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ABSTRACT: Study of the energetics of confinement of small
organic molecules in microporous frameworks provides
essential information for rational design and application of
functional porous materials. Using immersion calorimetry and
temperature-programmed desorption coupled with mass
spectroscopy, we describe the complex guest−host interactions
of a nonpolar organic molecule (n-hexane) with a series of
calcium-exchanged zeolite A materials whose pore accessibility
was modified by varying the calcium content to achieve
inaccessible, partially accessible, and fully accessible central cavities for n-hexane molecules. The overall magnitude and trend with
the pore size of n-hexane−zeolite A interactions have been determined. In addition, the contributions to energetics from the
external surface (ΔHwet), tetrahedral framework (ΔHg‑h), and adjacent n-hexane molecules (ΔHg‑g) were separated, quantified,
and interpreted.

1. INTRODUCTION

Because of their periodic and ion-balanced structures with
defined and controllable pore sizes and abundant internal
surface area, zeolites have been widely used in scientific
research and technological applications, including adsorption,
shape selective catalysis, ion exchange, and medical treat-
ment.1−4 In such applications, the interactions between guest
species and host frameworks are crucial governing factors in
determining properties.5 A large number of studies, both
theoretical and experimental, have been carried out to explore
such interactions.6−8 The energetics of n-alkane confinement in
zeolites has been studied by molecular modeling.9,10 Static and
dynamic experimental methods have been employed as well, in
which the physical chemistry of molecule−zeolite interactions
has been discussed.11−14 However, most of these studies used
specific host frameworks and guest molecules, without a
systematic variation of parameters to define the fundamental
interactions.
Solution and immersion calorimetry are powerful techniques

to obtain interaction enthalpies in guest−host systems. Initial
studies focused on confinement of embedded structural
directing agents (SDAs) in as-made zeolites and on water−
cation−zeolite interactions. Eder et al. investigated alkane
sorption in molecular sieves and discussed the contributions
from ordering, intermolecular interactions, and Brönsted acid
sites.7 Recently, interactions of small guest molecules (water,
ethanol, and triethylamine) with a series of mesoporous silicas
were quantified at room temperature using immersion
calorimetry.15 Wu et al. employed hydrofluoric acid (HF)
solution calorimetry to investigate energetics and phase
evolution of a rigid, spherical organic molecule confined in
mesoporous silicas with different pore sizes.16 The adsorption

energetics were also studied for several metal−organic
frameworks (MOFs) using microcalorimetry.19,20

With its α cage aperture modifiable by fine-tuning the degree
of calcium exchange, zeolite A offers a well-defined structure for
molecular confinement study (see Figure 1). Despite the wide
use of zeolite A in the separation of linear and branched
alkanes,21,22 the interactions between alkanes and calcium-
exchanged zeolite A have not been characterized in detail. The
contributions from various types of interactions among the
guest molecule, the framework, and the cation (Na or Ca),
though recognized as important,23−25 have not been separated
and quantified. In the present study, the magnitudes of guest−
host interactions between n-hexane and calcium-exchanged
zeolite A were determined using immersion calorimetry
coupled with temperature-programmed desorption and mass
spectroscopy (TPD−MS). The objective is to quantify the
energetics of n-hexane adsorption/confinement in Ca-
exchanged zeolite A, to separate contributions from various
factors (surface, framework, cation, and intermolecular
interactions), and finally to understand and generalize the
systematics of confinement of nonpolar hydrocarbon molecules
in zeolites.

2. EXPERIMENTAL METHODS

2.1. Preparation of Ca-Exchanged Zeolite A. Synthetic
zeolite Na-A (RM 8851), obtained from the National Institute
of Standards and Technology (NIST) was used as starting
material. Ion exchange was performed by immersing 2.0 g of
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zeolite Na-A in 40 mL of CaCl2 aqueous solution (0.05−0.25
M) kept at 80 °C under vigorous stirring for 24 h. The solid
products were washed at least three times with deionized water
and separated by centrifugation. To achieve a fully Ca-
exchanged zeolite A, this procedure was triplicated. The ion-
exchanged samples were dried at 120 °C overnight and stored
in a tightly sealed desiccator with 33 ± 2% relative humidity,
generated by a saturated MgCl2 aqueous solution at room
temperature, for at least 2 days before any characterization.
Prior to immersion calorimetry, the samples were heated from
room temperature to 450 °C at 10 °C/min and kept at 450 °C
under vacuum (10−4 Torr) for 16 h using the degas port of a
gas adsorption analyzer (Micromeritics ASAP 2020).
Samples saturated with n-hexane were prepared by a vapor

deposition method, in which the dehydrated frameworks were
placed in a tightly sealed desiccator together with a small vial of
liquid n-hexane (99.9% purity, Fisher Scientific). Although
liquid n-hexane did not directly contact the samples, its
saturation vapor at room temperature diffused into the void
spaces in the frameworks and was confined. The saturation
process was performed for at least 2 days. Then, these
equilibrated n-hexane-containing samples were used for
temperature-programmed desorption mass spectrometry
(TPD−MS) analyses.
2.2. Characterization. Powder X-ray diffraction (XRD)

patterns were collected at room temperature using a Bruker-
AXS D8 Advance X-ray diffractometer operated at 40 kV and
40 mA with Cu Kα radiation. Data were recorded from 5−60°
with a step size of 0.02° and 1 s·step−1. Lattice parameter a was
refined using Jade 6.0 and the ICSD database.
The chemical compositions were determined using a Cameca

SX-100 electron microprobe with a beam current of 10 nA and
an accelerating voltage of 15 kV. Sample pellets were embedded
in a plastic holder with epoxy resin and polished with diamond
paste. Eight points were measured on each specimen.
Homogeneity was checked using backscattered electron
(BSE) imaging.
2.3. Temperature-Programmed Desorption Mass

Spectrometry (TPD−MS). TPD−MS analyses were per-
formed on a Netzsch STA 449 system coupled with mass
spectrometry to determine the contents of n-hexane in each
sample. Sample pellets weighing about 20 mg were placed in a
platinum crucible and heated under an argon flow (40 mL/
min) from 30 to 600 °C at 10 °C/min. The TPD exhaust

species were collected into the ionization chamber of a
Micromeritics Cirrus 2 quadrupole mass spectrometer, ionized,
and fragmented by electron impact. Their m/z values were
identified, and the ion currents from desorption and pyrolysis
products were recorded with an electron multiplier. The
contents of adsorbed/confined n-hexane were derived from
integration of the corresponding carbon species peaks in the
mass spectra. Blank runs were performed without a zeolite
sample as the baseline. All sample MS traces were corrected
with that baseline before peak integration. The mass
spectrometer was calibrated using zeolite samples with known
water contents. TPD−MS analyses were triplicated on zeolite
Na-A, which had been equilibrated under 33 ± 2% relative
humidity created by a saturated MgCl2 aqueous solution to
obtain an average calibration factor for the amount of water in
the samples.

2.4. Immersion Calorimetry. The enthalpies of immersion
of zeolite CaNa-A in liquid n-hexane were determined using a
Setaram C-80 twin microcalorimeter equipped with a custom-
made glass dropping tube. Dehydrated samples were pressed
into pellets (∼10 mg) and dropped into n-hexane maintained at
25 ± 0.5 °C. The drop generated a heat effect associated with
the contact and confinement of n-hexane with the zeolite
sample. A typical measurement took 45−90 min. The
measurement on each sample was repeated 4−8 times to
ensure reproducibility.

3. RESULTS
3.1. Structure and Composition of Zeolite Na-A and

CaNa-A. The powder XRD patterns for calcium-exchanged
zeolite A are shown in Figure 2. All samples are confirmed to be
single phase. The present observations agree with a previous
report,26 which suggests that the lattice parameter a is closely
correlated to the calcium content (Table 1).
The chemical compositions and calculated molar mass (per

mole of TO2) of Ca-exchanged zeolite A are listed in Table 1.
The Si/Al ratio of all samples is identical (1.03 ± 0.01), which
is very close to that of ideal zeolite A. This is strong indication
of consistent high framework quality after ion exchange, with
no degradation of the materials. The Ca exchange ranges from
34.8 to 97.9 mol % (see Table 1).

3.2. TPD−MS. The TPD−MS profiles for dehydration of
zeolite Na-A are shown in Figure 3. Applying Gaussian
multipeak fitting, both the differential thermogravimetric

Figure 1. Framework structures of zeolites (a) Na-A and (b) Ca-A. Site I, Site II, and Site III in (a) indicate the cation sites occupied by adjacent
sodium ions. Na-A: space group Fm3̅c, cell parameter a = 24.555 Å.17 Ca-A: space group Fm3 ̅c, cell parameter a = 24.47 Å.18
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(DTG) and MS traces are separated into three peaks (Figure
3). The well-resolved MS peaks of H2O and −OH have nearly
identical shapes and positions as those on the DTG curves.
Therefore, the overall water content can be integrated from
both of the peaks on the MS and TGA curves (see Table 2). In
addition, the average calibration factor was calculated by
dividing the overall area of water species on the MS trace AH2O

+ A−OH, over the amount of desorbed water, wH2O. All three sets
of the TPD−MS experiment show highly consistent results.
Applying the calibration factor to the TGA weight loss, we

were able to calculate the contents of water and hexane for each
sample. With consideration of MS signals from all the carbon-
containing species (Figure 4), the amounts of n-hexane
confined in 34.8% and 63.0% CaNa-A are 0.44 and 1.45
mmol/g (0.038 and 0.125 g per g of zeolite) (see Table 3).
Both of these values are in good agreement with our previous
measurements (see Table 4) using a static binary mixture
solution method (0.43 mmol/g for 34.3% CaNa-A and 1.45
mmol/g for 64.0% CaNa-A at 25 °C,27 1.48 mmol/g for CaNa-
A at 20 °C28), and with other works (1.44 mmol/g at 26 °C29

and a maximum of 1.51 mmol/g30,31).
The MS profiles of 34.8% and 63.0% CaNa-A are presented

in Figure 5. The signals of propyl (m/z = 43), butyl (m/z =
57), and pentyl groups (m/z = 71) and hexane (m/z = 86) are
all assigned as coming from n-hexane. Each signal shows two
well-resolved peaks at about 100 and 200−300 °C. Applying
Gaussian multipeak fitting, ratios of these two peaks are 0.85 for
34.8% CaNa-A, and 0.30 for 63.0% CaNa-A. Interestingly, for
zeolite A with a higher calcium content, this value remains the
same, 0.30.

3.3. Immersion Calorimetry. The enthalpies of immersion
for zeolite A in n-hexane liquid are listed in Table 4. Values for
Ca-exchanged zeolite A are more exothermic than those for
zeolite A in its sodium form. The heat of immersion for samples
with more than 63.0% calcium exchange (∼59 J/g - zeolite)
agrees with a previously reported value for zeolite Ca-A (61 J/g
- zeolite).32 Na-A has the least exothermic enthalpy of
immersion of −0.39 ± 0.025 kJ/mol - TO2 (−5.59 ± 0.35 J/
g - zeolite), whereas zeolites with more than 44.5% calcium
appear more exothermic with values from −4.06 ± 0.09
(−57.18 ± 1.29 J/g - zeolite) to −4.12 ± 0.21 kJ/mol - TO2
(−58.70 ± 2.96 J/g - zeolite).
The effective aperture diameter of zeolite Na-A (3.8 Å) is too

narrow for the n-hexane molecule (kinetic diameter: 4.3 Å) to
enter the central (α) cavity (see Figure 1).5 Therefore, the
measured immersion enthalpy for Na-A represents only wetting
of its external surface by n-hexane (wetting heat). Because of

Figure 2. Powder X-ray diffraction (XRD) patterns of zeolites Na-A
and CaNa-A. Values in front of CaNa-A denote the degree of
exchange.

Table 1. Chemical Compositions of Zeolites Na-A and CaNa-A (per Mole of TO2)

zeolite chemical composition MW (g) a [Å]b

Na-A Na0.480Al0.491Si0.509O1.995 70.48 24.6187(3)
34.8%CaNa-Aa Na0.296Ca0.079Al0.490Si0.510O1.982 69.24 24.6412(3)
44.5%CaNa-Aa Na0.287Ca0.115Al0.494Si0.506O2.011 70.92 24.6464(7)
63.0%CaNa-Aa Na0.182Ca0.154Al0.497Si0.503O1.997 69.85 24.6385(3)
76.2%CaNa-Aa Na0.121Ca0.194Al0.490Si0.510O2.010 70.27 24.6262(2)
97.9%CaNa-Aa Na0.011Ca0.249Al0.490Si0.510O2.010 69.94 24.5606(9)

aThe values in front of CaNa-A denote the degrees of calcium exchange of CaNa-A samples. bLattice parameter.

Figure 3. Differential thermogravimetric analysis (DTG) and mass
spectroscopy (MS) profiles for hydrated zeolite Na-A.

Table 2. TPD−MS Calibration on Hydrated Zeolite Na-A
Samples

mhyd‑zeolite
a, mg xb, wt % wH2O

c, mg AH2O
d A−OH

e Ff, mg−1

8.67 19.55 1.69 122.49 21.94 85.21
10.51 18.71 1.97 144.47 25.85 86.62
11.36 19.95 2.27 162.37 29.37 84.61

aWeight of hydrated zeolite Na-A equilibrated under 33 ± 2% relative
humidity. bTGA weight loss relative to hydrated zeolite samples in the
integral temperature region. cAmount of water released in the integral
temperature region. dRelative integral area for three peaks related to
H2O on the MS profiles. eRelative integral areas for three −OH group
peaks on the MS profiles. fAverage calibration factor for TPD−MS
quantitative analysis.
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the negligible changes in external surface area during ion
exchange, the wetting amounts and wetting heats of all samples
can be considered to be identical. The amount of n-hexane
involved in the wetting process was found to be 1.93 mmol/g
(see Table 4). The heat of wetting was measured as −2.90 ±
0.18 kJ/mol - hexane, which is comparable to the wetting heats
(n-hexane) of other inorganic porous materials.33 The Qc values
in Table 4 show that the average number of n-hexane molecules
confined in one α cage increases with calcium content from
zero for Na-A, to 0.7 for 34.8% CaNa-A. All samples with
higher calcium contents (44.5, 63.0, 76.2, and 97.9% CaNa-A)
have nearly equal numbers of confined n-hexane molecules (2.4
per α cage).
After subtracting the wetting heat and using results from

TPD−MS and immersion calorimetry, we are able to calculate
the enthalpy of interaction, which is defined as the energetic
effect associated with confinement of n-hexane in the pores of
Ca-exchanged zeolite A (see Figure 6). The enthalpy of
interaction becomes more exothermic until reaching a plateau
of about −36.5 kJ/mol - hexane. These enthalpies of interaction
correspond well to the heat of adsorption of n-hexane at low
coverage (around −35 kJ/mol - hexane with respect to
vaporization enthalpy of n-hexane at 100 °C), extracted from
gas adsorption isotherms.30,34

4. DISCUSSION
In each zeolite A pseudo-cell, there are 12 net negative charges,
which have to be balanced by cations.35 These high-energy sites
have distinct crystallographic positions and are classified into
three categories: site I, centered in the six-membered rings
(6MR) and displacing into the α cavity; site II, located near the

center of the eight-membered rings (8MR) and being close to
its planes; and site III, centered in the four-membered rings
(4MR) and displacing into the α cavity. Accordingly, the charge
balancing sodium cations in zeolite Na-A are located at these 12
sites and can be substituted by other cations such as calcium.
Specifically, in Na-A, 8 of the 12 Na+ are at sites I (6MR), 3 at
sites II (8MR), and the remaining 1 at sites III (4MR).17,36 In
this scenario, all the 6 8MR windows are partially blocked by
Na+, resulting in a reduced effective aperture diameter, from 4.3
Å (cation-vacant) to 3.8 Å (sodium-occupied) (see Figure 1).
This small difference in size creates severe steric hindrance,
blocking access of n-hexane molecules into the central cages of
Na-A. In other words, interaction of Na-A with n-hexane mainly
happens on the external surface of the zeolite and is simply
wetting.
Once 2 Na+ are exchanged by 1 Ca2+, the total number of

cations in zeolite A decreases. In fact, each cation has its site
selectivity; Ca2+ cations prefer sites I. Site II, which locates near
the center of 8MR, is filled by Ca2+ only if there are more than
8 cations (Na+ and Ca2+ in total) per cell (once sites I are
entirely filled).37,38 For the 34.8% CaNa-A, about 6 Na+ and 2
Ca2+ cations occupy all sites I and the remaining 2 Na+ cations
locate at 2 out of the 3 sites II, leaving site III empty. Despite
that 4 of the 6 8MR windows are obstructed by Na+, n-hexane
molecules are able to enter the α cages through the remaining
open apertures and interact with the framework. However, its
low pickup of n-hexane (0.44 mmol/g, ∼0.7 molecules per
cage) indicates that most of the α cages are still inaccessible to
n-hexane. Once the calcium exchange reaches 44.5%, 8 sites I
accommodate 5 Na+ and 3 Ca2+. The remaining 1 Na+ locates
at site II, which frees 4 of the 6 8MR windows to be accessible
to the n-hexane molecules. Our results suggest, upon increasing
exchange to 44.5%, that nearly all α cages become accessible,
leading to a sharp step in the amount of adsorption (see Table
4). As the degree of calcium exchange increases until there are
no extraframework cations at site II (63.0% CaNa-A), the
adsorbed amount of n-hexane reaches a plateau of 1.45 mmol/g
(2.4 molecules per cage). Beyond this point, the amount of n-
hexane adsorption is no longer a function of calcium content,
indicating that the central cavities are entirely accessible.
Immersion of zeolite A is a complex process involving various

interactions of guest n-hexane molecules with the external
surface (wetting), with the framework (guest−host), and with
other confined n-hexane molecules (guest−guest). These
interactions produce exothermic heat effects labeled as,
ΔHwet, ΔHg‑h, and ΔHg‑g, respectively. Therefore, the overall
interaction enthalpy, ΔHint‑tot, can be represented by eq 1.

Δ = Δ + Δ + Δ‐ ‐ ‐H H H Hint tot wet g h g g (1)

The magnitude of ΔHwet, which is equal to ΔHint‑tot of Na-A
(−2.90 kJ/mol - hexane), suggests a weak interaction. By

Figure 4. Temperature-programmed desorption mass spectrometry
(TPD−MS) profiles for 34.8% CaNa-A sample.

Table 3. TPD−MS Quantitative Analysis for Water and n-Hexane on Zeolite CaNa-A Samples

zeolite mequ‑zeolite
a, mg xb, wt % wtot

c, mg AH2O
d A−OH

e ACO2

f wH2O
g, mg whex

h, mg xi, g/g

34.8%CaNa-A 13.91 11.88 1.65 15.18 85.56 3.38 1.13 0.52 0.038
63.0%CaNa-A 20.22 14.99 3.03 11.55 62.95 4.42 0.81 2.22 0.125

aWeight of samples equilibrated under n-hexane vapor at 25 °C. bTGA weight loss (on the basis of the n-hexane equilibrated samples) related to the
integral temperature region. cTotal weight loss of samples related to the integral temperature region. dRelative integral area for the three H2O peaks
on the MS profiles. eRelative integral area for the three −OH group peaks on the MS profiles. fRelative integral area for CO2 peaks on the MS
profiles. gAmount of water released from zeolite samples. hAmount of n-hexane released from zeolite samples. iAmount of confined n-hexane relative
to dehydrated zeolite A.
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subtracting wetting enthalpy ΔHwet from the overall interaction
enthalpy, eq 1 can be reduced to eq 2, which defines the overall
enthalpy of interaction for confinement of n-hexane in the
internal space of zeolite A, ΔH′int‑tot (Table 5).

Δ ′ = Δ + Δ‐ ‐ ‐H H Hint tot g h g g (2)

For either Na-A or 34.8% CaNa-A, less than one hexane
molecule is hosted per α cage (0 for Na-A and 0.7 for 34.8%
CaNa-A), which implies that the ΔHg‑g is negligible since the
guest−guest interaction is significant only at relatively high
coverage (more than one molecule per cage), according to an
exponential correlation of ΔHg‑g ∝ nx (n is number of guest
molecules and x is between 2.5 and 3).7 Hence, ΔHg‑h is around
−14.4 kJ/mol - hexane, identical to the ΔH′int‑tot of 34.8%
CaNa-A. On the other hand, as the degree of exchange
increases from 0 (zeolite Na-A) to 34.8%, the α cage in zeolites
evolves from inaccessible to partially accessible. Therefore,
samples with more than 44.5% calcium exchange may
accommodate 2.3−2.4 n-hexane molecules per cage, implying
pronounced intermolecular interactions.30 The calculated ΔHg‑g
(−22.2 kJ/mol - hexane) is found to be roughly 70% of the heat
of condensation for n-hexane (−31.56 kJ/mol - hexane at 25
°C39). Therefore, we successfully separate and quantify the
contributions from various types of interactions, which are
correlated to the properties (structure and type of cation) of
the host framework as well as the population of confined guest
molecules. These factors are energetically closely balanced and
may be fine-tuned to achieve a particular functionality in
industrial applications.
Since n-hexane confined in zeolite A is in equilibrium with

pure n-hexane liquid under immersion at 25 °C, the change of
chemical potential associated with inclusion of guest molecules
is Δμint = μconfined − μliquid = 0. Therefore, according to Δμ =
Δh − TΔs, the entropy of confinement, relative to liquid
hexane, can be calculated and is shown in Figure 6 as a function
of calcium content. Hence, confinement of n-hexane is
associated with a large exothermic enthalpy compensated by
a strongly negative entropy. Indeed the enthalpy and entropy of
confinement are linearly correlated; see Figure 7. Thus,
stronger (more exothermic) enthalpy of interaction (confine-
ment) may lead to more restricted molecular motion of n-
hexane molecules in cages and may produce a more ordered
arrangement of molecules than in the pure liquid and may
result in a sharply diminished entropy. Spectroscopic studies
(e.g., infrared and Raman spectroscopy and nuclear magnetic
resonance) as well as inelastic neutron scattering may shed
further light on the molecular nature of confinement and are
suggested for future studies.
In summary, our study of confinement of n-hexane in

calcium-exchanged zeolite A, a complex, yet well-defined,
system, shows the impact of the degree of ion exchange
(resulting in a change in pore size and accessibility) on guest−
host interactions. We have determined not only the overall

Table 4. Immersion and Interaction Enthalpies of Dehydrated Zeolites Na-A and CaNa-A with n-Hexane at 25 °C

zeolite ΔHimm
a (J/g) ΔHimm

a (kJ/mol - TO2) Qc (mmol/g)c ΔHint‑tot
h (kJ/mol - hexane)

Na-A −5.59 ± 0.35(4)b −0.39 ± 0.025 1.93d, 0e −2.90 ± 0.18i

34.8%CaNa-A −11.92 ± 1.22(6)b −0.82 ± 0.084 0.44, 0.43e,f −27.76 ± 2.84
44.5%CaNa-A −57.18 ± 1.29(8)b −4.06 ± 0.091 1.36e −42.12 ± 0.95
63.0%CaNa-A −58.45 ± 3.33(8)b −4.08 ± 0.23 1.45, 1.45e,g −40.30 ± 2.30
76.2%CaNa-A −58.70 ± 2.96(8)b −4.12 ± 0.21 1.45e −40.47 ± 2.04
97.9%CaNa-A −58.94 ± 2.65(8)b −4.12 ± 0.18 1.45e −40.64 ± 1.83

aEnthalpies of immersion relative to dehydrated zeolite A. bNumber of measurements. cThe adsorption amount of n-hexane in zeolite A at 25 °C.
dWetting amount of n-hexane in zeolite A obtained from ref 32. eAdsorption amounts of n-hexane from ref 27. fZeolite CaNa-A sample with a degree
of Ca exchange of 34.3%. gZeolite CaNa-A sample with a degree of Ca exchange of 64.0%. hOverall interaction enthalpies containing ΔHwet, ΔHg‑h,
and ΔHg‑g.

iEnthalpies of interaction calculated using wetting amount of n-hexane in zeolite A.

Figure 5. Mass spectroscopy (MS) profiles for n-hexane released from
zeolites A (34.8% and 63.0% NaCa-A).

Figure 6. Enthalpy and entropy change for confinement of n-hexane in
zeolite A as a function of calcium content.
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trend and magnitude of energetics but also the contributions
from various interactions (wetting, guest−host, and guest−
guest). The interpretation confirms the crucial role of degree of
calcium exchange on guest accessibility and suggests that all of
these interactions should be considered in scientific research
and industrial applications related to confinement/adsorption
of organic molecules. Molecular modeling and direct
experimental approaches (including calorimetric and spectro-
scopic) complement each other. We believe that a well-planned
combination of both may greatly enhance the research quality
and benefit the zeolite architects.

5. CONCLUSIONS
The guest−host interactions of a nonpolar organic hydrocarbon
(n-hexane) with a series of Ca-exchanged zeolite A have been
studied by immersion calorimetry coupled with temperature-
programmed desorption and mass spectroscopy (TPD−MS).
The interaction enthalpy is found to be a function of calcium
content and can be separated into three types of contributions
from wetting of the external surface (−2.9 kJ/mol - hexane),
guest−host (−14.4 kJ/mol - hexane), and guest−guest
intermolecular interactions (−22.2 kJ/mol - hexane).
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