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ABSTRACT

The energetic performances of pure silica CFl and DON-type zeolites (zeosils) were studied by intrusion-
extrusion experiments in water and LiCl aqueous solutions at different concentrations. For both zeosils,
characterized by a 1D channel system with 14 MR pore openings, when water is used as nonwetting
liquid a perfect reversible spring behavior is observed with an intrusion pressure of 75 and 26 MPa,
respectively. The lower value for the DON-type structure is probably due to a larger pore aperture. The
intrusion pressures in both cases rise considerably with the LiCl concentration, but the doubling of the
salt concentration from 10 to 20 M leads only to a slight increase of the intrusion pressure. The maximal
swred energy achieves 146 and 68 |fg for CA and DON-type zeosil-based systems, respectively. The
zeolite samples were characterized before and after intrusion-extrusion experiments by XRD, SEM, N3
adsorption-desorption, TG and NMR analysis in erder to get a better undersanding of the influence of

these intrusion-extrusion experiments on the CFl and DON-type structures.

L. Introduction

Zeolites are crystalline microporous solids widely used in
adsorption, molecular separation, ion-exchange and catalysis pro-
cesses[1]. In 2001 apeculiar application has been developed by our
group for pure silica zeolites (zeosils) in the energy field [2]. Indeed
the hydrophobic character of these materials is exploited for me-
chanical energy storage and dissipation by fordng the intrusion of
water inside the pores of these solids under high pressure. During
the penetration into the pores (intrusion), the supplied mechanical
energy is converted into solid-liquid interfacial energy. Depending
on the particular features of the considered zeosil (dimensionality
of the porous system, type of porosity ( channel or cage), presence of
defects, ...), when the pressure is released (extrusion) the “zeosil-
water” system can restore, dissipate or absorb the supplied energy
showing, therefore a spring, a shock-absorber or a bumper
behavior. Various “zeosil-water” systems have already been studied
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by our group [2—4] and a relationship between the type of porosity
and the intrusion pressure was established [5].

In recent years, it has been proved that replacing water with
electrolyte solutions leads to an increase of the intrusion pressure,
improving therefore the energetic performances of the corre-
sponding “zeolite-nonwetting liquid* system [6—-12]. For instance,
the intrusion pressure can be enhanced by 7.4 times using a 20 M
LiCl agueous solution instead of pure water on a LTA-type zeosil
based system [7].

In this work and for the first time a focus is made on the ener-
getic performances of pure silica CFl and DOMN-type zeolites with
extra-large pore openings (hereafter, Si-CH and Si-DON). They are
both characterized by a one-dimensional { 1D) channel sy stern with
14 MR {membered ring) openings [13,14]. The first one ever syn-
thesized was UTD-1 (DON-type) [14] using the organometallic
complex (bis { pentamethylcycopentadienyl)cobalt{1IN)) hydroxide,
[(Cp*)Co]OH as structure-directing agent. In the following vears
other high silica extra-large pore zeolites were synthesized such as
CIT-5 (CFl-type) [1315], $52-53 (SFH-type) [16] and S52-59 (SFN-
type) [ 16]. These zeolites were developed to extend the research in
the adsorption and catalysis fields [13,16].



Until now, various one-dimensional channel-type zeosils (AFL,
MTT, MTW and TOM) [3,17] with smaller pore openings (10 or
12 MR) were tested for water intrusion. An interesting remark is
that despite a formal smaller pore opening (12 MR), the AFl-type
zeosil displays a pore aperture similar to the CF-type one
(73 = 73 A?) and (72 = 7.5 A?), respectively [18]. This feature
makes the comparison of the “AFI and CFl-water” systems inter-
esting. The pore size of the DON-type zeosil is larger (8.1 = 82 A2),

In the present work, the energetic performances of the “Si-CFI-
nonwetting liquid” and Si-DON-nomwetting liquid” systems are
reported. Water and LiCl aqueous solutions at two different con-
centrations (10 M and 20 M) are chosen as nomwetting liguids. The
samples were fully characterized before and after intrusion-
extrusion experiments by powder X-ray diffraction, Scanning
Electron Microscopy, thermal analysis, N adsorption-desorption
and solid-state NMR spectroscopy in order to study the influence
of these experiments on the zeosil structures.

2. Experimental section
21. Synchesis of Si-CF and 5i-DON samples

The 5i-CFl sample was synthesized in fluoride medium accord-
ing the procedure published by Barrett et al. [13 | using N-methyl-
[— Jsparteinium in the hydroxide form as structure-directing agent
(SDA{OH]). The reactants used were: tetraethylorthosilicate (Evo-
nik) as silica source, SDA{OH) (homemade synthesis, see Support-
ing Information) and HF > 40wt % (Sigma-Aldrich ). The starting gel
(molar compaosition: 1 Si0g: 0.5 SDA{OH): 0.5 HF: 15 Hz0) was
introduced in a Teflon-lined stainless-steel autoclave and heated at
175 *Cduring 11 days under stirring at 60 rpm. After synthesis, the
product was filtered, washed with distilled water and ethanol, then
dried in an oven at 70 =C overnight. At the end, the solid was
calcined at 650 =C under air for 3 h to completely remove the
organic templare.

The Si-DON sample was synthesized according to an adapted
procedure published by Freyhardr et al. [ 14| using [[Cp® };Co]OH as
structure-directing agent (SDA[OH)). The reactants used were:
fumed silica {Cab-0-5il M5) as silica source, NaOH > 97 wi % (Carlo
Erba) and bigpentamethylcyclopentadienyljcobalt(lil)  hexa-
fluorophosphate (Alfa Aesar, 98%) as SDA in its hydroxide form(see
Supporting Information). The starting gel (molar composition: 1
Si0;: 013 SDA[OH): 009 MaOH: 57 H;0) was introduced in a
Teflon-lined stainless-steel autoclave and heared at 150 *C during
14 days. After synthesis, the product was filtered, washed with
distilled water and ethanol, then dred in an oven at 70 *C over-
night. In order to remowve the organometallic template, the solid
was previously calcined at 550 =C under air for € h, then treated
with a 12 M HCl aqueous solution for 2 h at room temperature and
afrerwards with a 7 M HC one at 50 *C ovemnight.

2.2, Intrusion —Extrusion experiments

The intrusion-extrusion of water and LiCl aqueous solutions was
performed at room temperature using a Micromeritics mercury
porosimeter {Model Autopore IV), as described in a previous work
[19].

Prior to the analyses, the S5i-CF and Si-DON samples (non-
intruded and intruded-extruded ones) were hydrated in a 80%
relative humidity atmosphere for 24 h in order toset the hydration
stare.

23, Powder X-ray diffraction

Poweder X-ray diffraction pattemns of the different samples were
recorded on a STOE STADI-P diffractometer in the transmission
scan mode equipped with a curved germanium (111), primary
monochromator and a linear position-sensitive detector (6= 20)
using CuKay radiation (A = 015406 nm). Measurements were
achieved for 20 angle values in the 3—50° range step 02° 20 and
time/step = 10 s.

24 Scanning electron microscopy

The size and the morphology of the crystals were determined by
scanning electron microscopy (SEM) using a Philips XL 30 FEG
microscope.

25, Nitrogen Adsorption—Desorption measurements

Nitrogen adsorption —desorption isotherms were performed at
77 K wusing a Micromeritics ASAP 2420 apparatus. Prior to the
adsorption measurements, the nonintruded sample were out-
gassed at 90 or 300 °C ovemnight under vacuum. The intru-
ded—extruded samples were outgassed at 90 »C overnight to avoid
the dehydroxylation process. The specific surface area and micro-
porous volume (Vo) were calculated using the BET and t-plot
methods, respectively.

26. Thermal analysis

Thermogravimetric (TG) analyses were caried out on a Mettler
Toledo STARe apparatus, under air flow, with a heating rate of 5 °CJ
min from 30 to 800 *C.

27. Solid-scate NMR spectroscopy

#5i MAS and "H-*%Si CPMAS NMR spectra were recorded at
room temperature on a Bruker Advance 11 300 MHz spectrometer,
with a double-channel 7 mm Bruker MAS probe. The recording
conditions are given in Table 1

3. Results and discussion
31, Intrusion-extrusion expernments

For all the systems, three intrusion-extrusion cycles were per-
formed. For clarity only the first two cycles are presented, because
all the cycles are superimposable. The 0—-5 MPa range on the
pressure-axis is not shown, since the observed volume variation is
due to the intrusion of the nonwetting ligquid in the interparticular
porosity of the zeosil pellet, as already mentioned in our previous
work [4].

Table 1
Reconding conditions of the™ 5i MAS and "H-"8i CPMAS NMR spectra.
85I MAS TH-T51 CAS

Chemical Shift Standard ThE* ThS®
Frequency (MHz) 596 596
Pulse width (us) 23 50
Hip angle =& =2
Contact time (ms) i 1
Recycle time (s) RO 3
Spinning rate (kHz) 4 4
Scans mumber 1500 15,000

* Tetramethylsilane
B The relaxation time £, was op timized.



311 “Si-CA-nonwetting liguid”™ system

The pressure-volume diagrams of the “Si-CFl-water” and “Si-
CH-LiA aqgueous solutions” systems are shown in Fig 1. The cor-
responding characteristic data are reported in Table 2.

The pressure-volume diagrams depicted in Fig. 1 show that for
the “Si-CH-water” system the intruded liquid at 75 MPa is
completely expelled at the same pressure from the porous matrix
when the pressure is released. This indicates that the system is a
perfect spring that can store and restore an energy of 6.0 |/g over
several cycles The intruded volume (0,08 ml/g) is lower than the
porous volume determined by Mz adsorption-desorption mea-
surements (0.13 cm?/g, see Table 3), but the difference is consistent
with the one previously found forSilicalite-1 by Desbiens et al. [20],
where the water density inside the zeolite porosity must be cor-
rected at 0.6 instead of the usual 1.0

Comparing the energetic performances of the “Si-CH-water”
system with the ones of other “one-dimensional channel-type
zeosil-water” systems [AFL, MTT, MTW and TON) [3,17], the same
spring behavior is found. The absence of hysteresis between the
intrusion and extrusion curves would indicate avery low amount of
defect sites (dangling “OH groups) in the intruded -extruded sam-
ples as confirmed from TG and NMR analysis

A previous work showed that the intrusion pressure is deter-
mined by the pore window diameter for channel-type zeosils and
by the cage diameter for cage-type ones [5] When intruded with
water, TON and MTT-type zeosils, which are characterized by a
10 MR pore opening with similar diameter, show very high intru-
sion pressure values (186 and 176 MPa, respectively) [3.17]. For
zeosils with larger pore openings (12 MR) such as AFl and MTW-
type zeosils, water molecules can be more easily intruded into
the porosity at 58 and 126 MPa, respectively [3]. The huge differ-
ence between the latter values is ascribed o the peculiar large
dimension of AFl-type zeosil pore opening, (73 = 7.3 Azj compared
to MTW one (5.6 = 6.0 Azj. Sincethe AFl-type zeosil pore opening is
similar to the Si-CF-type one (72 = 7.5 A?), as expected, the
intrusion pressure is observed in the same pressure range (58 and
75 MPa, respectively).

The increase of the LiCl concentration leads to an increase of the
intrusion pressure (75, 147 and 162 MPa for water, 10 M and 20 M

LiCl aqueous solutions, respectively L Several hypotheses have been
proposed to explain such a phenomenon: i) a higher solid-liquid
interfacial tension of electrolyte aqueous solution in comparison
with water [2122], ii) an osmotic phenomenon [23,24], iii) a
confinement effect of the namopore walls [10] or iv) a ion des-
ohlation phenomenon [6,25 ). A recent study, dealing with the “FER-
type zeosil-Mg(lz- 21 H20" system demonstrated that the electro-
lyte agueous solution intruded into the pores is more concentrated
(Mg(l5-10 H30) than the initial one. The decrease of the water
content and, thus, the higher concentration of the intruded solution
could be reasonably the result of the hyd rophobic nature of the host
zeolite matrix [26].

It can be interesting to compare the intrusion pressure values
with those obtained for the systems based on 3D channel-type
zeosils. A linear increase (96, 193 and 285 MPa for water, 10 M
and 20 M LiCl aqueous solutions, respectively) was observed for the
MF-type zeosil (10 MR) [9], while for the *“BEA-type (12 MR) [&] the
increase between water and 10 M LQ agueous solution is more
important than the one between 10 M and 20 M LiCl aqueous so-
lutions (53, 95 and 115 MPa for water, 10 M and 20 M LiCl agueous
solutions, respedively). The same trend than in latter case is
observed for the “Si-CA-nomwetting liguid” systems. This is prob-
ably related to the larger pore opening of *BEA-type and CFl-type
zeosils that oppose less resistance to the liquid.

For “Si-CFI-LiCl agueous solutions” systems, the spring behavior
with an energy vield of 97% is maintained, but a slight hysteresis is
visible. This trend was already observed for MFI-type zeolite [9].
The rise of the intrusion pressure with LiCl agueous solutions leads
w an increase of the stored energy (6.0, 13.2 and 14.6 |/g for water,
10 M and 20 M LiCl agueous solutions, respectively). Such energy
values are relatively low compared to MFl-based systems (31 |/g
with 20 M LiCl agueous solution ).

312 "Si-DON-nomwetting liguid™ system

The P-V diagrams of the “Si-DON-nomwetting liquid” systems
are reported in Fig. 2 and the corresponding data im Table 2.
Compared to the “Si-CF-nonwetting liguid" system and whatever
the nonwetting liquid, the intrusion step is less steep (Fig. 2). An
important spread is observed particularly for the Lidl-based

) $i-CFI - 20 M LiCI
0.35.] — Intrusion I cycle
- : DR S ]
—— :Extrusmn | eycle ',,gm
ntrusion Il cycle
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--? Iw.;—::.-:_ a &
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— T L o e
S 0.20- o
= ¥
® .
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5
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Fig 1. First and seamnd intrusion-extnesion cydes of the “SHCFFwater™ and *5-CF-LIC] aqueows sol utions™ systema For clarity, the intrusion-eximesion isotherms are shifted along

the ¥ axis.



Table 2

Characteristics of the SI-CF and Si-DON based systemes: Intruson (Pie) and Extrusion (Peo) Pressumes, Inruded (Vie ) and Extruded (V) Volumes, Stored (E.) and Restored (E.)
Energies after water and LiCl agueous solution immesion-extruson experiments at different LiCl concentrations { 10 M and 20 M). These values are the same for the three

intnusi on-exmusion opcles.

System Picq [MPa]* Pz [MPa]* Wi [0 /g Vo [l gl E, [/el” E Ligl Energy Yield (%)
SI-CFI- HD 75 75 a0 LT 60 60 100

SI-CF1- 10 M LiCI 147 143 0o 00 132 129 o7

SI-CF1 - 20 M LiCI 162 158 [\ 00 146 142 o7

S-DON - Hy0 26 21 o o 10 08 81

SI-DON - 10M Ll 81 70 s 0.06 49 42 86

SI-DON - 20M Ll 85 75 008 0.08 68 60 B8

* Determdned from intrusion—extmsion cunves.
E Stored energy B, — Vi » Pog

© Restored energy E, = Vg = Pog-

? Energy yield (X) — E[E, = 100,

systems. For instance, the intrusion starts around 25 MPa with a
complete filling of the pores at around 150 MPa (20 M LiCl). The
crystal morphology (packed needles) might be responsible of the
spreading in pressure as previously observed for the TON-type
zeosil [3]. However, in all cases a spring behavior is mainly
observed with a slight hysteresis between the intrusion and
extrusion curves for the “Si-DON-20 M LiCl agueous solution”
system. Although both CF and DON-type zeosils display a 1D
channel system with 14 MR openings, the intrusion pressures for
the Si-DON-based systems are strongly lower (from 26 to 85 MPa,
see Table 2). Such a result is not so surprising since the pore ap-
ertures of the DON-type structure are larger (see introduction
Secrion).

The intruded volumes with water and 10 M LiCl aqueous solu-
tions (0.04 and 0.06 mL/g, respectively) are quite low compared to
the microporous volume found by N> adsorption-descrption
measurements (015 cmj,'g. see below) and cannot be explained
only by the lower density of water confined in the nanopores of the
zeolite. Another explanation could be the partially spontaneous
infrusion of the liquid inside the porous matrix at low pressure (in

—— Intrusion | cycle

the nonreported 0—5 MPa range, see above). For the 20 M Lil
aqueous solution, the intruded wolume is higher (008 mljg)
revealing thus a non intrusion of this liquid at low pressure. A
similar evolution of intruded volume with Ll concentration was
previously observed in the case of high-silica (Si/Al = 110) FAL-type
zeolite with partially hydrophobic pores [27]. Unforiunately,
despite the large pore openings the stored energy for “Si-DOMN-
nomwetting liquid” systems are low and ranging from 1.0 to 6.8 J/g.

32 XRD and SEM characterizations

The XRD patterns of the different 5i-CH and Si-DON samples are
reported in Figs. 3 and 4, respectively. For both zeosils no significant
changes are observed before and after intrusion-extrusion experi-
ments. This indicates that at the long-range order the structures are
not affected by the high pressure experiments.

The 5i-CH and Si-DON samples were also examined by Scanning
Electron Microscopy, before and after the intrusion-extrusion cy-
cles. The crystals of the nonintruded Si-CH sample (Fig. 5a) dLsplay
a rod shape morphology with dimensions of <10 = 0.7 = 0.7 pm®
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Fg 2 Firg and second intrueson-esmesion cycles of the “Si-DON-water™ and =5i-DON-LIC aqueous solutions™ system For clanty, the intres on-exinesion sothemms are shifred
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Fig 3 XRD pattems of Si-CFl samples before and after three intrusion-extrusion cycles
in water, 10 M and 20 M LiCl aqueous solutions.
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Ag. 4 XRD pattems of SI-DON samples before and after three intrusion-extrusion
cycles inwater, 10 M and 20 M LiCI aqueous solutions.

Fig. 5. SEM micrographs of Si-CH and SI-DON samples before (a and b, respectively) and after three intrusion-extrusion cydes in water (c and d, respectively).

whereas those of Si-DON (Fig. 5b) consist in packed needles of di-
mensions of 10 x 0.2 x 0.1 um’. In both cases and whatever the
nature of the intruded liquid, after intrusion-extrusion experiments
the crystals are broken (Fig. 5c and d).

3.3. N; adsorption-desorption isotherms

3.3.1. Si-CFl samples

The N; adsorption-desor ption isotherms of the nonintruded and
intruded samples are shown in Fig. 6. In all cases the isotherms are
mainly of type I characteristic of microporous solids. The BET sur-
face area and microporous volume (Vi) Of the nonintruded
sample outgassed at 300 °C are 340 m?g and 0130 cm’(g,
respectively, that are similar to the values reported in the literature
[13]. After an outgassing at 90 °C, a lower surface area (245 mzfg)
and a lower microporous volume are observed (0.095 cm®/g)

revealing thus the presence of remaining physisorbed water in the
nonintruded sample. After intrusion-extrusion experiments, the
pore volume and surface area are considerably lower (see Table 3).
All these results are quitein agreement with the TG curves since for
all the samples the end of the first weight loss is observed at
150200 °C and this weight loss, in particular for the LiCl aqueous
solutions intruded samples, is larger for the intruded samples (see
Fig. 7). The larger amount of physisorbed water in the intruded
samples indicates the creation of few hydrophilic defects sites (-OH
groups). However, after an outgassing at 300 °C (see Supporting
Information, Fig. S1), the microporous volume of the water-
intruded sample (0.12 cm:'[g) is comparable with the one of the
nonintruded solid confirming that no great damages are caused
after intrusion under high pressure as confirmed by NMR
spectroscopy.



100 ~
80 -

— desorption

a)

60 4

b)

50 -
40 4

801 rﬁ“ —  adsorption
70 4

c),d)

30 4

e)

20

10 4

Adsorbed Volume (cm?/g STP)

T T
0.0 0.2 0.4

T
06 0.8 10

Relative pressure (p/p,)

Rg. 6. Mz adsorption-desorpion sotherms at — 196 °C of the nondn tneded 51-CF samples outgassed at 2) 300 °C and b) 90 °C and SFCIF samples outgassed at 90°C after intrusion-

extrusion in ) water, d) 10 M and e) 20 M LiCl aqueous soluions

Table 3

Microponus vlume (V...) and specific surface area Sgeyvalues obtained from Ny adsorption-desorption isotherms at — 196 °Cof SHCA samples before and after intrusion-

extrusion experiments outgassed at 90 and 300 °C.

Outgassing temperature 5i-CF1 S-CR SHCA-HyO (90 °C) SCA-10 M LIC] (90+C) Si-CA-20 M LiC (90 °C)
(300°C) (90 °C)

Wariers (O ) 0.130 0095 0050 04050 0035

Seer (M) 343 245 125 120 95

33.2. 5i-DON samples

For all Si-DON samples, the N; adsorption-desorption isotherms
(see Supporting Information, Fig. S2) are mainly of type | and
characteristic of microporous solids. The BET surface area and
microporous volume of the nonintruded sample outgassed at
300 °C are 408 m?/g and 0.15 cm?/g, respectively, while when
outgassed at 90 “C they are 252 mzjg and 0.10 cmjjg. respectively.
Similar characteristic data are obtained for the intruded samples
outgassed at 90 °C whatever the nonwetting liquid. Therefore, as
for the Si-CFl samples and in agreement with the TG analysis (see
Supporting Information, Fig. 53), after an outgassing at 90 “C the
microporous volume found for the nonintruded and intruded
samples (0,095 cm’ (g in both cases) can be ascribed to the presence
of remaining physisorbed water.

34 Thermogravime ric analysis

34.1. 5i-CH samples

The experimental results issued from the thermogravimetric
(TG) analysis of the Si<CA samples before and after intrusion-
extrusion experiments are depicted in Fig. 7. The high hydropho-
bic character is confirmed by the small total weight loss that ranges
from 0.6 wt % for the nonintruded sample to 1.4 wit % for the
samples intruded with 10 M and 20 M LiCl aqueous solutions. The
weight losses occur in two main steps. The first one, between 30
and 200 =C, is ascribed to the desorption of physisorbed water

molecules, The second one, in the temperature range of
200-800+=C, can be assigned to water arising from dehydroxylation
reactions. The creation of defects (dangling —0H groups ) during the
imtrusio n-extrusion experiments is indicated by the increase of this
second weight loss for the intruded samples and therefore the in-
crease of the number of —0OH groups per unit cell {Siz0g )2 -0.5 for
the nonintruded sample, -1.0 for the one intruded with water and
-20 for the LiC agueouws solution intruded ones. However, ac-
cording to the NMR results (see below), the number of -0OH groups
per unit cell is still quite low after intrusion-extrusion experiments.

342 Si-DON samples

Compared to the S5i-CH samples, the tal weight loss for the Si-
DOM samples is higher and ramges from 3.0 wt % for the non-
intruded sample to 3.75 wt % for the sample intruded with 20 M
LiCl aquenus solution (see Supporting Information, Fig. S3). It also
occurs inm two main steps corresponding to the removal of phys-
isorbed water molecules and the removal of water arising from
dehydroxylation reactions. From the second weight loss, whatever
the samples (intruded or nonintruded ones) about & -OH groups
were found per unit cell (Sig40y25). From these results, it seems that
the intrusion-extrusion experiments do not cause significant
damages in the zeosil structure as confirmed by NMR spectroscopy
(see below )
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FE 10 ®5i-MAS NMR spectra of the Si-DON samples before and after three intrusion-
extnesion cycles in 10 M LICl agueows solution.

at —102.8 ppm corresponding to Q5 species (silancl groups) is
clearly detected in both spectra. Although the NMR spectrum of the
nonintruded sample shows a lower signal/noise ratio, the number
of defect sites does not seem to increase after intrusion-extrusion
experiments which is in quitt good agreement with the TG re-
sults (the number of -OH groups for these samples is about 0.5 and
2.0 -0OH per unit cell).

352 Si-DON samples

The ZSi MAS NMR spectra of the Si-DON samples before and
after intrusion-extrusion experiments with 10 M LiCl aqueous so-
lution are shown in Fig. 10, In agreement with the literature [29],
both spectra exhibit a very broad resonance between —106.6
and —1192 ppm ascribed to Oy groups (Si-(08i)y) and corre-
sponding to the five non-equivalent crystallographic silicon sites
{orthorhombic symmetry) of the framework. Another smaller
component, between —97.0 and — 1065 ppm, attributable to G5
sites is also visible. It corresponds to about 7.0% of the total 2%si
signal, value in quite good agreement with the TG results (8 -OH
group per unit cell). From structural characterization of the calcined
form of UTD-1, Lobo and coworkers [14.29] showed that the
sructure was highly faulted and disordered along the one-
dimensional 14-ring channel. Such a disorder can explain the

Si-DON =10 M LicCl

Si-DON

T T T T T T T T T T T 1
-80 =100

dppm/TMS

He. 1L "H-%-0MAS NMR spectra of the S-DON samples before and after three
it on-ex mmesion cycles in 10 M LC] agueous solution.

presence of the broad )y component on the NMR spectra Mo
relevant differences can be found between the NMR spectra of the
nonintruded and inoruded samples. This indicates that at the short-
range order the zeolite structure is not affected after the intrusion-
extrusion experiments.

The corresponding 'H-*%5i CPMAS NMR spectra are shown in
Fig 11. They are very similar and display three components with
maxima at —92.6, —103.5 and —112.6 ppm. The latter corresponds
to Qy groups while the former to Qs ((HO)-5i<{0Si);) and Q5 (HO)-
Si{0S5i)3) groups. No significant difference is observed between
these spectra which means that the impact of intrusion-extrusion
experiments on the DON-type structure is very low,

4. Conclusion

The energetic performances of pure silica CFl- and DON-type
zeolites were studied by intrusion-extrusion in water and LiCl
aqueous solutions at different concentrations. These zeosils are
characterized by a one-dimensional channel-system with extra-
large pore openings {14 MR), the largest between all studied zeo-
sils for energetic applications. As it was already observed for other
water-intruded zeosils with 1D pore system [AF, MTT, MTW and
TON), “Si-CFl-water" and “Si-DON-water” systems show a spring
behavior. Because of the larger pore size a quite low value of the
intrusion pressure is observed (75 and 26 MPa, respectively ) which
is comparable with the one found for AFl-type zeosil based system
(58 MPa) that have similar pore apertures. The lower value for the
DON-type structure can be explained by a larger pore aperture.
Using a 10 M LICl agueous solution, the intrusion pressure is
considerably increased (147 and 81 MPa, respectively), while
doubling the LiCl concentration only a slight increase is observed
(162 and 85 MPa, respectively). The concentration increase does
not affect the spring behavior of the system, but a slight hysteresis
between the intrusion and extrusion curves is observed. The
different characterization technigues show that intrusion-
extrusion experiments induce only a slight amount of defect sites
in the zeosils structure. With water and 10 M LiCl aqueous solution,
alow intruded volume is observed for DON-type zeosil that can be
related with the partially hydrophilic character of its structure.
Unfortunately, the stored energy for both CH and DON-based sys-
tems are quite low: 146 and 6.8 ] /g, respectively, for 20 M LiQ
aqueous solution.
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