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Abstract: High pressure intrusion-extrusion of LiCl aqueous solutions in Mu-26 zeolite (STF-type zeosil) has been studied. “Mu-26 – LiCl 

aqueous solution” systems have demonstrated an unusual combination of bumper and shock absorber behavior with several features and 

a high absorbed energy of 40.2 J/g. Contrary to other zeosils, the increase of LiCl concentration does not lead to an increase of intrusion 

reversibility. This phenomenon could be explained by the creation of higher amount of silanol defects inside the pores under LiCl 

aqueous solution infiltration. A highest rise of intrusion pressure (~6.6 times) with LiCl concentration among all the zeosils with similar pore 

diameter is observed. The pressure increase is accompanied with a strong rise of the intruded volume. 

 

1. Introduction 

High pressure intrusion-extrusion of nonwetting liquids in porous solids is one of the promising technologies of mechanical 

energy ab- sorption, dissipation, storage and generation [ 1–9]. Generally, “porous solid –non wetting liquid”systems, called also 

heterogeneous lyophobic systems (HLSs), are based on hydrophobic porous materials and water [ 10–15]. In 2001, the intrusion-

extrusion of water in hydrophobic pure silica zeolites (zeosils) was studied for the first time by our team [ 16]. The systems based on 

hydrophobic zeolites are of high interest, due to their small pore opening, high intrusion pressure values (up to 180 MPa) and high stored 

energy density (up to 15 J/g) can be reached [ 17,18].  In order to improve the intrusion pressure and especially the stored energy, 

electrolyte aqueous solutions were used as nonwetting liquids for zeosils and other hydrophobic porous solids. They were found to be 

promising candidates to improve energetic performance of HLS by a considerable increase of intrusion pressure [ 19–24]. The first 

experiments performed on MFI-type zeosil showed, that the intrusion of highly concentrated LiCl aqueous solution gave rise of an 

intrusion pressure and, thus, of a stored energy up to three times in comparison with pure water - from 10 to 31 J/g [ 22]. Then, the 

study of intrusion of salt solutions was extended to other zeosils. It was found that this effect was particularly pronounced for the 

cage-type zeosils with small pore openings (CHA, DDR, LTA) [25–27]. The increase of intrusion pressure by 7.4 times was achieved for 

LTA-type zeosil using LiCl saturated solution (20 M) [ 27], whereas for channel-type zeosils, the pressure increased by a factor of 2–3 

only [ 22,28–30]. This increase can be accounted for the energy required for the distortion of solvated ions and their partial 

desolvation under forced penetration into the micropores [ 27,31]. Nevertheless, osmotic phenomena remain also a possible 

explanation [ 24,32]. 

Depending on the nature of intruded liquid and porous solid struc- ture and composition, the HLS are able to restore, dissipate, or 

absorb irreversibly the suppled mechanical energy and therefore, displaying a spring, shock absorber, or bumper behavior, 

respectively. It is known that the behavior of zeosil-based systems depends on zeosil topology and the presence of silanol defects in the 

framework or their formation under intrusion. In the case of the intrusion of aqueous salt solutions, the HLS behavior can depend on the 

salt concentration. The intrusion of diluted aqueous salt solutions do not change significantly the behavior of the system, whereas the 

use of concentrated ones can change the behavior of some “zeosil — aqueous solution”systems. Generally, the intrusion of concentrated 

solutions leads to better reversibility [ 27,28,30,33]  and improve the stability of the zeolite matrix [ 27,33]. 

The study of the intrusion-extrusion of electrolyte solutions in zeosils with different topologies is of high interest because it should 

allow to better understand the topology influence and the mechanism of salt solution intrusion. In this work, the intrusion-extrusion 

of LiCl aqueous solutions in Mu-26 zeolite (STF-type zeosil) has been studied. This zeosil possesses a framework with unidimentional 10 

member-ring (10-MR) channels with side pockets. The zeosils with such structure have never been studied for the intrusion of aqueous 

salt solutions. 

 

2. Experimental 

Pure silica STF-type zeolite (Mu-26) was obtained in fluoride medium using 6,10-dimethyl-5-azoniaspiro[4,5]decane hydroxide 
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Fig. 1. Intrusion-extrusion curves of “Mu-26 –  H2O or LiCl aqueous 

solution” systems (5, 10, 15 and 20 M). The curves are shifted along 

the Y-axis for better visibility. 

(DMASD) as a structure-directing agent and tetraethoxysilane (TEOS, Aldrich, 98%) as a silica source according to previous works 

[ 34,35].  The reaction gel with molar composition: 1 SiO2: 0.25 DMASD: 0.25 HF (40%, Normapur): 5 H2O was heated into a PTFE-lined 

stainless-steel autoclave at 150 °C for 30 days. The obtained powder was washed with deionized water, dried in an oven at 70 °C and 

calcined at 700°C during 5 h under oxygen flow. The obtained powder was very slightly gray, almost white, nevertheless the 

presence of a small quantity of unre- moved carbonaceous impurities is probable. 

The intrusion-extrusion of water and LiCl aqueous solutions in Mu-26 samples was performed at room temperature using a 

Micromeritics mercury porosimeter (Model Autopore IV) with special cells with a piston containing preliminary outgassed zeosil 

powder (under vacuum at 300 °C) and corresponding solution. The measurements were performed with intrusion-extrusion cycle 

time of 1 h. The saturated LiCl solution was chosen because it is known to be highly effective in the improvement of HLS energetic 

performance due to a strong increase of intrusion pressure [ 22]. 

The samples after intrusion-extrusion experiments were washed with deionized water, dried in an oven at 70 °C and stored at room 

temper- ature and 80% RH. X-ray diffraction patterns of the different samples were recorded in a Debye Scherrer geometry on a 

STOE STADI-P diffractometer equipped with a curved germanium (111), primary monochromator, and a linear position-sensitive 

detector (6 ° 2θ) using Cu Kα1 radiation (λ = 0.15406 nm). Measurements were achieved for 2θ angle values in the 4-90°range, step 0.04° 

2θ, and time/step = 60 s. Nitrogen adsorption desorption isotherms were performed at -196 °C using a Micromeritics ASAP 2420 

apparatus. Prior to the adsorption measurements, the samples were outgassed at 90 °C during 15 h under vacuum to eliminate 

physisorbed water, but to avoid the dehydroxylation process. The specific surface area (SBET) and microporous volume (Vmicro) 

were calculated using the BET and t-plot methods, respectively [ 36,37].  Thermogravimetric (TG) analyses were carried out on a 

Mettler Toledo STARe apparatus, under air flow, with a heating rate of 5 °C/min from 30 to 800 °C. The size and the morphology of 

the crystals were determined by scanning electron microscopy (SEM) using a Philips XL 30 FEG microscope. The 29Si MAS and 1H‒29Si 

CP-MAS NMR spectra were recorded at room temperature on a Bruker Advance II 300 MHz spectrometer, with a double-channel 7 

mm Bruker MAS probe. The recording conditions are given in Table 1. 

Table 1 Recording conditions of the 29Si MAS and 1H–29Si CPMAS NMR Spectra. 

 29Si MAS 1H–29Si CP MAS 

Chemical Shift Standard TMSa TMSa 

Frequency (MHz) 59.6 59.6 

Pulse width (μs) 2.60 5.00 

Flip angle π/6 π/2 

Contact time (ms) / 1 

Recycle time (s) 80 5b 

Spinning rate (kHz) 4 4 

Scans number 1000 15000 
a Tetramethylsilane. 
b The relaxation time t1 was optimized. 

 

3. Results and discussion 

3.1. Intrusion-extrusion experiments 

The intrusion-extrusion curves of “Mu-26–H2O and “Mu-26 –LiCl 

aqueous solution”systems are shown in Fig. 1. The intrusion-extrusion 

characteristics of the systems are summarized in Table 2. Three 

intrusion-extrusion cycles were performed, but only two of them are 

shown for each system except for “Mu-26 - 20 M LiCl aqueous solution” 

one, since the curves of the second and the following cycles are entirely 

overlapping. For the latter system, six intrusion-extrusion cycles were 

performed because of a haphazard variation of intrusion pressure 

observed between 2nd and 6th cycles (see below, Fig. S1 and Table 2). 

Only three cycles are presented in Fig. 1 in order to avoid the image 

overcharged. The water intrusion in the first cycle is partially irrevers- 

ible, the extrusion occurs at a lower pressure than the intrusion, thus, the 

system demonstrates a combination of bumper and shock absorber 

behavior. In the following cycles, the intrusion becomes fully reversible 

and occurs over a wide pressure range, thus, the system demonstrates a 

spring behavior with very low hysteresis between intrusion and extru- 

sion curves. These results are in agreement with the ones obtained in our 

previous work [ 35], only a slight increase of intruded volume (0.055 

against 0.045 cm3/g, respectively) and a slight decrease of intrusion 

pressure (49 against 51 MPa) have been observed. Partial irreversibility 

of intrusion in the first cycle and the decrease of intrusion pressure in the 

following ones are related to the formation of hydrophilic silanol defects 

in zeosil framework that is confirmed by the characterization of the 

samples after intrusion-extrusion tests (see below). 

In the case of LiCl aqueous solutions intrusion-extrusion, the system behavior with a partially irreversible intrusion in the first cycle 

is quite similar. However, in the following cycles, the hysteresis between the intrusion and extrusion curves becomes more 

pronounced compared to “Mu-26–water”system, that corresponds to a shock absorber behavior. The hysteresis increases with the rise of 

LiCl concentration and becomes very large for 15 and 20 M LiCl aqueous solution (energy yield of 35 and 48%, respectively). The 

phenomenon of slight increase of the hysteresis with LiCl concentration was previously observed for other “zeosil–solution”systems 
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[ 22], but in the case of Mu-26 the effect is particularly strong. Moreover, it  should be noticed that such a large hysteresis is quite rare 

for“zeosil‒LiCl aqueous solution”systems. A similar hysteresis for 20 M LiCl solution intrusion was only observed for DDR-type zeosil 

[ 26]  and a slightly lower one for LTA-type zeosil [ 27], which have both a cage pore system. Such a shock absorber behavior has never been 

observed for the zeosils with channel pore system. Thus, it can be supposed that the presence of cages and side pockets in zeosil 

framework favors this behavior. 

Table 2 Intrusion-extrusion characteristics of “Mu-26 – water or LiCl aqueous solution” systems. 

 Pint
a (MPa) Vint

a (cm3/g)  Pext
a (MPa) Vext

a (cm3/g) Ea
b (J/g) Er

c (J/g) Yieldd (%) Behavior 

Mu-26 - H2O 49*/26** 0,055*/0,025** 24 0.025 2,7*/0.7** 0.6 22*/92** B + SA*/S** 

Mu-26 – LiCl 5 M 120*/66** 0.07*/0.02** 48 0.02 8.4*/1.3** 1 11*/72** B + SA*/S** 

Mu-26 – LiCl 10 M 180*/133** 0.08*/0.04** 109*/95** 0.04 14.4*/5.3** 4.2 30*/64** B + SA*/S** 

Mu-26 – LiCl 15 M 243*/203** 0.085*/0.035** 72** 0.035 20.6*/7.1** 2.5 12*/35** 12*/35** B + SA*/S** 

Mu-26 – LiCl 20 M 322*/223–249** 0.125*/0.08** 115 0.08 40.2*/19.2** 9.2 23*/48** B + SA*/S** 

*-first cycle, **-second and following cycles. 
a Intrusion (Pint) and extrusion (Pext) pressure, intruded (Vint) and extruded (Vext) volumes determined from intrusion-extrusion isotherms for each step. 
b Adsorbed energy Ea = Vint × Pint. 
c Restored energy Er = Vext × Pext. 
d Energy yield = Er/Ea × 100. 

 

According to our previous studies on different zeosils, the use of concentrated LiCl aqueous solutions leads to an increase of 

intrusion reversibility in the first cycle of intrusion-extrusion [ 25,27,28,30]. For the systems with bumper behavior, the intrusion 

becomes more reversible with the rise of LiCl concentration. This can be explained by two different phenomena: 1). the solutions 

damage less the zeosil framework under intrusion, thus, a lower formation of hydrophilic silanol defects is observed; 2). the 

electrolyte solution interact less with silanol defects already present in the pores of zeolites, probably, due to a lower activity of water 

molecules which are totally included in solvation sphere of salt ions. However, in the case of Mu-26 zeolite, a different phenomenon is 

observed: the increase of LiCl concentration does not lead to the decrease of irreversibly intruded volume (Vint - Vext for the 1st cycle). 

Moreover, this volume increases from 0.03 cm3 /g for water to 0.04‒0.05 cm3/g for all LiCl aqueous solutions. This effect could be 

explained by the formation of silanol groups even in the case of 20 M LiCl solution intrusion that was shown by the characterization 

of the samples before and after intrusion-extrusion experiments by solid-state 

29Si NMR and thermogravimetric analysis (see below). It seems that the structure of Mu-26 zeosil is particularly vulnerable to the 

damage by intruded liquid, since, according to our previous works, the intrusion of highly concentrated electrolyte solutions leads 

generally to lower silanol groups formation in comparison with water. 

Another feature of the intrusion-extrusion of LiCl aqueous solutions in Mu-26 zeolite is a strong rise of total intruded volume 

with salt concentration. In the first cycle, the volume rises from 0.055 cm3 /g for water to 0.125 cm3 /g for 20 M LiCl aqueous solution, 

whereas for other zeosils, only a slight increase of intruded volume was previously observed (+ 10–20%) [ 22,25,27].  The only 

comparable impact was obtained in the case of DDR-type zeosil, where the intruded volume was also doubled [ 26]. 

It should be noticed that the values of intruded volume for LiCl solutions are higher than the one of micropore volume obtained 

from N2 adsorption-desorption experiments (0.05 cm3 /g, see below). However, the latter is significantly lower than the one obtained 

in our previous work that can be related to the presence of a small number of silanol defects or carbonaceous species partially 

blocking unidimensional channels of the zeosil for N2 molecules (see Characterization section). Under high pressure, water molecules 

and solvated ions penetrate into the pores interacting with silanol groups, whereas the carbonaceous species are removed by the 

liquid. Thus, the blocking effect disappears and the intruded species can entirely fi ll  the channels. In the case of 20 M LiCl aqueous 

solution, the intruded volume is particularly high and close to a total filling of Mu-26 micropores [ 35], whereas the values of 

intruded volume in “zeosil –water or salt solution”systems are generally about 60% of the total micropore volume [ 38]. 

The rise of intrusion pressure with LiCl concentration is particularly strong. It increases by 6.6 times: from 49 MPa for pure water to 

322 MPa for 20 M LiCl aqueous solution. It should be noticed that in most cases, the pressure rise is stronger for the zeosils with small 

pore openings. The highest values of this relative increase (5.6–7.4 times between water and 20 M LiCl aqueous solution) was previously 

observed only for the zeosils with 8 member-ring pore openings (CHA, DDR, LTA) [ 25–27], whereas the STF structure has 10-member 

ring pore openings. Generally, the zeosils with tridimensional 10-MRs channels (MFI, ITH-type zeosils) demonstrate an increase 

by 3.1–3.2 times in spite of similar pore diameter [ 22,30]. Such an effect can be related to the particularity of Mu-26 structure 

(STF topology) with unidimensional channels with side pockets. From the previous works [ 18,39], it is known that the water intrusion 

pressure is determined by a maximal pore diameter, which is relatively high in the case of Mu-26 because of large side pockets. Thus, 

the intrusion pressure of water is lower in comparison with other 10-MRs zeosils. In the same time, it was observed that the 

rise of intrusion pressure with LiCl solutions is determined by a size of pore openings [ 25–27]. The absolute value of intrusion 

pressure of 20 M LiCl aqueous solution in Mu-26 (322 MPa) is quite similar to ones for ITH- [ 30]  and MFI-type [ 22]  zeosils (280 and 283 

MPa, respectively). Thus, it can be supposed that Mu-26 demonstrates a low intrusion pressure with water because of its side pockets and 

a high intrusion pressure with LiCl solutions due to its unidimensional channels that allows to explain such a strong increase of intrusion 

pressure with LiCl concentration. 

Another interesting effect has been observed during the intrusion- extrusion of 20 M LiCl aqueous solution: the intrusion 

pressure in the second and following cycles is not the same, but varies randomly from one cycle to another in the range of 223–249 

MPa (242, 249, 225, 229, 223 for 2nd, 3rd, 4th, 5th and 6th cycle, respectively). This phenomenon has never been observed before and 

remains unexplained for us. It may be supposed that it  is related to a rearrangement of non-extruded species within the pores. 

It should be also noticed that the system “Mu-26 - 20 M LiCl aqueous solution”demonstrates very high value of absorbed energy 

(40.2 J/g), particularly due to high intrusion pressure value (Pint = 322 MPa). This is the second highest energy obtained for zeosil-

based systems after the “DDR-type zeosil  ‒ 20 M LiCl aqueous solution”one, where the absorbed energy of 93 J/g was attaint [ 26]. 

 

5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5


4 
 

Fig. 3. SEM micrograph of nonintruded Mu-26 

(STF-type zeosil) sample. 

Fig. 4. N2 adsorption desorption isotherms at 196 °C of 

Mu-26 (STF-type zeosil) samples before and after intrusion-

extrusion experiments with water and 20 M LiCl aqueous 

solution. Filled and hollow symbols correspond to adsorp- tion 

and desorption isotherms, respectively. 

 

3.2. Characterization 

The powder X-ray diffraction (PXRD) patterns of Mu-26 

samples before and after three intrusion-extrusion cycles are shown 

in Fig. 2. The presence of a small quantity of amorphous phase is 

observed for the calcined parent material as well as for the post 

treated ones. The high- pressure post-treatments lead to an 

interesting modification of the symmetry. In Table 3, the 

indexation of the PXRD patterns determined from the Louer 

algorithm [ 40]  and after Le Bail refinements (Fig. S2) [ 41]  clearly 

shows the evolution from a triclinic to a monoclinic lattice when 

calcined Mu-26 is intruded with water. This transformation is 

unexpected but interesting. Indeed, as-made Mu-26 is triclinic 

(non-- centrosymmetric space group P1) [ 34]  as the 

corresponding calcined product (centrosymmetric space group P-1) 

[ 42]. The intrusion of water seems to modify the lattice into the 

monoclinic one that corresponds exactly to the highest maximal 

STF topology with a double unit cell volume as it was observed 

experimentally in e.g. as-made (S.G. C2/m) [F,DMABO]-STF [ 43]  

and calcined ITQ-9 after a triclinic lowering of the symmetry (S.G. 

I-1) [ 44]. 

 

 

Contrary to water, no structural evolution is observed when 20 M LiCl solution is intruded. It could be supposed that this is 

related to a different nature of extraframework species under high pressure intru- sion. In the case of water, the filling of the pores by 

water molecules and the formation of silanol groups is possibly favorable for the phase transformation, whereas in the case of LiCl 

solution, the quantity (Vint) and the arrangement of intruded ions are different and they can interact differently with silanol defects 

blocking the lattice transformation. 

The crystal morphology of the STF-type zeosil was examined by scanning electron 

microscopy. No difference between nonintruded and intruded samples was found. SEM 

image is presented in Fig. 3, where large faceted crystals of irregular shape with a size 

ranging from 20 to 100 μm are observed. 

 

Table 3 Unit cell parameters of calcined Mu-26 before and after intrusion–extrusion of water or 20 M 

LiCl aqueous solution after Le Bail refinement with GSAS-II software [45]. 

 Calcined Mu-26  Mu-26 - H2O Mu-26 - LiCl 20 M 

Space Group P-1 C2/m P-1 

a (Å) 11.438(2) 13.944(1) 11.443(3) 

b (Å) 11.517(2) 18.225(1) 11.514(3) 

c (Å) 7.3939(5) 7.4164(4) 7.393(1) 

α (°) 94.846(3) 90 94.855(4) 

β (°) 95.962(4) 99.031(3) 95.951(5) 

γ (°) 104.924(7) 90 104.927(8) 

V (Å3) 929.73(8) 1861.42(10) 929.8(3) 

GOFa 1.87 1.87 1.72 
b Goodness of fit [45]. 
a C-centering mode. 

 

The N2 adsorption desorption isotherms of Mu-26 zeolite before and 

after three intrusion-extrusion cycles are depicted in Fig. 4. The isotherms are 

mainly of type I characteristic of microporous solids. The values of BET surface 

area and micropore volume of calcined Mu-26 sample before intrusion are 

quite low 128 m2 /g and 0.05 cm3 /g, respectively, this is considerably 

lower than that obtained in our pre- vious work on STF-type zeosil (296 m2 /g 

and 0.11 cm3 /g)  [ 35]. It can be assumed that part of the porosity is not accessible 

for nitrogen molecules because of the presence of silanol defects or unremoved 

carbonaceous species which can block the unidimensional channels in spite of 

their small number. The TG results (Fig. 5) confirm that nonintruded Mu-26 

sample contains more silanol groups than the one studied previously [ 35]. 

Similar to the previous work, a strong decrease of micropore vol- ume and 

BET surface area is observed for the samples after intrusion-extrusion 

tests, up to 32 m2 /g  and 0.01 cm3 /g  for the one after 20 M LiCl solution intrusion 

and up to 4 m2 /g  and close to ~0  cm3 /g for water-intruded one. This drop can 

be explained by a higher number of silanol defects and strongly adsorbed 

molecules of water or electrolyte blocking the access in the pores as it is 

confirmed by the TG results (Fig. 5). 

Fig. 2. Powder X-ray diffraction patterns of calcined Mu-26 (STF-type zeosil) 

samples before and after intrusion-extrusion experiments with water and 20 M 

LiCl aqueous solution. The insert is a magnification of the patterns that high- 

lights the differences between the triclinic lattices before and after intrusion of a 

20 M LiCl solution and the monoclinic lattice after water intrusion on calcined 

Mu-26. The vertical bars with Miller indices are guides corresponding to the 

monoclinic lattice. 
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Fig. 5. Thermogravimetric curves of Mu-26 (STF-type zeosil) samples before 

and after intrusion-extrusion experiments with water and 20 M LiCl aqueous 

solution. 

Fig. 6 29Si MAS NMR spectra of Mu-26 samples before and after 

intrusion- extrusion experiments with water and 20 M LiCl aqueous 

solution. The insert shows the corresponding 1H‒29Si CPMAS NMR 

spectra. 

 

As it was mentioned above, the silanol defects are formed 

under intrusion-extrusion experiments as it  follows from the 

results of thermal analysis (Fig. 5) and Si NMR spectroscopy 

(Fig. 6). According to TGA, the nonintruded Mu-26 sample 

demonstrates a highly hydrophobic character (total weight loss 

of 0.5 wt%). Nevertheless, it contains more silanol defects in 

comparison with the one from our previous work [ 35], 0.1 group 

per unit cell against 0.03. This can explain a slightly lower 

value of intrusion pressure and a lower value of pore volume 

obtained by N2 adsorption-desorption because of stronger 

occulting of the volume of unidimensional channels by the 

silanols. After intrusion-extrusion ex- periments, the total weight 

loss increases considerably up to 1.7 and 3.6 wt% for water and 20 

M LiCl solution, respectively. The weight loss step at low 

temperature (< 100 °C) is ascribed to the desorption of phys- 

isorbed water molecules and followed by the desorption of 

strongly physisorbed ones (100-350 °C). The sample after 20 M 

LiCl intrusion contains more physisorbed water. The weight loss 

in the temperature range of 350-800 °C is attributed to 

dehydroxylation reactions of silanol groups arising from the breaking of siloxane bridges under intrusion. It has been observed that the 

intrusion-extrusion experiments lead to a considerable increase of silanol content in Mu-26 framework. This weight loss step 

corresponds to 0.7 and 1.1 OH groups per unit cell (the chemical composition of a defect free STF-type zeosil being [Si16O32 ] )  of Mu-26 for 

water and 20 M LiCl intruded samples, respectively. 

The results of thermogravimetric analysis are confirmed by 29Si MAS NMR spectroscopy (Fig. 6). The spectrum of the nonintruded 

sample has six main resonances in the range of 105 to 114 ppm corresponding to the non-equivalent crystallographic silicon Q4 

(Si(OSi)4) sites. After intrusion-extrusion experiments, these resonances overlap more and new resonances of lower intensities 

attributed to Q3 ((SiO)3Si–OH) sites appear in the 92 to 97 ppm 

range. The ratio Q3/Q4 signals corre- sponds to approximately 1.1 and 1.2 

silanol defect per unit cell for the samples intruded with water and 20 M 

LiCl solution, respectively. The 1H‒29Si CPMAS NMR spectra of Mu-26 

zeosil (insert in Fig. 5) confirm the increase of Q3 sites content in the 

intruded samples. Thus, it can be concluded that the formation of silanol 

defects is similar or, according to the TG results, even higher in the case of 

the intrusion-extrusion of 20 M LiCl aqueous solution than in the one of 

water. This is a feature of Mu-26 zeolite, since an opposite trend was 

observed for all other zeosils studied previously, where an intrusion of 

highly concentrated LiCl solutions leaded to lower formation of defects. 

Thus, the formed silanol groups are probably responsible for the partially 

irreversible intrusion in Mu-26 sample in the 1st cycle. A part of 

intruded water molecules and sol- vated ions interact with the defects and 

remain trapped inside the pores. 

 

4. Conclusions 

In this work, a high pressure intrusion-extrusion of LiCl aqueous solutions in Mu-26 zeolite (STF-type zeosil) having a 

framework with unidimensional 10 member-ring channels with side pockets, has been performed. It has been shown that among 

other zeosil-based systems, the “Mu-26–LiCl aqueous solution”ones exhibit an unusual behavior probably related to the particularities 

of the framework. The features of high pressure intrusion-extrusion of LiCl aqueous solutions in Mu-26 zeolite are the following: 

 For concentrated LiCl aqueous solutions, Mu-26-based systems show a combination of bumper and shock-absorber behavior in the 

first cycle and a shock-absorber behavior with a large hysteresis between intrusion and extrusion curves in the following ones. The 

hysteresis increases with the concentration of LiCl aqueous solution, that is quite unusual for the most part of zeosil-based HLS. 
 Similar to water, the intrusion of the LiCl aqueous solutions is partially irreversible. However, the volume of nonextruded 

liquid increases compared to the “Mu-26–water”system, whereas for all other zeosils studied, the rise of LiCl concentration 

leads to an improvement of intrusion reversibility. This phenomenon can be explained by a formation of silanol defects under 

intrusion of LiCl solutions. 
 “Mu-26–LiCl aqueous solution”systems demonstrate a strong rise (by 6.6 times in comparison with water) of intrusion pressure 

with LiCl concentration. Such an increase was previously obtained only for the zeosils with small 8 MRs pore openings (5.6–

7.4 times), whereas Mu-26 has larger 10 MRs ones. 
 A strong rise of intruded volume with LiCl concentration is observed. The volume rises from 0.055 cm3 /g for water to 0.125 cm3/g for 

20 M LiCl solution, whereas only slight increase of intruded volume with salt concentration is observed for the most part of 

“zeosil– solution”systems. 
 “Mu-26– 20 M LiCl aqueous solution” system demonstrates the second highest value of absorbed energy obtained for zeosil-

based systems (40.2 J/g). 
 During the intrusion-extrusion of 20 M LiCl aqueous solution, the intrusion pressure in the second and following cycles is not the 

4
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4
4
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4
4
4


6 
 

same, but it varies randomly from one cycle to another in the range 223–249 MPa. This phenomenon has never been  
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