
-30.5 (site 1) 
-61 (site 2) 

 
Wirawan and 
Creaser49 

 
Silicalite-1 

 
- 

 
-20 

 
Choudary et. al17 

 
Silicalite-1 

 
- 

 
-28 

 
Sun et. al18 

 
Silicalite-1 

 
- 

 
-27 

 
Dunne et. al19 

 
Na-ZSM-5 

 
30 

 
-50 

 
Dunne et. al20 

 
CH4 

 

 
Na-ZSM-5 

 
130 

 
-23 

 
This work 

 
Silicalite-1 

 
- 

 
-27.5 

 
Choudary et. al17 

 
Silicalite-1 

 
- 

 
-20 

 
Sun et. al18 

 
Silicalite-1 

 
- 

 
-21 

 
Dunne et. al19 

 
Na-ZSM-5 

 
30 

 
-27.3 

 
Dunne et. al20 

  



Figure 1. SEM images of the Na-ZSM-5 film synthesized on a ZnS crystal; side (a) and top 

view (b). 

Figure 2. XRD diffractogram of the Na-ZSM-5 film synthesized on a ZnS crystal in the 2  

range 5-27° where peaks marked with * represent the zeolite film, peaks marked with ° 

represent the ZnS crystal and the vertical lines represent the reflections in a reference pattern 

for ZSM-5 zeolite.  

Figure 3. Infrared spectra of water adsorbed in Na-ZSM-5 at 35 ºC at various partial 

pressures (kPa) which are indicated in the figure; the entire spectral region (a) and the O-H 

bending region (b).  

Figure 4. Adsorption isotherms for water in Na-ZSM-5 at 35 ºC ( ), 50 ºC ( ), 85 ºC ( ) and 

120 ºC ( ). The symbols represent the experimental data and the lines represent the dual site 

Langmuir model fitted to the experimental data.  

Figure 5. Infrared spectra of carbon dioxide adsorbed in Na-ZSM-5 at 35 ºC at various partial 

pressures (kPa) which are indicated in the figure. 

Figure 6. Adsorption isotherms for carbon dioxide in Na-ZSM-5 at 35 ºC ( ), 50 ºC ( ), 85 

ºC ( ) and 120 ºC ( ). The symbols are representing the experimental data and the lines are 

representing the dual site Langmuir model fitted to the experimental data.  

Figure 7. Infrared spectra for methane adsorbed in Na-ZSM-5 at 35ºC at various partial 

pressures (kPa) as indicated in the figure.  

Figure 8. Adsorption isotherms for methane in Na-ZSM-5 at 35 ºC ( ), 50 ºC ( ), 85 ºC ( ) 

and120 ºC ( ). The symbols are representing the experimental data and the lines are 

representing the single site Langmuir model fitted to the experimental data. 



Figure 9. Infrared spectra of carbon dioxide and methane co-adsorbed in Na-ZSM-5 at 35ºC; 

in the absence of water (a) and in the presence of water (b). When the spectrum in figure (a) 

was recorded the partial pressure of carbon dioxide and methane was 50.7 kPa, whereas when 

spectrum (b) was recorded the partial pressures of carbon dioxide and methane was 50.1 kPa 

and the partial pressure of water was 1.1 kPa.  

Figure 10. Amount of carbon dioxide ( ) and methane ( ) adsorbed in ZSM-5 at 35 ºC from 

a gas equimolar in carbon dioxide and methane in the absence and in the presence of water in 

the gas phase. The partial pressure of carbon dioxide and methane were 50.7 and 50.1 kPa in 

the absence and presence of water respectively and the partial pressure of water was 1.1 kPa. 

The predicted amounts adsorbed calculated with the IAST for carbon dioxide ( ) and methane 

( ) are also shown in the figure.  
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4 Conclusions 









Table 1. Saturation concentrations (qsat, mmol/g) and Langmuir adsorption coefficients (b, Pa 1) for
single component adsorption of carbon dioxide and methane in Na ZSM 5 (Ohlin et al.
Submitted).



Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

Fig. 7

Fig. 8













<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Impact
    /LucidaConsole
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /TUR <>

    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


