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Abstract: In addition to the adsorption mechanism, the heat released during exothermic adsorption
influences the chemical reactions that follow during heterogeneous catalysis. Both steps depend on
the structure and surface chemistry of the catalyst. An example of a typical catalyst is the faujasite
zeolite. For faujasite zeolites, the influence of the Si/Al ratio and the number of Na+ and Ca2+ cations
on the heat of adsorption was therefore investigated in a systematic study. A comparison between a
NaX (Sodium type X faujasite) and a NaY (Sodium type Y faujasite) zeolite reveals that a higher Si/Al
ratio and therefore a smaller number of the cations in faujasite zeolites leads to lower loadings and
heats. The exchange of Na+ cations for Ca2+ cations also has an influence on the adsorption process.
Loadings and heats first decrease slightly at a low degree of exchange and increase significantly
with higher calcium contents. If stronger interactions are required for heterogeneous catalysis, then
the CaNaX zeolites must have a degree of exchange above 53%. The energetic contributions show
that the highest-quality adsorption sites III and III’ make a contribution to the load-dependent heat
of adsorption, which is about 1.4 times (site III) and about 1.8 times (site III’) larger than that of
adsorption site II.

Keywords: heat of adsorption; adsorption isotherms; energetic contributions; faujasite zeolites;
CaNaX; methane; sensor gas calorimeter

1. Introduction

Adsorption is the first step in heterogeneous catalysis. The heat release due to the
interactions between the catalyst (adsorbent) and the bonded reactant (adsorpt molecule)
influences the progress of the heterogeneously catalyzed reaction. Both steps depend
on the structure and surface chemistry of the catalyst. For zeolites as typical catalyst
materials, the framework structure, which is characterized by the Si/Al ratio, and the
type and number of cations as primary adsorption sites play a significant role. Therefore,
the number and energetic valence of the respective binding sites on the adsorbent surface
is important for material development [1–4].

To quantify the influence of the Si/Al ratio and the type and number of cations in
faujasite zeolites on the binding sites and thus on heterogeneous catalysis, an energetic
characterization was carried out. For this purpose, the heat released during the adsorption
of methane was investigated. Due to its small size and spherical geometry, methane is a
useful probe molecule for the energetic characterization of a catalyst surface. The heat of
adsorption is a measure of the strength of the interactions between the solid surface and
the adsorbed molecules as well as between the molecules in the adsorbed phase. The heat
of adsorption can be determined by thermodynamic models such as the isosteric method
according to Clausius-Clapeyron [5–7], the method using the van’t-Hoff equation [8–10],
the potential theory of Polanyi [11,12], or by using calorimetric measuring principles
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and devices such as temperature-programmed desorption [13–15], the Tian-Calvet mi-
crocalorimeter [16–21], and the sensor gas calorimeter [22,23].

Dunne et al. used a Tian-Calvet microcalorimeter to measure the heat of adsorption
of CH4 on an NaX zeolite [24]. They report a constant heat of adsorption over the entire
loading range of 19 kJ/mol.

Further heats of adsorption of methane on pure NaX zeolites, measured calorimetri-
cally or calculated by the isosteric method, have been summarized by Loughlin et al. in a
table [25].

Mentasty et al. investigated the adsorption of methane on a NaX and a NaY zeolite
with different Si/Al ratios at temperatures between 258–298 K and pressures between
0 MPa and 50 MPa [26]. Both the loadings and the heats were found to be lower on the NaY
zeolite with a higher Si/Al ratio compared to the NaX zeolite. Constant heats of adsorption
were published in a range of 17–21 kJ/mol.

Zhang et al. examined the adsorption of methane on a NaX and a NaY zeolite by
using Grand Canonical Monte Carlo simulations in a temperature range from 288 K to
308 K [27]. The results show a higher affinity of the NaX zeolite for methane compared to
the NaY zeolite.

Talu et al. investigated the influence of the cation type with NaY, MgY, CaY, SrY, and
BaY zeolites on the adsorption of methane between 298.15 K and 343.15 K up to pressures
of 6760 kPa [28]. They report a great influence of the cations on the adsorption process
even at high loadings. The zeolite CaY was found to have the highest adsorption capacity.
In contrast, the methane pore density decreases at high loadings in reverse order of the
ionic radii. This is explained by the different packing of the molecules in the zeolite cage.

Triebe et al. investigated the adsorption of methane on a NaX and a CaX zeolite in the
temperature range between 323 K and 473 K [29]. The values for the heat of adsorption
calculated according to the van’t-Hoff equation are higher for the CaX zeolite compared to
the NaX zeolite.

Habgood et al. studied the adsorption of methane on zeolites with alkaline cations and
on MgX, CaX, and BaX zeolites in the temperature range between 298.15 K and 673.15 K [30].
They report that the electric field generated by the cations increases with a decreasing ionic
radii. Also, the shielding of smaller cations is greater at locations near the six-membered
oxygen ring. The divalent cations generate a stronger electric field but are located at less
exposed sites due to their proximity to the zeolite framework. For methane, the largest
heat of adsorption of 30.12 kJ/mol was found on zeolite CaX.

Sethia et al. examined the adsorption of methane on NaX, MgNaX, CaNaX, SrNaX,
and BaNaX zeolites at 303 K in a pressure range up to 101.13 kPa [31]. The loading at
101.13 kPa is highest for the CaNaX zeolite. The SrNaX and BaNaX zeolites also show a
higher loading compared to the NaX zeolite. The loading of the MgNaX zeolite is lower
than the loading of the NaX zeolite. This is explained by the arrangement of the magnesium
cations within the sodalite cages due to the smaller ionic radius. Consequently, interactions
with adsorptive molecules are not possible.

Zhang et al. investigated the adsorption of methane on NaX, MgNaX, CaNaX, SrNaX,
and BaNaX zeolites in a temperature range between 298.15 K and 343.15 K up to pressures
of 6900 kPa [32]. The highest loading and heat of adsorption in the first loading step
was found for the CaNaX zeolite. Furthermore, the effects of activation conditions on the
adsorption process were studied. The results show that the heating rate has no influence
on the adsorption capacity. The final temperature of the activation process is essential,
with higher temperatures leading to higher loadings. Temperatures of 673.15 K should not
be exceeded, otherwise the zeolite structure may be destroyed.

Further studies on modified zeolites can also be found in combination with other
adsorptives or with zeolites containing monovalent alkaline cations [33–35]. However,
experimental work on faujasite zeolites with defined and systematically varied degrees of
cation exchange is completely missing.
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The heat of adsorption is a measure of the strength of the interactions between the
solid surface and the adsorbed molecules, as well as between the molecules in the adsorbed
phase. Using the load-dependent heat of adsorption, molecular adsorption processes can
be characterized energetically by identifying the adsorption mechanisms and assigning
energetic contributions to the prevailing interactions. Today, these contributions are not
known for most adsorption systems. Up to now, the slope and curvature of adsorption
isotherms can only be used to make qualitative statements about the energetic homogeneity
or heterogeneity of the inner surface and to make assumptions about the mechanistic
processes during adsorption [36]. An assignment of energetic contributions to adsorbent-
adsorptive interactions has so far only been investigated by a few research groups.

So far, only Yang et al. have provided a mathematical approach to the calculation
of the energetic contributions of interactions [37]. The authors report three basic types of
contributions (dispersion interactions, electrostatic interactions, and chemical bonding)
to the interactions between the adsorbent surface and the adsorptive molecule. For the
potential of physical adsorption, the sum of all intermolecular interactions is used. It is
also assumed that the dispersion interactions of the adsorptive molecules with the cations
can be neglected, since the induction interactions are the dominant interaction mechanism.
In contrast, dispersion interactions play a decisive role in the interactions with the Si–O–Si
or Si–O–Al regions of the zeolite structure.

Xu et al. take up the approach of Yang and also compare the interactions of CO2,
N2 and CH4 on an Hβ (Hydrogen type β) and an Naβ (Sodium type β) zeolite [38].
They report that CO2 and N2 develop stronger interactions with the cations due to their
higher quadrupole moments. CH4 has no quadrupole moment and mainly interacts with
the zeolite framework. Therefore, the cations of the zeolite only have a small influence on
the heat of adsorption of methane.

In addition to the simple approach of Yang, more complex descriptions of interactions
on zeolites can be found in the literature [39–42]. The adsorption equilibria are mainly
calculated using Monte Carlo simulations, while the interactions occurring are described
using semi-empirical force fields.

In summary, it can be said that in the literature, some studies on the heat of adsorption
on modified zeolites have been published. However, these are mostly focused on com-
pletely exchanged zeolites. Systematic studies with defined exchange series are completely
missing. It should be pointed out that a comparison of the available studies themselves
is only possible to a limited extent. The reasons for this are differences in production
processes, degrees of exchange, and activation conditions before the adsorption experi-
ments [43]. An assignment of energetic contributions to individual interactions cannot be
found. For this reason, we investigated the heat of adsorption on modified zeolites. The ad-
sorbents and adsorptives are varied in a targeted way so that by systematically comparing
the simultaneously measured adsorption isotherms and heats of adsorption, individual
types of interactions can be identified and energetic contributions can be assigned to them.
In this study, experimental data of methane adsorption on faujasite zeolites are presented.
In addition to two faujasite zeolites which only have Na+ cations, modified faujasite type X
zeolites based on these materials are used. In these modified materials, some of the Na+

cations were replaced by Ca2+ cations in a systematic exchange series. Modified type Y
zeolites have fewer interactive cations. Therefore, an investigation of the energetic value of
the different bonding sites is only possible to a very limited extent.

2. Results and Discussion

The experiments were performed in a pressure range from high vacuum (<10−7 Pa) to
ambient pressure (101.3 kPa) at a temperature of 298.15 K. The experimental results are
presented as adsorption isotherms and load-dependent heats of adsorption. The isotherms
are plotted as loading in molecules per unit cell as a function of the absolute pressure in
kPa. The load-dependent heat of adsorption is plotted in kJ per mol versus the loading
in molecules per unit cell. Since adsorption is studied in this work, the zeolites used are
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named as adsorbents and not as catalysts. For reasons of clarity, the error bars are not
shown in all diagrams. The measurement data are given in the supplementary material in
Tables S1–S4.

Equation (1) is used to convert the adsorbed volume Va in cm3/g into the loading in
molecules per unit cell.

X
[

Molecules
UC

]
=

Va

[
cm3

g

]
·mUC

[ g
UC
]
·NA

[
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mol

]
VN

[
cm3
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] (1)

Here, the adsorbed volume Va is multiplied by the mass of a unit cell mUC and the
Avogadro constant NA and then divided by the molar volume under standard conditions
VN . According to Equation (2), the mass of a unit cell is calculated from the sum of
the masses of all elements occurring in a unit cell. For this, the number of atoms NX is
multiplied by the relative atomic mass AU,X and the atomic mass unit u.
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In an isothermal field, the measured data are presented as symbols and the isotherms
fitted with the Freundlich equation (Equation (3)) as dashed lines [44].

XEq = kF (T)·pn(T)
A (3)

The Freundlich parameters were determined by fitting the experimental data by non-
linear regression. The experimental isotherms can be described with a very high accuracy
(R2 > 0.992). The fitted parameters kF (T) and n (T) are shown in Table 1.

Table 1. Fitted Freundlich parameters.

Zeolite kF (T) n (T) R2

Na88X 0.2206 0.9426 0.9999
Na55Y 0.1013 0.9589 0.9999

Ca10Na68X 0.1817 0.9520 0.9999
Ca16Na56X 0.2017 0.9427 0.9999
Ca23Na42X 0.4060 0.8330 0.9996
Ca29Na30X 0.9654 0.6931 0.9986
Ca36Na16X 2.2700 0.5520 0.9950
Ca38Na12X 2.9913 0.4989 0.9927

2.1. Adsorption on NaX and NaY Zeolites

Figure 1 shows the adsorption isotherms (left) and the load-dependent heats of ad-
sorption (right) of methane adsorption on a Na88X and a Na55Y zeolite.

The isotherms show an almost linear increase over the entire pressure range, similar to a
Henry isotherm. This is reflected in the Freundlich parameter n (T), which is also called the
heterogeneity parameter. Values of the heterogeneity parameter n (T) close to one indicate
an almost energetically homogeneous adsorbent surface. For both the Na88X and the Na55Y
zeolite, the parameter n (T) is close to one and the Freundlich isotherm is nearly a straight
line. The loading of methane on the Na55Y zeolite is lower than the loading on the Na88X
zeolite. The 88 cations of the Na88X zeolite are located on the non-interactive sites I and I’
which are not accessible for adsorption and on the interactive sites II, III and III’ which are
accessible for adsorption. Due to the higher energetic value of the sites III and III’ compared to
site II, the methane molecules will probably adsorb preferentially on these sites. In addition to
the interactions with the cation, the methane molecule will simultaneously form interactions
with the zeolite structure (Si–O–Si or Si–O–Al regions). As a result of the higher Si/Al ratio,
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the Na55Y zeolite has a smaller number of cations, which are located on the non-interactive
sites I and I’ and on the interactive site II. However, there are no cations on the energetically
higher-valued interactive sites III and III’. Furthermore, the zeolite framework of the Na55Y
zeolite has a smaller number of aluminum atoms due to the higher Si/Al ratio. Thus, more
Si–O–Si regions are formed, which have a lower electronegativity difference compared to the
Si–O–Al regions. There are also less negative charges in the zeolite framework. Therefore,
the methane molecule will form weaker interactions with the zeolite framework of the Na55Y
zeolite. The reduced number of interacting binding sites for the adsorptive molecules combined
with the lower energetic value of the occupied cation sites and the weaker interactions with
the zeolite framework result in a lower loading of methane on the Na55Y zeolite.
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The heats of adsorption during the adsorption of methane show constant values
of 18.5 kJ/mol (Na88X zeolite) and 14.5 kJ/mol (Na55Y zeolite). The constant heat of
adsorption indicates interactions with only one cation position for all adsorbed molecules
over the examined concentration range. All sites of this cation position are energetically
equivalent. As described above, the Na88X zeolite has cations on site II, as well as on
sites III and III’. Interactions with cations on position III and III’ are energetically more
valuable than interactions with cations on position II. Following the distribution rule of
Kulprathipanja, the Na88X zeolite has 24 cations on positions III and III’ [45]. According to
Buttefey et al., in pure sodium faujasite zeolites, most cations are located at site III’ and
not at site III [46–49]. Assuming that a methane molecule only interacts with one cation,
we can conclude from the length of the plateau that there is a high loading of at least 13
molecules per unit cell at a constant heat value. Moreover, place III’ is the most distant
from the zeolite framework and thus has the best accessibility for adsorptive molecules [46].
Methane molecules can form stronger interactions with cations at this site compared to
cations on place III. Therefore, it is presumed that during adsorption on the Na88X zeolite,
in addition to the interactions with the zeolite structure, only interactions with cations
on the high-energy site III’ are formed. Since the cations on the III and III’ sites are not
present in the Na55Y zeolite, adsorption on the Na55Y zeolite will only form interactions
with the lower-energy sites II. Since the interactions with the zeolite framework are weaker
when methane is adsorbed on the Na55Y zeolite, the corresponding energetic contribution
is also lower. Consequently, the heat of adsorption on the Na55Y zeolite is lower than on
the Na88X zeolite.

2.2. Adsorption on NaX and CaNaX Zeolites

Figure 2 shows the adsorption isotherms (left) and the load-dependent heats of ad-
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sorption (right) of methane adsorption on a Na88X and different CaNaX zeolites.
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The adsorption isotherms of the zeolites Ca10Na68X and Ca16Na56X show, comparable
to the base material, an approximately linear behavior similar to a Henry isotherm and
Freundlich parameters n (T) close to one. The isotherms of the CaNaX faujasite zeolites
with exchange degrees of more than 52.9% have a curved shape and follow the typical
behavior of a Freundlich isotherm. The fitted Freundlich parameters n (T) decrease with
increasing degree of exchange. This indicates an energetically heterogeneous adsorbent sur-
face. The slope in the low pressure range as well as the curvature of the isotherms increase
with an increasing exchange degree. Both indicate an increasing energetic heterogeneity
of the adsorption sites. With the exception of the two low-exchanged zeolites Ca10Na68X
and Ca16Na56X, the loading also increases with an increasing degree of exchange. Proba-
bly, this is due to the overlapping of two effects. With an increasing degree of exchange,
the number of cations decreases, because monovalent Na+ cations are replaced by divalent
Ca2+ cations. Probably, at the cation exchange, the first Na+ cations are removed from the
cation sites III and III’. The Ca2+ cations, on the other hand, are placed first on the cation
sites I, I’, or II’. At these sites, the Ca2+ cations cannot interact with the methane molecules.
As a result of the reduced number of energetically high-quality binding sites, the loadings
on the low-exchanged Ca10Na68X and Ca16Na56X zeolites consequently drop below the
loading on the base material Na88X. The loading on the Ca16Na56X zeolite shows slightly
higher values compared to the Ca10Na68X zeolite. From a degree of exchange of 52.9%,
the Ca2+ cations are additionally located on the cation sites II. This results in an increased
loading of the Ca23Na42X zeolite compared to the base material Na88X. With a further
increase in the degree of exchange, positions III and III’ are also occupied by Ca2+ cations.
As a result, the loading shows a further increase.

The load-dependent heats of adsorption on the faujasite zeolites with Na+ cations and
Ca2+ cations exhibit different profiles with different characteristic plateaus (see Figure 2
right). The heats of adsorption on Na88X and on the low exchanged zeolites Ca10Na68X and
Ca16Na56X show a constant value over the whole loading range. The heats of adsorption on
the low-exchanged Ca10Na68X zeolite (17.5 kJ/mol) and the Ca16Na56X zeolite (18 kJ/mol)
are below the base material Na88X. All other faujasite zeolites show a stepwise decreasing
profile with pronounced plateaus. At high loadings, the heats of all examined zeolites
reach the energetic level of the base material Na88X at 18.5 kJ/mol.

A plateau represents a number of energetically equivalent sites. The step-shaped
profile occurs because the number of adsorbed molecules exceeds the number of sites on
a plateau. Assuming that only one methane molecule is attached to a cation, the plateau
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length shows how many sites with the corresponding energetic value are available. In this
paper, we make a first attempt to estimate energetic values of adsorption interactions on the
zeolites. For reasons of simplicity, we neglect the Boltzmann distribution that would lead to
simultaneous occupation of energetically different sites with similar energies. The value of
the heat of adsorption would result then from weighting of different contributions. Instead,
we assume a simple stepwise occupation of different sites. Then the heat of adsorption
reflects the interaction energy of one adsorption site and we can read the value from the
plateau in the heat diagram. According to this simple approach, the energetically most
valuable sites are first occupied (first plateau). After the adsorption sites of this energetic
level are saturated, adsorption takes place at the sites of the energetically next lower value
(next plateau).

The methane molecule has three different attainable binding partners for adsorption
on faujasite zeolites with purely Na+ cations (positions II, III, and III’). With an increasing
amount of Ca2+ cations, the number of different attainable binding partners increases to
six, as there are three cation sites which can be occupied either by Na+ cations or by Ca2+

cations. In the highly exchanged CaNaX zeolites, the amount of Na+ cations decreases.
Thus, the number of cation sites occupied by Na+ cations is also reduced. In addition to
the interaction with one of these cation sites, interactions with the zeolite framework occur
simultaneously. The strength of these interactions and thus their energetic contribution to
the heat of adsorption are approximately the same for the Na88X and all modified faujasite
zeolites due to the identical Si/Al ratio. Therefore, in the following discussion, the focus
will be on the interactions with the different cation positions.

As described in Section 2.1, in the adsorption of methane on the faujasite zeolite Na88X,
the molecules probably adsorb on Na+ cations on the III’ site.

The lower heats of adsorption on the low-exchanged Ca10Na68X and Ca16Na56X
zeolites indicate that these zeolites do not have Na+ cations on positions III and III’. This is
likely because the Na+ cations on place III or III’ are first exchanged for Ca2+ and are not
available for adsorption. Since the Ca2+ cations probably occupy the inaccessible positions
I, I’, or II’ first to minimize the potential energy, they do not have any influence on the
adsorption on Ca10Na68X and Ca16Na56X. Consequently, the methane molecules can only
interact with the less energetically valuable Na+ cations on positions II and the zeolite
framework. Due to the weaker interactions with Na+ cations on the sites II, a lower heat of
adsorption is released. This heat is below the heat of adsorption on the zeolite Na88X.

The higher heat of adsorption on Ca23Na42X compared to the base material Na88X
shows that at an exchange rate of 52.9%, there are enough Ca2+ cations to fill the first
interactive sites. Therefore, the plateau at 25 kJ/mol could be assigned to interactions
of the methane molecule with Ca2+ cations on positions II, III, or III’. In order to make a
clear assignment, the measurement data on the highly exchanged zeolites are also consid-
ered. The heat of adsorption on the Ca29Na30X, Ca36Na16X, and Ca38Na12X form further
plateaus with higher heats between 30 kJ/mol and 35 kJ/mol. This means that there are
additional energetically more valuable sites. Since cations on positions III and III’ represent
energetically higher-value adsorption sites than cations on position II, the plateaus with
higher heats can be assigned to positions III and III’. Since in the Ca23Na42X zeolite only
52.9% of the Na+ were exchanged for Ca2+ cations, the positions III and III’ are probably
not occupied. Thus, interactions with Ca2+ cations on site II can be assigned to the plateau
at 25 kJ/mol.

The plateaus at 30 kJ/mol and 35 kJ/mol for the zeolite Ca29Na30X and the two highly
exchanged zeolites Ca36Na16X and Ca38Na12X are probably due to the interactions with
the energetically most valuable sites III and III’. The plateau at 30 kJ/mol can be attributed
to interactions with site III and the plateau at 35 kJ/mol to interactions with site III’.
As already discussed, the assumption that the energetically most valuable sites correspond
to the cations at site III’ is based on the exposed position of site III’, which results in
strong interactions [46]. However, in the literature it is reported that the divalent alkaline
earth cations are preferably located at positions at a shorter distance from the zeolite
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framework [37]. Thus, more Ca2+ cations probably arrange on position III than on position
III’. This is confirmed by the shorter plateau length with 6–7 molecules per unit cell at
35 kJ/mol (III’) compared to the plateau at 30 kJ/mol (III). Both highly exchanged zeolites
Ca36Na16X and Ca38Na12X show four plateaus over the entire loading range with identical
adsorption heats but with different lengths. This means that with an exchange degree of
more than 67.2%, on all materials the same sites are occupied by the cations, but these are
distributed to the sites with a different number.

For clarity, all described results are summarized graphically in Figure 3.
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Since the same characteristic heat plateaus were found in all measurements, it can be
concluded that there are defined adsorption sites. Depending on the cation position and
the type of cation, these sites have different energy values. The load-dependent heat of
adsorption represents a suitable method for the energetic characterization. Not only the
energetic value of the adsorption sites, but also the number of the respective adsorption
sites can be determined.

2.3. Estimation of Energetic Contributions

The load-dependent heats of adsorption shown in Figure 2 are a direct measure of the
strength of the interactions of methane with the faujasite zeolites. In particular, induction
interactions with the cations and induction and dispersion interactions with the zeolite
framework occur. The heat of adsorption results from the sum of the energetic contributions
of the three interactions. The energetic contributions of the interactions with the zeolite
framework cannot be separated and therefore are summarized in Equation (4) to a sum
parameter ∆qFramework.

∆qAds = ∆qIndCation
+ ∆qFramework (4)

To calculate the thermally averaged energetic contribution of induction interactions,
Equation (5) can be used [37].

ΦInd = − q2·α
2·4πε0·r4 (5)

Here, q represents the electric charge, α the polarizability, and r the distance between
the adsorptive molecule and the cation or zeolite framework. In the following equation, the
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thermally averaged induction interaction energy is written for the interactions of methane
with Na+ cations (Equation (6)) and Ca2+ cations (Equation (7)).

ΦIndNa+
= −

qNa+
2·αCH4

2·4πε0·r4
Na+−CH4

(6)

ΦIndCa2+ = −
qCa2+

2·αCH4

2·4πε0·r4
Ca2+−CH4

(7)

Considering that calcium has twice the charge of sodium and assuming that the
polarizability of methane is the same in both terms, that the ionic radii of sodium and
calcium are identical, and therefore that the distance between the methane molecule and
both cations is the same, Equation (8) is obtained by equating Equations (6) and (7).

∆qIndCa2+ = 4·∆qIndNa+
(8)

According to this estimation, the energetic contribution of the interactions of methane
with Ca2+ cations is four times stronger than the corresponding contribution of the interac-
tions with Na+ cations. As explained in Section 2.2, we assume that the occupancy of the
energetically different cation sites is not in accordance to the Boltzmann distribution but
simply in order of decreasing interaction energy. Then, Equation (4) can be transformed to
Equations (9)–(12) to estimate the interaction energies between the methane molecule with
the zeolite framework and the cations.

∆qNa+−I I I′ + ∆qFramework = 18.5 kJ/mol (9)

∆qCa2+−I I + ∆qFramework = 25.0 kJ/mol (10)

∆qCa2+−I I I + ∆qFramework = 30.0 kJ/mol (11)

∆qCa2+−I I I′ + ∆qFramework = 35.0 kJ/mol (12)

The result is a system of five Equations (8)–(12) and five unknowns. By substituting
Equation (8) into Equation (9) and subtracting Equation (12), Equation (13) is obtained.
From Equation (13) the contribution of the zeolite framework can be estimated.

3·∆qFramework = 39 kJ/mol (13)

Then, the interaction energies of methane and the cations are obtained. All energetic
contributions are shown in Table 2.

Table 2. Estimated energetic contributions of the cation sites and the zeolite framework in methane
adsorption on zeolite type X at 298.15 K.

Energetic Contribution. kJ/mol

Zeolite framework ≈13.0
Na+ on site III’ ≈5.5
Ca2+ on site II ≈12.0
Ca2+ on site III ≈17.0
Ca2+ on site III’ ≈22.0

It can be seen that under the assumptions made, the interactions with the zeolite
framework have a significant influence on the load-dependent heat of adsorption. This is
not surprising as methane has no dipole and no quadrupole moment (Table 4), and only
induced interactions but no strong permanent polar interactions with the cations are
possible. The exchange of Na+ cations for Ca2+ cations has a positive effect on the energetic
value of the adsorption sites. Stronger interactions can be formed with the Ca2+ cations,
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whereby the loading and the heat of adsorption increases. The different occupation of the
cation positions also has an additional influence. The adsorption sites at cation positions III
and III’, which are of the highest energy quality, make a 1.4 times (position III) and 1.8 times
(position III’) larger contribution to the load-dependent heat of adsorption compared to the
sites at position II.

The method presented here allows us to identify interactions with different adsorption
sites, to calculate the number of the respective adsorption sites, and additionally to estimate
the energetic contribution of the interactions quantitatively by using the load-dependent
heat of adsorption.

3. Materials and Methods
3.1. Materials

Selected faujasite zeolites (FAU) were used for the adsorption experiments. They con-
sist out of aluminum (Al) and silicon (Si) atoms, which are linked via oxygen (O) atoms to
SiO4- and AlO4-tetrahedra. Only Si–O–Si and Si–O–Al links are possible. The Löwenstein
rule does not allow Al–O–Al links [50]. From SiO4- and AlO4-tetrahedra, the sodalite cage
(β-cage) is formed. By linking several sodalite cages via double six rings (D6R), the fauja-
sitic zeolite structure is obtained (Figure 4) [51]. The cavity enclosed by the sodalite cages
is called a super cage and has a diameter of 1.37 nm. It is accessible through four 12-ring
windows with an effective pore diameter of 0.74 nm [52]. The specific inner surface of a
faujasite zeolite is in the range of 500–800 m2/g [37].
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Figure 4. (a) Double 6-ring (D6R) and sodalite cage (β-cage); (b) Structure of faujasite zeolite with
extra framework cations (I–III).

Faujasite zeolites with an Si/Al ratio of 1–1.5 are called type X and those with an Si/Al
ratio >1.5 are called type Y. A unit cell can be described by the following chemical formula

Mx/m, Alx, Si192−x, O384 (14)

where M represents the cation of charge n and x the number of cations.
Since the AlO4-tetrahedra introduce a negative charge into the zeolite structure, this is

compensated for by using positively charged cations. In each unit cell of a faujasite zeolite,
a maximum of 96 cations (Si/Al = 1) can be introduced. The cations are on defined positions,
on which the free energy of the zeolites is minimized in the best possible way. In Figure 4
the theoretical cation positions of a faujasite-zeolite are illustrated by black dots.

Cations on positions I are located in the center of the double six rings, while cations on
positions I’ are located in the sodalite cage at the interface to the double six ring. Positions
II are in the super cage at the single six-ring (S6R) to the sodalite cage and positions II’ in
the sodalite cage at the single six-ring to the super cage. Cation site III is the position in
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the super cage at the four-ring to the sodalite cage. In addition, Olsen et al. postulate two
III’-places, which are located in the 12 ring window, at the edge of a four ring [43,46,47].
The distribution of the cations to the corresponding positions depends on the Si/Al ratio
and directly affects the physical and chemical properties of the zeolites. If less than
48 cations are included in the zeolite, then positions I and II are preferred. If there are
between 48 and 64 cations in the zeolite, position I’ is preferred over position I. For zeolites
with an Si/Al ratio < 2 (more than 64 cations), the positions III and III’ are occupied
additionally [45,53–55]. While alkaline cations (e.g., sodium) occupy positions II as well as
positions III and III’, alkaline earth cations (e.g., calcium or magnesium) tend to occupy
positions II preferentially. These positions are closer to the zeolite framework and therefore
the free energy of the system can be better minimized [37]. The cation sites I, I’, and II’ are
located inside the zeolite framework and are therefore not available for interactions with
adsorptive molecules. Cation at sites II, III, and III’ are located on the surface of the pores
and can therefore interact with the adsorptive molecules. Each of these cation positions
has a specific distance between the cation and the oxygen or the T-atoms (Si- or Al-atoms).
The smaller the distance, the greater the minimization of the free energy of the system
and the affinity of the cations to occupy the respective position. Conversely, those cations
are particularly interesting for adsorption at sites that have a larger distance to the atoms
of the zeolite framework. This is due to a better spatial arrangement of the adsorptive
molecules at these sites, which allows stronger interactions to take place. The different
cation sites therefore represent adsorption sites with different energetic values. For that
reason, faujasite zeolites should be regarded as energetically heterogeneous adsorbents.
According to Maurin et al., cation site III has the highest energetic value for adsorption [39].
Buttefey et al. report a higher energetic value of the III and III’ sites compared to the I, I’,
and II sites [56].

Non-polar adsorptive molecules interact with the cations mainly by induced interac-
tions. The cation induces a short-time dipole in the nonpolar molecule, which leads to a
mutual attraction. In addition to the induction interactions between the non-polar molecule
and the cations, induction and dispersion interactions can occur between the adsorptives
and the Si–O–Si and Si–O–Al regions in the zeolite framework. The oxygen atoms in the
tetrahedral framework are directed towards the inside of the cage, while Al and Si are
oriented away from the inner surface. As a result, the surface in the cage consists of oxygen
atoms while the Al atoms are shielded by the oxygen tetrahedra and are not accessible to
adsorptive molecules [37]. The negative charges in the zeolite are probably delocalized on
the oxygen atoms, which therefore carry a negative partial charge. Therefore, in general,
dipole-type interactions with the located and fully accessible cations are more energetically
valuable than interactions with the Si–O–Si and Si–O–Al regions [57–59].

For the adsorption experiments, binder-free type X and type Y faujasite zeolites from
Chemiewerk Bad Köstritz GmbH (CWK), Bad Köstritz, Germany were used. A zeolite
NaX with a Si/Al ratio of 1.175 was investigated as type X zeolite. The formula of the unit
cell results from the Si/Al ratio to Na88Al88Si104O384. In the following, the term Na88X
is used for the zeolite NaX. The type Y zeolite with a Si/Al ratio of 2.5 has the formula
Na55Al55Si137O384 and is therefore named zeolite Na55Y. The zeolite sources are sodium
silicate, sodium aluminate, and sodium hydroxide. The zeolites in the sodium form are
synthesized in the liquid phase according to typical synthesis routes proposed in the
literature [37,47]. The primary crystals size is about 2.0–5.0 µm.

In addition to these two pure sodium faujasite zeolites, further faujasite zeolites were
investigated. Starting from the zeolite Na88X, a part of the Na+ cations were exchanged
for Ca2+ cations in ion exchange columns by liquid exchange. The sodium form of the
granular zeolites is continuously flown through by the solvent. As solvent, a solution of
water and calcium chloride of 0.1–0.5 mol/l molarity at 298.15 K is used. The following
activation of the zeolites takes place at temperatures of approx. 723.15–798.15 K. The ratio
of the number of exchanged Na+ cations to the total number of cations is called the degree
of exchange. The degree of exchange corresponds to the ratio of the weight of CaO over the
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molar mass of CaO (MCaO = 56.08 mol/kg) and the weight of Al2O3 over the molar mass
of Al2O3 (MAl2O3 = 101.96 mol/kg). In the present study, mixed zeolites with a degree of
exchange between 22.5% and 87.3% were investigated. The sum formula of the zeolites can
be calculated from the Si/Al ratio and the respective degree of exchange. For a degree of
exchange of 22.5% the formula is Ca10Na68Al88Si104O384. The name of mixed zeolites is
based on the nomenclature of pure sodium zeolites and is Ca10Na68X for the type X zeolite
with an exchange degree of 22.5%. All zeolites were provided as spherical granules with
a particle size of 1.6–2.5 mm. Table 3 gives an overview of the most important material
properties of the zeolites.

Table 3. Chemical properties of zeolite materials (Determined by XRF (X-ray fluorescence spectroscopy)).

Chemical Composition (wt%)

Zeolite Si/Al Ratio Al2O3 SiO2 Na2O CaO Sodium Exchange [%] Abbreviation

Na88Al88Si104O384 1.175 28.00 36.90 17.70 0.03 0.0 Na88X
Na55Al55Si137O384 2.500 18.90 56.50 11.80 0.06 0.0 Na55Y

Ca10Na68Al88Si104O384 1.175 28.30 37.20 13.60 3.50 22.5 Ca10Na68X
Ca16Na56Al88Si104O384 1.175 28.20 37.00 10.90 5.76 37.1 Ca16Na56X
Ca23Na42Al88Si104O384 1.175 28.10 36.70 8.04 8.17 52.9 Ca23Na42X
Ca29Na30Al88Si104O384 1.175 27.60 36.20 5.30 10.20 67.2 Ca29Na30X
Ca36Na16Al88Si104O384 1.175 27.80 36.50 2.93 12.40 81.1 Ca36Na16X
Ca38Na12Al88Si104O384 1.175 28.10 36.90 1.82 13.50 87.3 Ca38Na12X

In order to eliminate possible pre-loadings and residual moisture of the zeolites,
all zeolites are preheated under vacuum (<10−7 Pa) before the adsorption experiments.
A temperature ramp of 2 K/min is used for heating, which is interrupted by two tempera-
ture plateaus at 353.15 K and 393.15 K for 30 min each. The final temperature of 573.15 K is
then held for 6 h. The preheating process is stopped as soon as the pressure increase is less
than 3 Pa/min after the 6 h at 573.15 K.

In order to ensure an identical bed height in all experiments, 0.5–0.6 g zeolite is used,
depending on the bulk density of the adsorbent.

Methane (CH4) with a purity of ≥99.9995% (Air Liquide Deutschland GmbH, Düssel-
dorf, Germany) was used as adsorptive. In Table 4, properties of methane are listed which
are relevant for adsorption.

Table 4. Thermodynamic and structural properties of methane [60,61].

Property

Molar mass [g mol−1] 16.04
Critical molecular diameter [nm] 0.4

Polarizability [10−30 m3] 2.59
Dipole moment [10−30 C m] 0

Quadrupole moment [10−40 C m2] 0

Methane is an alkane and is supercritical at ambient conditions (p = 101.3 kPa,
T = 298.15 K). It is non-polar and has no molecular dipole and quadrupole moment. During
adsorption on zeolites, induction interactions with the cations and induction and dispersion
interactions with the zeolite framework mainly occur. With a critical diameter of 0.4 nm,
methane has a smaller critical diameter than the pore diameters of zeolites (0.74 nm). Steric
hindrance can therefore be excluded.

3.2. Experimental Approach
3.2.1. Apparatus and Methods

To determine the load-dependent heat of adsorption, a commercially available volu-
metric measuring device (autosorb iQ3, Quantachrome Instruments, Boynton Beach, FL,
USA) was coupled with the sample vessel developed by Bläker et al. [23]. The sensor gas
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calorimeter is symmetrically constructed from a measuring cell and a reference cell and
allows a simultaneous measurement of the adsorption capacity and the heat of adsorption.
The inner volumes of the two cells are connected to each other and to the volumetric
measuring device. At the beginning of each adsorption step, the entire sample vessel is in
thermal equilibrium. The adsorbent is located in the measuring cell, while the reference
cell is filled with inert glass beads. Within an adsorption step, adsorption only occurs in the
measuring cell. The calorimetric measurement takes place in the two outer volumes of the
cells. The cells are filled with a sensor gas and connected to a pressure sensor each. To limit
external disturbances and to ensure a constant measuring temperature, the entire sample
vessel is immersed in a water bath during the adsorption measurement (see Figure 5).
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With the volumetric measuring instrument, pure compound isotherms can be mea-
sured between a high vacuum (<10−7 Pa) and ambient conditions (101.3 kPa). For this
purpose, the measuring device doses a defined amount of adsorptive into the sample vessel.
As a result of the adsorption, a part of the molecules from the gas phase adsorbs on the
adsorbent. This leads to a decrease of the pressure in the gas phase. After reaching equilib-
rium between adsorptive concentration in the gas phase and loading of the adsorbent, the
measuring device sets a measuring point at which the equilibrium pressure is measured.
An equilibrium is assumed if the change in pressure over a period of 30 min does not
exceed a specified threshold. By stepwise increasing the adsorptive concentration, an ad-
sorption isotherm is assumed up to an absolute pressure of 101.3 kPa. The loading results
cumulatively from the sum of the loading differences of all preceding adsorption steps.

During exothermic adsorption, heat is released in the measuring cell. This results
in a heat flow from the measuring cell through the surrounding sample gas volume into
the water bath. The heat flow leads to a temperature and pressure change in the sensor
gas volume of the measuring cell. Since there is no adsorption on the inert glass beads in
the reference cell, the temperature and pressure in this sensor gas volume do not change.
There is a time-dependent pressure difference between the two sensor gas volumes, which
decreases back to the initial value at the end of each adsorption step. According to the
calculation of a standard deviation, an equilibrium is assumed if 68% of 500 measured
values of the pressure difference are within the standard deviation of the output value. For
the i-th adsorption step, the released heat of adsorption can then be calculated from the
area under the resulting time-dependent difference curve. A detailed description of the
experimental procedure and the calculations can be found in Bläker et al. [23].
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According to the Thermodynamic evaluation of the sensor gas calorimeter (see
Appendix A), the measured quantity with the sensor gas calorimeter is the heat of ad-
sorption.

3.2.2. Experimental Error

All experimentally determined measurement data are subject to systematic and random
errors. These lead to uncertainties in the heat of adsorption and the equilibrium loading.

The measurement error of the equilibrium loading depends on the individual errors
of the balance for the determination of the adsorbent mass, the volume of the sample
vessel, the temperature sensors, as well as the pressure sensors of the volumetric measuring
device. Since the equilibrium loading is measured cumulatively, the measurement error
in the i-th adsorption step is the sum of the current error and all errors of the previous
equilibrium points. The absolute error of the equilibrium loading therefore depends on
the number of equilibrium points and increases with an increasing number of equilibrium
steps. The relative error remains almost constant, since the loading of the adsorbent
also increases with an increasing number of equilibrium steps. Using Gaussian error
propagation, the relative error of the equilibrium loading is 7.5%.

The measurement error of the heat of adsorption results from the individual errors in
the calibration of the sample vessel, the sample vessel volume, the temperature sensors,
the pressure sensors of the volumetric measuring device, and the calorimetric pressure
difference measurement. The error of the calorimetric pressure difference measurement
is calculated by multiplying the standard deviation of the pressure difference measure-
ment by the number of measuring points and increases with an increasing equilibrium
time. By using Gaussian error propagation, an absolute error of the heat of adsorption of
1.5 kJ/mol is estimated.

The deviations determined from five experimental reproducibility measurements are
in the range of the calculated absolute error in the load-dependent heat of adsorption.
The equilibrium loadings of the sorption measurements show a very good agreement
over the entire measuring range. The maximum deviations are in the range of 2.5% and
therefore are lower by a factor of three compared to the error calculation using Gaussian
error propagation.

4. Conclusions

In this work, the influence of the type and number of cations on adsorption on faujasite
zeolites, which are commonly used as catalysts, was investigated. In order to assess the
effects on the following chemical reaction in heterogeneous catalysis, the interactions
between adsorptive and adsorbent surface were determined. For this purpose, adsorption
isotherms and heats of adsorption were measured simultaneously using a sensor gas
calorimeter. The results show significant differences in the loadings as well as the load-
dependent heats of adsorption as a function of the type and number of cations introduced.
Lower loadings and heats were found in case of the NaY zeolite with higher Si/Al ratio
and less cations than the NaX zeolite. For the CaNaX zeolites, with the exception of the low-
exchanged materials, an increasing loading and heat of adsorption with increasing degree
of exchange was observed. The measured heats exhibit a stepwise decreasing pattern
with identical plateaus values for the different materials. Interactions of methane with
cations at different positions could be assigned to the respective heat plateaus. Energetic
contributions for the interactions of the methane molecule with the zeolite framework
and with the cations could be estimated using a simple mechanistic approach. The cation
position (III’ > III > II) and the cation type (Ca2+ > Na+) have significant influence on the
strength of interaction. Interactions with the zeolite framework turned out to be in the
same order of magnitude as interactions with the calcium ions. If stronger interactions
between an adsorbent surface and adsorpt molecule are necessary for heterogeneous
catalysis, then the modified zeolite with calcium cations must have a degree of exchange
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above 53%. Both the stronger interactions and the higher heats of adsorption influence the
heterogeneous catalysis and therefore have to be considered.

In future work, other adsorptives such as ethane and ethylene will be investigated and
systematically compared on modified faujasite and Linde type A zeolites. The calculation of
the energetic contributions will be optimized and the pattern of the heat of adsorption will
be modeled. Finally, based on the heats of adsorption, a proposal for the cation distribution
in faujasite zeolites will be developed.
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Appendix A. Thermodynamic Evaluation of the Sensor Gas Calorimeter

A thermodynamic analysis of the sensor gas calorimeter was carried out to evaluate
whether the caloric quantity corresponds to the enthalpy of adsorption ∆Hads, the heat
of adsorption QAds or an internal energy difference U2 −U1. The enclosed volume of the
measuring cell is considered, neglecting any heat transport processes in the vessel walls.

The enclosed volume V of the measuring cell in state one (start of adsorption) can be
completely described by the thermodynamic state variables temperature T1, pressure p1,
amount of substance n in the gas phase nG

1 and in the adsorbate phase nS
1 , the amount of

substance of the unloaded adsorbent nSolid and the loading b1. Analogously, the system in
state two (equilibrium after adsorption) can be described by the state variables T2, p2, nG

2 ,
nS

2 , nSolid and b2. Due to the constant tempering of the sample vessel by a water bath, the
temperatures T1 and T2 are identical in both states (T1 = T2 = T, isothermal process).

The total internal energy in the measuring cell consists out of the sum of all internal
energies of the three phases (gas phase, adsorbate phase, (unloaded) adsorbent). For the
states one and two, the following Equations (A1) and (A2) result.

U1 = nG
1 uG(T) + nS

1 uS
1 (T, b1(p1)) + nSoliduSolid(T) (A1)

U2 = nG
2 uG(T) + nS

2 uS
2 (T, b2(p2)) + nSoliduSolid(T)

=
(
nG

1 − ∆nG)uG(T) +
(
nS

1 − ∆nG)uS
2 (T, b2(p2)) + nSoliduSolid(T)

(A2)

The internal energies of the individual phases result from the multiplication of the
respective amounts of substances with the specific internal energies of the individual
phases. By subtracting Equation (A2) from Equations (A1) and (A3) follows.

U2 −U1 = −∆nGuG(T) +
(

nS
1 − ∆nG

)
uS

2 (T, b2(p2))− nS
1 uS

1 (T, b1(p1)) (A3)

https://www.mdpi.com/2073-4344/11/1/98/s1
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Assuming that due to small pressure or loading steps the specific internal energy in the
adsorbate phase does not change in states one and two (uS

2 (T, b2(p2)) = uS
1 (T, b1(p1)) ≈

uS(T)), Equation (A3) can be transformed into Equation (A4).

U2 −U1 = ∆nG
(

uS(T)− uG(T)
)
= QAds (A4)

The change of the internal energy in the measuring cell corresponds to the difference of
the specific internal energies of the adsorbate and the gas phase, multiplied by the adsorbed
amount of substance (nG

1 − nG
2 = ∆nG = nS

2 − nS
1 = ∆nAds). In addition, the change in

internal energy in the measuring cell is equal to the heat of adsorption QAds released in an
adsorption step i.

The total enthalpy of the measuring cell is, analogous to the total internal energy,
composed out of the sum of all internal energies of the three phases (see Equations (A1)
and (A2)). In addition, there is a further pressure-volume term for each phase. This is due
to the pressure change caused by the adsorption of the molecules on the adsorbent.

H1 = nG
1 uG(T) + p1VG + nS

1 uS
1 (T, b1(p1)) + p1VS + nSoliduSolid(T) + p1VSolid (A5)

H2 =
(

nG
1 − ∆nG

)
uG(T) + p2VG +

(
nS

1 − ∆nG
)

uS
2 (T, b2(p2)) + p2VG + nSoliduSolid(T) + p2VSolid (A6)

By subtracting Equation (A6) from Equation (A5), Equation (A7) is obtained for the
total enthalpy in the measuring cell.

H2 − H1 = U2 −U1 + (p2 − p1)VG + (p2 − p1)VS + (p2 − p1)VSolid

= U2 −U1 − ∆pVG − ∆p
(

VS + VSolid
) (A7)

Assuming that the volume of the gas phase is several times larger than the volume of
the adsorbate phase and the unloaded adsorbent (VG � VS, VSolid), Equation (A7) can be
simplified to Equation (A8).

H2 − H1 ≈ U2 −U1 − ∆pVG (A8)

With the ideal gas law (∆pVG = ∆nGRT mit ∆p = p1 − p2) follows:

∆Hads = H2 − H1 ≈ U2 −U1 − ∆nGRT (A9)

The change of the enthalpy is therefore not equal to the change of the internal energy in
the measuring cell, but has additionally a pressure-volume term ∆pVG. In the calorimeter,
however, it is the heat which is transferred by heat conduction and convection from the
measuring cell into the surrounding sensor gas and then into the water bath. The heat flow
leads to a temperature and pressure change in the sensor gas volume. Since the calculation
of the heat of adsorption uses this pressure change of the sensor gas volumes, the measured
quantity is actually heat of adsorption. To be able to specify the measurement data as
enthalpy of adsorption, the heat of adsorption must be converted with a correction factor.
For this purpose, Equation (A9) is first written as molar equation (Equation (A10)) by
division by ∆nG.

∆hads =
Hads
∆nG ≈

U2 −U1

∆nG − ∆nGRT
∆nG ≈ QAds

∆nG −
∆nGRT

∆nG ≈ qAds − RT (A10)

From Equation (A10) it can be seen that to calculate the enthalpy of adsorption, a RT
term must be subtracted from the transmitted heat flow. For the measured data recorded at
298.15 K, this corresponds to a value of 2.48 kJ/mol.
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