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Abstract

This work studies the thermal stability, heat-induced structural deformations, and
dehydration/rehydration dynamics of a synthetic high silica mordenite. It is of special
interest because this particular phase has proven to be an ideal host for the
encapsulation of several kinds of organic molecules making it a promising scaffold for
drug delivery. The dehydration process was followed by thermal analysis, infrared
spectroscopy in controlled atmosphere, in situ synchrotron XRPD, and structural
refinement. Overall, all the results indicate weak interactions of H.O molecules with
the silicatic mordenite framework and evidence the presence of hydroxyl groups with
different condensation responses at high temperature. Infrared characterization
highlighted how the desorption of adsorbed H,O molecules under degassing is already
complete at rT. The unit cell parameters exhibit very slow and almost isotropic
changes upon heating. Above 550 °C an increase in slope is observed for all
parameters. This corresponds to the marked silanol condensation and consequent
framework reassessment observed at this temperature by infrared characterization.
Overall cell contractions are 0.67%, 1.18%, and 0.81% for a, b, c, respectively and
2.64% for cell volume. HS-MOR undergoes very moderate T induced deformations,
indicating a very rigid and stable framework.
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1. Introduction

Establishing the thermal stability of a zeolite is of particular importance since its
properties can change in the dehydrated/calcined state and under operating conditions.
Understanding the mechanisms governing heat-induced structural deformations is
crucial for many technological applications, e.g. Ref. [1]. Zeolites are exploited in
diverse complex applications, ranging from catalysis to drug delivery. Due to their
physicochemical stability, uniform porosity, large surface area, and biocompatibility,
zeolites are widely employed as drug delivery carriers since they have proven to be
ideal hosts for organic molecule encapsulation, including photoactive species

[[2], [3], [4], [5]] The first step in the preparation of zeolite/organic molecule hybrid
materials is the dehydration of the zeolite to facilitate the penetration of the desired
molecules. Consequently, it is essential to thoroughly investigate how H.O is released,
at what temperature, and how this affects the zeolite framework.

Many studies and reviews report the thermally induced dehydration and consequent
structural deformations of alumino-silicate hydrated phases, see e.g. Refs. [6,7]. In
general, it is widely accepted that: a) thermal stability increases with Si/Al ratio as a
consequence of the higher energy required to break the Si—O bond compared to the
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Al-O bond; b) lower dehydration temperatures are observed in zeolites with higher
Si/Al ratios since their surfaces become more hydrophobic. On the basis of the
collapse temperature obtained by X-ray structural investigations, Cruciani [6]
introduced the so-called “stability index” (SI) and demonstrated a clear correlation
between Sl and the Si/(Si + Al) ratio.

Several data sets are also available on the thermal behavior of pure and high silica
phases [[8], [9], [10], [11], [12], [13], [14]]. Since most high silica zeolites are
obtained by dealumination, their properties are affected by the presence of connection
defects and their investigation assumes particular importance, especially if the SIOH
connectivity can be defined. For most of these materials, the silicatic framework
undergoes negative thermal expansion (NTE) of variable entity.

This work aims to define thermal stability, heat-induced structural deformations, and
reversibility of these processes in a high silica mordenite. This phase has proven to be
an ideal host for the encapsulation of several kinds of organic molecules
(hydrocarbons, ethylene glycol, etc.), e.g. Refs. [[15], [16], [17]], and is a promising
scaffold for several other applications in the drug delivery field. For the reasons set
out above, understanding framework modifications of high silica mordenite under
preloading treatment (i.e. high temperature) is of great importance.

2. Experimental methods
2.1. Material

High silica mordenite (HS-MOR) with an SiO./Al,O; molar ratio of 220, was
purchased (code HSZ-690HOA) in its protonated form from Tosoh Corporation
(Japan). This material was previously characterized by our group by different
techniques (SEM, surface area, porosimetric analysis, thermogravimetric analysis, and
FTIR spectroscopy) [17] and was used in previous work on the adsorption of
pollutants from waste water [15,16,[18], [19], [20], [21]]. FTIR spectroscopy revealed
the presence of a large quantity of silanol defects produced by the dealumination
process. The nominal particle size is 10 pm.

Mordenite (framework type MOR [22]) crystal structure exhibits a 1D channel system
characterized by two parallel channels running along the c axis, comprising a large

12 MR channel and a strongly elliptical 8 MR channel. These channels are
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interconnected along the [010] direction through side pockets delimited by double
8 MRs that, in turn, form a sinusoidal channel running parallel to the b axis [23].

2.2. Infrared spectroscopy in controlled atmosphere

The infrared measurements were carried out on a PerkinElmer 2000
spectrophotometer equipped with Globar source and MCT detector, operating at a
resolution of 2 cm™ and averaging 64 scans for each spectrum collected. The zeolite
powder was compressed into a self-supporting pellet and enclosed in a gold-frame,
then inserted into a traditional quartz-glass infrared cell where both the thermal
treatment and infrared analysis were conducted. The cell was closed and connected to
a vacuum line (residual pressure 5.0 X 10+ mbar). The thermal treatment consisted of
heating the material in dynamic vacuum from rT to 800 °C for 30 min. Isotopic
exchange was achieved by exposing the outgassed material to D,O vapor pressure for
5 cycles of 5 min.

The Fit Curve routine of Bruker's OPUS 5.0 software was used to fit the vOH
experimental profile.

2.3. Thermogravimetric (TG) analysis

TG analysis of HS-MOR was made using a Seiko SSC/5200 thermal analyzer. About
10 mg of the sample was loaded into a Pt crucible and heated in air from room
temperature to 1050 °C, at a heating rate of 10 °C/min, the same heating rate used for
in-situ XRPD collections.

2.4. Synchrotron X-ray powder diffraction (XRPD) experiments

The temperature-resolved synchrotron XRPD patterns were collected at 1D22
beamline at ESRF (Grenoble) at a fixed wavelength of 0.3544 A. The wavelength was
calibrated with Si NIST standard reference material. The powder sample was loaded
and packed into a 0.5 pm quartz capillary. The capillary was mounted on a standard
goniometric head and kept spinning during pattern collection. The sample was heated
in situ using a hot-air blower from rT to 800 °C at a heating rate of 10 °C/min.
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Temperature was calibrated against the thermal expansion of a standard Pt reference
material. Diffraction patterns were recorded with a high-resolution multi-analyzer
stage composed of nine analyzer crystals in the 20 range 0-25°. Between 50 and
600 °C the patterns were collected every 50 °C, while above 600 °C every 100 °C.
During temperature decrease, two data collections were performed at 150 °C and
room temperature (labeled 150 °C.., and rT.., respectively).

2.5. Structure refinements

The GSAS package [24] with the EXPGUI interface [25] was used for Rietveld
structure refinements. The starting coordinates adopted and site labels are from Ref.
[17]. The refinements were tested in both Cmcm and Cmc2, s g. The Cmc2; s g.
refinements were found to be more satisfactory and hence this space group was
adopted for all the investigated temperatures (only Cmc2, data are here reported).
The Bragg-peak profiles were modeled by a pseudo-Voigt function [26] with a peak
intensity cut-off set to 0.001 of the peak maximum. A 24-term Chebyshev polynomial
was used to fit the background curve. The overall scale factor, the 20-zero shift, and
the unit-cell parameters were refined for each histogram over the entire temperature
range. Si+- and O scattering curves were used for the framework species, and the
Oz used again for H,O molecules. Soft constraints were imposed on the tetrahedral
bond lengths T-O (1.63 A), with a tolerance value of 0.03 A. Isotropic thermal
displacement parameters were constrained to the same value for the same atomic
species.

The refinement details at selected temperatures (rT, 300, 800 °C, and rT.,) are
summarized in Table 1. The final observed and calculated patterns for the selected
refinements are shown in Fig. 2S a,b,c,d of the Supplementary Materials. Table

1, Table 2S respectively report the atomic coordinates and bond distances. Table

2 reports the unit-cell parameters refined for all the investigated temperatures.
Table 1. Unit-cell parameters and details of structural refinements at selected
temperatures.

T (OC) rT 300 800 rTrev
Space group Cmc2, Cmc2, Cmc2, Cmc21
a(A) 18.0609(2) 18.0440(2) 17.9394(4) 17.9881(5)
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T (oc) rT 300 800 Me

b (A) 20.2095(2) 20.1824(2) 19.9711(4) 20.0432(5)
c(R) 7.4546(1) 7.4470(1) 7.3943(2) 7.4111(2)
V (A 2720.9(1) 2712.0(1) 2649.2(1) 2672.0(2)
R, (%) 5.70 6.05 5.11 5.07

Rup (%) 7.26 7.69 6.65 6.65

R F**2 (%) 7.59 7.21 8.01 6.62

No. of variables 114 91 91 91

No. of observations 11601 10933 7946 7946

No. of reflections 1411 1202 539 559

Table 2. Cell parameters of HS-MOR at all the investigated temperatures.

T (°C) Space group a(A) b (A) c(A) V (A%
RT cme2, 18.0609(2) 20.2095(2) 7.4546(1) 2720.9(1)
50 Cme2, 18.0598(2) 20.2058(2) 7.4542(1) 2720.1(1)
100 Cme2, 18.0658(2) 20.2115(2) 7.4539(1) 2721.7(1)
150 Cme2, 18.0609(2) 20.2095(2) 7.4532(1) 2720.4(1)
200 cme2, 18.0553(2) 20.2015(2) 7.4518(1) 2718.0()
250 Cme2, 18.0500(2) 20.1919(2) 7.4499(1) 2715.2(1)
300 Cme2, 18.0440(2) 20.1824(2) 7.4470(1) 2712.0(1)
350 cme2, 18.0379(3) 20.1728(2) 7.4438(1) 2708.6(1)
400 Cme2, 18.0309(2) 20.1612(2) 7.4403(1) 2704.7(1)
450 cme2, 18.0227(2) 20.1474(2) 7.4361(1) 2700.1(1)
500 Cme2, 18.0142(2) 20.1330(2) 7.4319(1) 2695.4(1)
550 Cme2, 18.0040(3) 20.1138(2) 7.4269(1) 2689.5(1)
600 Cme2, 17.9924(3) 20.0899(3) 7.4212(1) 2682.5(1)
700 cme2, 17.9631(3) 20.0280(3) 7.4071(1) 2664.8(1)
800 Cme2, 17.9394(4) 19.9711(4) 7.3943(2) 2649.2(1)
150 rev. cme2, 17.9814(5) 20.0333(5) 7.4095(2) 2669.1(2)
RT rev. cme2, 17.9881(5) 20.0432(5) 7.4111(2) 2672.0(2)

3. Results and discussion

3.1. Infrared spectroscopy in controlled atmosphere



Fig. 1 shows the IR spectra of HS-MOR at increasing dehydration/dehydroxylation
steps for the ranges in which signals were observed deriving from OH stretching
(vOH) of silanols and H,O molecules (section A), and overtone/combination bands of
lattice modes and H,O (8H.O) molecule deformation band (section B).
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Fig. 1. Infrared spectra in the vVOH (A) and overtone/combination lattice modes and 6H.O
(B) regions of: HS-MOR in air (a) and outgassed from rT (b) up to 800 °C (j) in steps of
100 °C. Curve b’: HS-MOR after H/D isotopic exchange by contact with DO at vapor
pressure at rT and subsequent outgassing. The signal of the sample in air (a) is out of
scale because of the large amount of H.O molecules present in the system.
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Fig. 2. TG and DTG curves of HS-MOR.
For the material in air (curve a), most of the vOH signal is out of scale (section A),
because of the large number of H,O molecules present in the system. The only
observable features are at 3662 cm, caused by the stretching of OH moieties without
interaction with other H,O molecules [27], along with a weak component at 3747 cm ™,
due to highly hydrophobic isolated silanols unable to adsorb H.O molecules at the
relative humidity of the ambient conditions during the measurement.
At lower frequency (section B), the spectrum of the material in air is dominated by a
peak at 1630 cm due to the 6H,O of adsorbed molecules, accompanied by signals at
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2000 and 1880 cm, resulting from lattice mode combinations, while a partner signal
resulting from an overtone of lattice modes expected at ca. 1650 cm' is obscured by
the 6H,O mode [28]. The disappearance of the dH,O band at 1630 cm ' after
outgassing under high vacuum at rT for 30 min (curve b), now revealing an overtone
at 1653 cm, testifies the removal of adsorbed H.O molecules. The completeness of
desorption is proven by the invariance of the spectral profile in the 1700-

1600 cm range of the sample after H/D isotopic exchange (curve b’) by contact with
D.O at vapor pressure at rT, which should have depleted any 6H.O component
(converted to a lower frequency dD,O signal), if still present after outgassing.
Regarding the VOH region (section A), the spectral profile remaining after water
desorption (curve b) is due only to hydroxy groups, overwhelmingly silanols, =SiOH,
because of the very high Si/Al ratio. Only traces of hydroxy group patterns are still
present in the spectrum of the H/D exchanged sample (curve b’) indicating that almost
all of them are accessible to H,O molecules (when dosed at water vapor pressure at
rT). For the sample in air, all signals due to hydroxy groups were displaced towards
lower frequencies by the interaction with H,O (except for a small fraction due to
highly hydrophobic isolated silanols), and then hidden by the vOH band of H,O
molecules.

In more detail, the outgassed sample pattern is dominated by a broad band with
maximum at 3490 cm, typical of H-bonded silanols like those in so-called “silanol
nests” and expected in highly dealuminated zeolites [29]. An ill-resolved shoulder at
3611 cm™ can be attributed to Bronsted acid =Si-(OH)-AI= sites [30], while
components at 3682, 3701, and 3730 cm' are due to silanols involved in interactions
becoming weaker as the vOH frequency rises [28]. Finally, the presence of isolated
silanols, evidenced by the component at 3747 cm™ in curve a, should contribute to the
high frequency side of the 3730 cm™' band.

The intensity of the overall vOH pattern decreases as the outgassing temperature is
increased up to 800 °C (curve j), leaving a more intense component at 3747 cm,
indicating some increase in the quantity of isolated silanols (curves b-j). As a whole,
this evolution indicates a progressive condensation of hydroxyl groups forming Si—O—
Si linkages in the case of silanols.

It is noteworthy that two different regimes can be observed as a function of
temperature. The components at 3490 cm and 3682 cm' exhibit the largest decrease
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in intensity when the outgassing temperature is increased from 400 to 500 °C (curves
f, g), while most of the decline in other components occurs at higher temperatures
(curves g-j). This behavior is consistent with the strength of the inter-silanol
interactions, directly proportional to their distance. Indeed, the shorter the distance
(i.e. silanols with vOH 3490 and 3682 cm), the easier the condensation between
silanols, which therefor occur at lower temperatures.

The thermogravimetric data presented below indicate that the hydroxyl groups might
be ca. 6 p.u.c. in the pristine HS-MOR. To establish a relative quantification of the
various types of hydroxy groups contributing to the vOH pattern, the experimental
profile in the 3800-3000 cm range was fitted. The integrated intensity of the
resulting components were recalculated on the basis of the relationship between OH
stretching frequency and the relative decadic absorption coefficient proposed by
Carteret [31], making it possible to take into account the increase in this coefficient as
the strength of the inter-silanols interaction increases [31]. The data analysis results
are reported in Fig. 1S, indicating that the silanols responsible for the components at
3490 and 3682 cm' account for ca. 90% of hydroxy groups. Clearly, condensation of
this number of silanols has an impact on the zeolite lattice, as evidenced by the
changes in the combination and overtone modes responsible for the bands at 2000,
1880, and 1653 cm when the outgassing temperature was increased from 400 to
500 °C (curves f, g in section B of Fig. 1).

3.2. Thermogravimetric analysis

Fig. 2 shows the thermogravimetric analysis results. As highlighted by the DTG
curve, weight-loss starts at very low temperatures, with the main weight-loss at about
60 °C. At 250 °C the TG curve indicates a weight-loss of 8.6%. Above this
temperature, a continuous slow weight loss leads to a total loss of 10.6%.

The initial weight loss, between rT and 250 °C, can be ascribed to the release of H.O
molecules from the zeolite porosity/surface, and corresponds to 15.1H,0 p.u.c. The
main weight loss in this range is at low temperature and is due to weakly bonded H.O
present in the channels and/or on the zeolite surface, as evidenced by the infrared
spectra of the outgassing process at rT. The remaining 1.72%, lost at higher
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temperatures (400-900 °C), is consistent with IR results and corresponds to the H,O
release resulting from silanol condensation.

3.3. Structure refinements

3.3.1. Structure of HS-MOR at room conditions

The structure refinement of HS-MOR at room conditions indicates the presence of
seven partially occupied H,O sites, corresponding to 10.34H,0O molecules p.u.c. The
difference between this value and that resulting from the TG analysis (15.1 molecules)
can be ascribed to the presence of disordered and lowly occupied sites not identifiable
in the refinement, and/or to the contribution of H,O molecules physiosorbed on the
surface. The structure derived from the refinement at rT is reported in Fig. 3 a, b, and
in Table 1, Table 2S.
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g rT rev h rT rev

Fig. 3. Projection along [001] and [010] of HS-MOR structure at rT (a,b), 300 (c,d)
800 °C (e,f), and rTw (g,h).

The W2, W3, W5, W6, and W7 sites are mainly 12 MR channels parallel to [001],
while W1 and W4 are in the side pocket. All H,O molecules, with the exception of
those in W2, are sited on the mirror plane perpendicular to the a axis (Table 1S

and Fig. 3). W1 is near to site D’ found in natural mordenite from Pashan
((Nas5:Ko14Ca186Mo0sSro01) [FE*0.0sAl740Sa05:066] -27.26H,0) [32], W2 is near to site E,
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W3 to D, W4 to B, and W6 to site F. Site G in the Pashan sample is close to the W5
and W7 sites of HS-MOR, which are almost equivalent in Cmcm s.g.

In general, the structure refinement at rT shows that H,O molecules are weakly or not
bonded to the framework oxygen atoms (distance ~3.25 A), with the exception of W7,
which is strongly bonded (2.61(8) A) to 010 (Table 2S). This H,O molecule's
distribution is consistent with the TG analysis, justifying the large weight loss
observed at low temperature, and with IR data under degassing.

3.3.2. Cell parameter behavior

The structural refinements of HS-MOR in the Cmc2; s g. were successful at all the
investigated temperatures. Details of the Rietveld refinement parameters at rT, 300,
800 °C, and rT., are reported in Table 1. No phase transitions or symmetry changes
were observed with increasing temperature and the zeolite was stable up to 800 °C.
Some diffraction peaks were broadened at the tails, and this led to a misfit in
intensities between observed and calculated patterns after Rietveld refinement. This
effect was particularly marked for peak (111), which could be due to framework
defectiveness, probably induced by the dealumination procedure. Similarly, Simoncic
and Armbruster [33] reported the presence of diffuse scattering in both natural and
synthetic mordenite due to disorder in the MOR framework.

Fig. 4 reports the evolution of the HS-MOR lattice parameters with T. The unit cell
parameters show very slow and almost isotropic changes upon heating.

The ¢ parameter decreases right across the studied T range, while a and b undergo a
very small decrease below 50 °C, followed by an increase to values slightly higher
than those observed at rT. Above 100 °C, and up to 800 °C, all parameters shrink.
Above 550 °C an increase in slope is observed for all parameters. This corresponds to
marked silanol condensation and resulting framework modification, also highlighted
by changes in the combination and overtone modes of the infrared bands. The overall
lattice contractions are 0.67%, 1.18%, and 0.81% for a, b, c, respectively, and 2.64%
for cell volume.
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Fig. 4. Normalized unit-cell parameters of HS-MOR vs. temperature.
The odd trend in HS-MOR parameters between rT and 100 °C corresponds to the
main dehydration step observed in the TG curve (Fig. 2). The expansion
of a and b between 50 and 100 °C can thus be explained as a response of the
framework to the H,O flow through the 12 MR and 8 MR channels. A comparable
“breathing” effect was found in analcime [34], where the six-member ring apertures
of the channels parallel to (111) are opened as widely as possible during dehydration.
During HS-MOR cooling, the unit cell does not recover its original dimensions, but
maintains - at both 150 °C.., and rT... - values close to those found at 700 °C.
Comparing the variation of the unit cell parameters of HS-MOR with those of Pashan
mordenite [32], it is possible to identify some differences in thermal behavior. The
cell volume contraction of the natural sample (~1.9% mainly due to b parameter
decrease) is lower than that observed for HS-MOR. This is clearly due to the presence
of extraframework cations, which sustain the framework during dehydration.
In general, the high stability and low deformability of the MOR structure under
heating is confirmed even in the high-silica sample.

3.3.3. H20 release induced by heating

Fig. 5 reports the variation in the number of H,O molecules at the different W sites.
The sample weight loss in the range rT-300 °C is also shown for comparison. A
decrease in occupancy factors for almost all the H,O sites is observed during the
initial heating stage, thus confirming the TG data that indicate dehydration already
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starts between rT and 50 °C. Only the W3 and W7 sites show a slightly higher
occupancy at 50 °C with respect to rT, favored by the better coordination of these sites
with the framework oxygens. At 100 °C the H,O molecules at W2, W5, and W7
hosted in the 12 MR channel are completely lost. Subsequently, in the range 100—

150 °C, the molecules at W1 and W6, respectively located near the middle of the side
pocket and of the 12 MR channel, are removed, while the W3 and W4 molecules
remain in the center of the 8 MR windows of the side pocket, coordinated to
framework oxygen atoms. At 200 °C even W4 is completely lost and only 0.6H,0
molecules persist at the W3 site. Dehydration is complete at 300 °C.
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Fig. 5. Total H.O content per unit cell and for each extraframework site vs. temperature
compared with the TG curve.

Infrared characterization revealed that the desorption of adsorbed H.O molecules by
degassing is already complete at rT. It is worth noting that the evolution of the H,O
and hydroxy group content revealed with infrared spectra was obtained by outgassing
HS-MOR at various temperatures in a dynamic vacuum regime, while the XRPD
experiments were carried out under static pressure conditions that discourage H.O

diffusion.

3.3.4. Framework structural distortions induced by heating

Fig. 3 shows the refined structure of HS-MOR at rT, 300 °C, 800 °C, and rT..,, viewed
along [001] (a, c, e, g) and [010] (b, d, f, h).

The small unit cell volume contraction observed in the investigated T range is mainly
due to a decrease in the b parameter, which starts above 150 °C (Fig. 4) and is
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enhanced at about 550 °C. The shrinking of b is related to the deformation of the

8 MR channel aperture. Fig. 3 ¢ and e show the decrease in the 09-01-07 angle,
which induces a strong deformation of the 8 MR. Summarizing, HS-MOR undergoes
very moderate T induced deformations, which indicates a very rigid and stable
framework.

3.3.5. Thermal expansion

The thermal behavior of HS-MOR can be described using thermal expansion
coefficients:

i)

Between rT and 300 °C (temperature at which all the H,O molecules are

released), the values are —2.19 x 106K+, -3.17 x 10¢K?, -2.29 x 105 K?, -

7.62 x 10K+, for a, b, ¢, and V, respectively;

i)

Between 300 and 800 °C the values are —11.59 x 10¢K+, -20.94 x 10¢ K1, -

14.15x 10°K+*, -46.31 x 10K for a, b, c, V, respectively.
These results appear to indicate that HS-MOR undergoes a negative thermal
expansion (NTE) above 300 °C. However, this interpretation is not strictly rigorous,
since the sample's weight loss, associated to the release of hydroxyls, continues up to
the highest investigated temperature (Fig. 2). It is likely that the condensation of
silanols, with the formation of siloxane bridges between silica tetrahedra, contributes
to the shrinkage of cell parameters.
Negative thermal expansion (NTE) is defined as a reversible contraction of the
material unit cell upon heating, and it was originally determined in structures with M-
O-M linkages like metal oxides [[35], [36], [37]]. Recently, NTE was observed in the
dehydrated forms of many microporous materials with Si—O-Si linkages [6,11,38].
Most of the high silica synthetic zeolites, with 2D or 3D channel system, exhibit this
thermal behavior. In open frameworks like zeolites, the main mechanism was
explained by Sleight [35] as the presence of transverse thermal vibrations of the
oxygen atoms in Si—O-Si linkages. These motions may occur cooperatively and large
void volumes are required to accommodate the cooperative rotations of tetrahedra.
Since the thermal expansion of the tetrahedra is negligible, they are free to rotate as
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rigid units with little or no internal distortions. This mechanism has been justified on
the basis of the so-called rigid unit mode (RUM) model [39]. The increase in
vibrational amplitude of RUMs as a function of temperature is thus the underlying
mechanism of NTE in framework structures ([40] and references therein). Based on
lattice dynamics calculations for 18 siliceous and non-siliceous zeolites, Tschaufeser
and Parker [41] suggested that NTE is more the norm rather than the exception for
these materials.

It is clear that the condensation of silanols induces the rotation of the corresponding
tetrahedra to establish new Si—O-Si bonds. This phenomenon explains both the
shrinkage of the cell lattice (the “apparent” NTE), and the failed recovery of original
cell values by HS-MOR during cooling (150 °C.., and rT..). The HT induced
condensation of silanols does not allow their complete rehydration, thus hindering
complete recovery of the initial cell volume.

4. Concluding remarks

Strictly following Baur's classification [42], HS-MOR can be defined as flexible and
collapsible, similarly to natural mordenite.

This phase is a very thermally stable zeolite, since up to at least 800 °C it does not
undergo phase transition or amorphization, and overall unit cell contraction is less
than 3%. The Stability Index (SI) - as defined by Cruciani [6] is 5, corresponding to
the temperature of structural breakdown > 800 °C. This result was reasonably
predictable, due to: i) the high Si/Al ratio (~110); ii) the high energy required to break
the Si—O bond,; iii) the presence of columns of five and four-membered rings that
stiffen the framework [43,44].

The thermal expansion coefficients seem to indicate that HS-MOR undergoes a
negative thermal expansion (NTE) above 300 °C. However, this interpretation is not
strictly rigorous, since the sample's weight loss, associated with the release of H,O
molecules due to the condensation of silanols (widely present in this dealuminated
sample) continues up to the highest investigated temperature.

Overall, all the data indicated a weak interaction of the H,O molecules with the high
silica mordenite framework, and provided evidence for the presence of different types
of hydroxy groups with their different responses to thermal condensation. Infrared
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characterization showed that the desorption of adsorbed H,O molecules by degassing
is already complete at rT.

This interpretation of all the observed data might provide some insight into the
thermal behaviour of other dealuminated zeolitic materials.
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