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Abstract

A clinoptilolite was exposed to treatments with acid and base solutions that caused desilication, dealumination or a combination of both.
The mineralogical and physicochemical properties of clinoptilolite were studied by X-ray diffraction, X-ray fluorescence, Brunauer—
Emmett-Teller specific surface area, differential thermogravimetry, Fourier-transform infrared spectroscopy and scanning electron
microscopy methods. The studies provided insight into the structural and textural properties of the treated zeolite. The applied post-

synthesis modification techniques proved to be effective for the generation of secondary mesopores.
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Clinoptilolite (CLI) is a naturally occurring microporous zeolite
that belongs to the heulandite (HEU) group (Herndndez et al.,
2000). Its structure is built of interchanging ten- and eight-
member rings that form two parallel channels, intersecting with
an eight-member ring. The secondary building units forming
the two-dimensional system of the channel in CLI/HEU are
4-4-1. The CLI structure consists of [SiO4] and [AlO,] tetrahedra
and has a Si/Al ratio of 4.0-5.2. This results in an unbalanced
negative charge of the zeolite structure, which is compensated
by cations such as Na*, K*, Ca®" and Mg**.

Clinoptilolite belongs to C2/m space group with unit-cell para-
meters a=17.523 A, b=17.644 A and c¢=7.401 A (http:/europe.
iza-structure.org). Crystallographic studies (Stolz et al, 2000;
Armbruster et al., 2003) on the locations of other cations in zeo-
lites belonging to HEU group of minerals showed that these mate-
rials might exchange cations. Several additional extra-framework
cations were identified for cation-exchanged samples (e.g. Ag",
Pb**, Cd**, Ba®*, Rb*, Zn**, Cu**, Co®*, Ni** or NH}). Studies
on CLI show its efficacy as a sorbent for the removal of dyes
(Qiu et al. 2009; Hernandez-Montoya et al., 2013) as well as
heavy metals (Mozgawa et al., 2009; Jovanovi¢ et al., 2012).

Rich deposits of natural CLI may be used to obtain attractive
sorption materials (Karakaya et al., 2017). The crystalline frame-
work of CLI has a high ion exchange capacity. To improve the
sorption properties of zeolites, their structure may be modified
via desilication or dealumination processes (Cakicioglu-Ozkan
& Ulku, 2005). Zeolite treated with HCI acid showed good sorp-
tion of water vapour, although the selected concentration of HCI
solution and temperature proved ineffective for removing sodium
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and potassium cations. Lin et al. (2015) investigated the physico-
chemical properties of desilicated CLI. The modification with
alkaline solutions increased mesopore formation and improved
cation-exchange properties. It was considered that the NaOH
modification mechanism based mainly on the removal of silicon
increased the proportion of mesopores.

In summary, CLI was previously exposed to acids and bases
(Garcia-Basabe et al., 2010). The aim of the present study was
to analyse the changes in the mineralogical and physicochemical
properties of natural CLI subjected to desilication, dealumination
and a combination of both treatments. It is very important to
obtain a sorbent with a large specific surface area and mesoporous
structure.

The material used is characterized by a low Si/Al ratio and
requires a controlled process of dealumination. The modification
conditions were selected to minimize the loss of crystal order and
porosity while obtaining a hierarchical material with potential
catalytic and sorption properties. Special attention was paid to
the role of Al content in the modified CLI samples. The selection
of appropriate modification parameters allows a hierarchical
material characterized by improved specific surface area and
mesoporous structure to be obtained.

Materials
Materials preparation

Natural CLI (CaK-CLI, Si/Al=49) from the Carpathian
Sokirnica deposit was used in the study. The zeolite was modified
with: (1) 0.5, 1.0 and 1.5 M NaOH solutions; (2) 0.3, 0.6 and 0.9
M HNO;j; solutions; and (3) a combination of methods (1) and
(2). The treatment involved the reaction of 3 g of zeolite with
100 mL of the modification agent (MA) with a given concentra-
tion in a round-bottomed flask at 65°C in an oil bath. After the
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Table 1. Summary of zeolite samples with the analytical procedure for material
modification.

Modification
Sample agent (MA) Cua (mol/dm?®)  Temperature (°C)  Time (h)
Ca,K-CLl - - - -
CL_1 NH,NO3 0.5 60
CLI_A 0.3
CLI_B HNO3 0.6 65 24
CLI_C 0.9
CLI_D 0.5
CLI_E NaOH 1 65 0.5
CLI_F 1.5
CLLG HNOs/NaOH 0.9/0.5 65 24/0.5
CLI_H HNO3/NaOH/HNO3 0.9/0.5/0.9 65 24/0.5/24

appropriate time, samples were filtered and washed with distilled
water. Finally, both the parent (Ca,K-CLI) sample and modified
samples were subjected to a threefold ion exchange with 0.5 M
NH,NO; solution at 60°C for 1 h. Afterwards, the samples were
filtered, washed and dried at room temperature. The conditions
of modification of the samples are presented in Table 1.

Methods

X-ray diffraction (XRD) analyses were carried out on an XPert
(PANalytical) diffractometer using Cu-Ko radiation in the
range 5-90°26. Crystallographic data were determined using the
Rietveld method (a, b and ¢ parameters of the unit cell). In
addition, the degrees of crystal order (percentages of crystal
order) of the modified samples were determined according to
the following equation: crystal order (%) = (sum of total sample
intensity / sum of total intensity of original zeolite) x 100. Only
well-separated signals (marked in Fig. 1) were taken for estimation
of the crystal order of the samples. The (hkl) indices used
were (020), (200), (201), (111), (311), (400), (011), (111), (113),
(422), (113) and (440).

An X-ray fluorescence (XRF) spectrometer (WDXRF, Axios
Max 4 kW, PANalytical) was used to determine the chemical
composition of the parent zeolite material and its modified coun-
terparts. In addition, the Si/Al ratios of the materials analysed
were determined. The chemical compositions of all of the formu-
lations are listed in Table 2.

Textural parameters of CLI samples were determined by N,
adsorption/desorption at ~196°C (NOVA 1200E, Quantachrome
Instruments). The samples were degassed under vacuum for
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Fig. 1. (a,b) XRD patterns of modified clinoptilolite analogues.
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Table 2. Chemical composition of the original Ca,K-CLI material (wt.%).

Element Na,0 MgO  Al,0; Sio, K,0 Ca0 Fe,0; Others
Content 0.355 0.855 13.157 76.688 3.467 3.308 1.696 0.474

12 h. The data collected allowed information on the total volume
of pores (Vi) volume of micropores (Vinicro) and volume of
mesopores (Vieso) to be obtained. The Vi, was determined
using the t-plot method. The Vi, was estimated by converting
the volume of adsorbed nitrogen at p/p,=0.98 into the volume
of liquid adsorbate. The Vs, was determined using the adsorp-
tion isotherm of Barrett-Joyner-Halenda (BJH).

The morphology and chemistry of carbon-coated CLI samples
were determined by scanning electron microscopy (SEM) using
an FEI Nova NanoSEM 200. Fourier-transform infrared (FTIR)
spectra of the samples were collected with a vacuum Bruker
VERTEX 70 FTIR spectrometer using the KBr pellet method.
The spectra were the averages of 128 scans recorded in the mid-
infrared range (MIR) with a resolution of 4 cm™'. The thermal
stability of CLI was determined by differential thermogravimetry
(DTG) using an STA 449 F1 Jupiter (Netzsch) thermal analyser.
A total of 60 mg of the sample was placed in a platinum crucible
and heated to 900°C with a heating rate of 10°C/min in air flow.

Results and discussion

The Ca,K-CLI XRD traces of the original, the ammonium form
(CLI_1) and the modified CLI samples are shown in Fig. 1. The
XRD traces of the original sample and its modified analogues
are typical of CLI (Alver et al, 2011). The ion exchange of
NHj by Ca®" and K" ions did not modify the XRD traces.

The modification of the zeolite with alkaline and acid solutions
yielded slight disorders of the crystalline structure, which suggests
that the stability of the natural CLI might have been disrupted. In
order to determine the influence of the desilication and dealumi-
nation processes on the structure, the unit-cell parameters were
calculated (Table 3) based on the XRD patterns and Bragg’s equa-
tion. Treatment of the zeolite with acid results in hydrolysis of
some -O-Al-O- bonds (Dziedzicka et al, 2015). Rapid alumin-
ium extraction may lead to partial or total loss of zeolite crystal
order (Datka et al, 1994). The change in crystal order and
unit-cell parameters of the CLI modified with HNOj; solution
indicates that the loss in crystal order is insignificant. An observed
change in unit-cell parameters may be associated with the removal
of aluminium cations from the zeolite framework (Table 3).

In the case of the desilication process, an increase in the con-
centration of the NaOH modified the unit-cell parameters. This is

Table 3. Unit-cell parameters of the original and modified zeolites.

Sample a (A) b (A) c (A

Ca,K-CLI 17.3612 +0.0002 17.9631 +0.0003 7.4094 £ 0.0003
CLI_1 17.3611 +0.0002 17.9621 +0.0003 7.4083 +0.0004
CLI_A 17.3151 +0.0004 17.9522 +0.0010 7.4042 £ 0.0005
CLI_B 17.3154 + 0.0006 17.9503 + 0.0005 7.4012 +0.0004
CLI_C 17.3163 +0.0003 17.9544 +0.0009 7.4063 £0.0002
CLI_D 17.3591+0.0001 17.9611 + 0.0006 7.4062 +0.0007
CLI_E 17.3573 £ 0.0007 17.9483 +0.0008 7.4054 £ 0.0006
CLI_F 17.3512 +0.0007 17.9453 +0.0002 7.4044 +0.0002
CLI_G 17.3462 + 0.0008 17.9582 +0.0006 7.4021 £ 0.0007
CLI_H 17.3491 +0.0004 17.9601 + 0.0005 7.4002 +£0.0001
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particularly evident in the case of the 1.5 M NaOH solution,
which indicates that this selected concentration of MA solution
might contribute to the extraction of a significant amount of sili-
con from the CLI framework.

The ¢ parameter, which lies parallel to the channels of CLI, was
not affected by the treatment with acidic and basic solutions.
Consequently, changes in the a and b parameters may affect the
sorption properties of the tested materials.

Crystal order depends largely on the type of zeolite structure
and the presence/absence of various cations neutralizing the
negative charge of the framework. The presence of K' and
Na" ions is more important for the thermal stability of the
CLI structure than the Si/Al ratio alone (Akkoca et al., 2013).
Ion exchange with NHj ions may affect the stability of the
CLI structure and reduce the crystal order of the samples. The
crystal order of the samples decreases with increasing concentra-
tion of the MA. Only CLI_C and CLI_D materials showed opti-
mal values of framework parameters and preserved crystal
structures of the zeolites. Further studies confirmed these
observations.

The following discussion will focus on the characteristics of
key samples (Fig. 2, Table 4). The first factor was the analysis of
the influence of the MA on the efficiency of the dealumination/
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desilication processes and the Si/Al ratio of the zeolite materials
studied.

The data summarized in Table 4 show that the Si/Al ratios
determined by XRF do not differ significantly from those deter-
mined by SEM energy-dispersive X-ray spectroscopy (EDX).
The original CLI_1 sample was characterized by a low Si/Al
ratio, equal to ~4.9. Both desilication and dealumination pro-
cesses modified the Si/Al values. With increasing concentration
of desilication agent, a gradual decrease in the Si/Al ratio was
observed, which indicates an increasing amount of extracted sili-
con, but without significant changes in values of the framework
parameters, except for CLI_F (Table 3). This indicates that alkalis
might dissolve amorphous SiO, on the CLI surface or the poorly
bound SiO, in the zeolite framework (Shen et al., 2012). This is
especially visible for the CLI_F sample. On the other hand, desi-
lication might be accompanied by dealumination or realumina-
tion, which limits further dissolution of the framework (Groen
et al., 2004). These factors contribute to the formation of defects
on the zeolite surface, which might allow multilayer adsorption
of nitrogen vapour at a relatively high pressure. The fact that
OH" ions from the alkaline solution influence the amount and
type of Si being washed out is also significant. Selective dissol-
ution of amorphous SiO, might occur, as evidenced by decrease
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Fig. 2. (a-f) Efficiency of the modification processes, chemical compositions and textural parameters of the tested zeolites.
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Table 4. Textural characteristics of the original and modified CLI samples.

S'/ Sl/ CWStal Smes«:) Vmicro Vmeso Vtotal
Sample  Alxee Alepx order (%) (m%/g) (cm’/g) (cm¥/g) (cm’/g)
Ca,K-CLI 4.9 4.6 - 17 0.003 0.110 0.113
CLI_1 5.2 51 - 24 0.060 0.134 0.194
CLI_A 9.7 112 96 44 0.047 0.145 0.192
CLI_B 105 115 94 45 0.048 0.145 0.193
CLI_C 112 126 94 45 0.048 0.144 0.192
CLI_D 4.4 5.2 88 39 0.055 0.168 0.246
CLI_E 4.1 4.6 86 39 0.040 0.149 0.189
CLI_F 3.3 3.6 78 25 0.013 0.129 0.142
CLI_G 8.2 6.8 80 77 0.017 0.275 0.292
CLI_H 6.5 6.6 78 52 0.033 0.230 0.263

in desilication that occurs with an increase in the concentration of
NaOH.

The comparison between parent and dealuminated CLI shows
that the Si/Al ratio increased from 4.9 to ~12.0 (Fig. 2). An
increase in the concentration of MA does not cause any signifi-
cant changes in the Si/Al ratio, which indicates good efficiency
of aluminium extraction from the framework of the materials
tested.

After sequential dealumination, a standard desilication with
NaOH solution was performed. In contrast to direct desilication,
the treatment of CLI with an alkaline solution caused significant
dissolution, indicating a lower aluminium content in the sample.
The desilication of the dealuminated sample decreased the Si/Al
ratio to 8.2.

The changes in textural parameters in CLI samples after the
applied modifications were monitored by N, adsorption
(Table 4). The Ca,K-CLI did not have a significant volume of
micropores (0.013 cm?/g). The volume of mesopores determined
by means of the BJH method was insignificant, indicating the
purely microporous character of the initial material. The ion
exchange (CLI_1) caused an increase in the micropore volume
(Vimicro = 0.06 cms/g), which translated into an increase in the
Viotar thus confirming its microporous structure. Factors
which might increase significantly the Vi, value include:
(1) ion exchange of CLI extra-framework cations, in particular
K" for NHj; and (2) removal of impurities and dust from
pores and sample channels by repeated washing with distilled
water and ion exchange with an ammonium nitrate solution
(Garcia-Basabe et al., 2010). The modification of clinoptilolite
preparations with nitric(V) acid caused an increase in the spe-
cific surface area of mesopores; this increase remained at a simi-
lar level regardless of the concentration of the dealumination
agent. In addition, a constant value of micropores at 0.048
cm’/g was preserved.

Treating the parent zeolite with alkaline solutions increased
the mesopore surface area, albeit not to the extent of the dealumi-
nation process. Therefore, the acid treatment of CLI is more
effective (mesopore surface development) than the desilication.
The formation of mesopores was accompanied by a significant
decrease of the Vo from 0.060 to 0.013 cm’/ g in the sequence
CLI_1>CLI_D > CLL_E > CLL_F. Acid treatment resulted in an
increase in the volume of mesopores, except for the CLI_F sam-
ple. In this sample, a significant decrease in Vi (to
0.013 cm>/g) was observed, which indicates that the crystal struc-
ture may have been disrupted. The total pore volume (Vipeso +
Vimicro) also decreased significantly. This was confirmed by XRD
patterns in which the gradual disappearance of some reflections
was observed.
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To sum up, an increasing concentration of NaOH and the sup-
plementary action of Na' exchange resulted in a decrease in
Vmicro to ~0. Therefore, desilication with 1.5 M NaOH solution
modified to a significant extent the textural properties of
CLI, causing significant disorder of the zeolite structure.
Modification processes should enhance the formation of meso-
pores, which may facilitate the diffusion of soluble compounds
from a zeolite material, in this case clinoptilolite. This observation
explains the increase in Viicro + Vineso for samples treated with
NH,NO; compared with unmodified clinoptilolite.

Optimal textural properties (developed mesopore area of
39 m’/g and preserved Vo of 0.055 cm’/g) were achieved
for CLI treated with 0.5 M NaOH as the desilication reagent
(at 65°C for 0.5 h). Further increase in the concentration of
the desilication agent caused disruption of microporosity as
shown by XRD analysis and the decrease in Vico. Therefore,
the most favourable V.., was obtained for CLI_D (Table 4).
Hence, the next stage of modification would be the desilication
of the previously dealuminated sample (CLI_C) with 0.5 M
NaOH solution.

Dealumination of parent zeolite (Ca,K-CLI) with 0.9 M HNO;
solution led to a reduction in Vo (0.048 cm® /g). A subsequent
alkaline treatment and dealumination (sample marked as CLI_H)
led to a decrease in Vi to 0.033 Cm3/g. This relatively small
Vimicro Value (CLI_C) may be explained by the presence of
amorphous matter (Verboekend et al, 2013). Subsequent treat-
ment with NaOH dissolved the amorphous matter and dealumi-
nation partially increased the Vo (sample CLI_H).

The sample CLI_G has a relatively narrow pore distribution,
with pores ~30nm in size (Fig. 3). Further desilication
(CLI_H) resulted in a decrease in the surface area of mesopores
and a growth of pores to >40 nm in size.

The SEM images of the microstructures and modified analo-
gues of CLI are shown in Fig. 4. The original sample (CLI_1)
consists of heterogeneous particles with irregular shapes. The
treatment of CLI with an alkaline solution resulted in morpho-
logical changes in the zeolite, as shown in the SEM images.
The most significant changes were observed in CLI_F, where
a disordered microstructure is visible, which may have resulted
from preferential dissolution of SiO,. In addition, samples
CLI_G and CLI_H showed much larger grain sizes (especially
in the case of CLI_H) and larger intergranular porosity.
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Fig. 3. Pore-size distribution of parent and modified clinoptilolite analogues.
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Fig. 4. (a-i) SEM images of the parent material and its modified analogues.

Furthermore, the microstructures of those materials are more
disordered. This may be due to selective dealumination of smal-
ler crystals, which in turn may have led to their preferential
dissolution.

Figure 5 shows the different DTG curves of the original zeolite
and selected modified analogues. The sample weight loss and total
water loss are listed in Table 5. The weight loss visible on the DTG
curves is constant during heating up to 900°C. For the parent
material, ~10.32% of zeolite weight was lost due to removal of
zeolitic water. The maximum weight loss was recorded in the tem-
perature range 25-300°C, decreasing at higher temperatures.
According to some studies, weight losses in the low-temperature
range are associated with the removal of hygroscopic water and

https://doi.org/10.1180/cim.2019.17 Published online by Cambridge University Press

water molecules loosely bound on the zeolite surface (Moreno
et al, 2004; Orfanoudaki & Perraki, 2004). Water molecules
adsorbed on ion-exchange cations are not densely packed on
the surface of the zeolite.

The zeolite structure also contains inter-package water from
hydroxyl groups, which, according to Breck (1974), is eliminated
from CLI at ~360°C. At 150°C, only strongly adsorbed water
complexes and hydroxyl groups remain on the surface of zeolite
(Gorlov, 2007). Hence, it is assumed that inter-package water at
a temperature of ~150°C remains stable in the structure of the
zeolite.

Changes in the structure of CLI caused by the proposed modi-
fication were described by FTIR spectroscopy. Figure 6 shows the
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(h)

Fig. 4. (continued)

FTIR spectra recorded in the MIR. For a better comparison, the
locations of respective bands and their assignments are listed in
Table 6. In the OH-stretching vibration range (3900-3400 cm™"),
two types of bands were observed at ~3625 and ~3440 cm™
(Verboekend et al., 2013). The band at ~3625 cm™ is assigned
to the Si-O(H)-Al bridge acid group (Bronsted sites). These
sites are characterized by the highest acidity. The next one, at

2.0-
1.5- CaKCLI
1.0+

0.0 -

: CLI_H
-0.51
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0 150 300 450 600 750 900
Temperature (°C)

Fig. 5. DTG curves of parent and modified clinoptilolite.
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~3440 cm™, is related to Si-OH groups located in framework
defects and vibrations coming from OH groups (water adsorbed
on free SiOH) (Datka et al., 1995; Joshi et al., 1997). The corre-
sponding bending vibrations are located at ~1640 cm™". The pos-
ition of that band changes only slightly when different types of
modifications are applied, suggesting that the state of water mole-
cules in all of the tested samples is very similar. The bands at
3160-3240 cm™" and at ~1400 cm™" are attributed to the asym-
metric stretching and bending vibrations of N-H bonds,

Table 5. Weight loss due to release of water molecules at various dehydration
steps.

Temperature Weight Total mass lost
Sample range (°C) loss (%) (%)
Ca,K-CLI 25-900 10.32 10.32
25-350 8.38
CLI_1 350-600 2.85 12.17
600-900 0.94
25-250 6.45
CLI_C 250-600 3.12 10.10
600-900 0.53
25-250 5.92
CLI_G 250-600 2.44 8.86
600-900 0.50
25-250 4.89
CLI_H 250-600 2.48 7.80
600-900 0.43
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Fig. 6. (a-c) FTIR spectra of parent CLI_1 and modified analogues, recorded in the MIR (4000-450 cm™?).

respectively (Tomazovi¢ et al., 1996). Both bands are linked to the
ammonium groups introduced during ion exchange by NH,NOs.

Modification with acid solutions resulted in partial disappear-
ance (decreases in intensity) of a band at 3625 cm ™", which indi-
cates the removal of Al cations from the zeolite framework. This
suggests that the OH vibrations disappear due to modifications of
the active sites of CLI In addition, a slight increase in the band-
width intensity at 3440 cm™" is noticeable, which indicates that
defects in the silanol nests are generated as a result of the alumina
vacancies (Sokol et al., 2004). The half-width of the aforemen-
tioned band increases with the concentration of dealumination
agent (Fig. 6a,c). Treating CLI_C with NaOH solution modified

https://doi.org/10.1180/cIm.2019.17 Published online by Cambridge University Press

the spectrum and rendered it similar to the spectrum of CLI_G.
The intensity of the band at ~3625 cm™ increased during
increases in the mesopore surface (Syeso)- The final acid treatment
(CLI_H) led to a widening of the band and to a decrease in the
band intensity.

The treatment of CLI with NaOH solution slightly increased
the band intensity at 3625 cm™ due to an increase in the number
of Si-OH-Al bridge acid groups with the extraction of Si atoms.
The observed increase of hydroxyl group band intensity is related
to the increase in Al content in the desilicated zeolite structure
and is correlated directly with a decrease in the Si/Al ratio.
These observations are in accord with the chemical compositions
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Table 6. Assignment of the infrared bands for the original CLI.

Frequency (cm™) Vibration mode

3400-3900 Stretching OH vibrations

3160-3240 Asymmetric stretching vibrations of NH groups

1400 Bending vibrations of NH groups

1640 Bending vibrations of OH groups

1000-1210 Asymmetric stretching vibrations

1066 Internal tetrahedral linkage asymmetric stretching Si-O-Al
and Si-0-Si vibrations, realized in TO, tetrahedra

795 Symmetrical vibrations of the Si-O-Si bridges

720 Symmetrical vibrations of Si-O-Al bridges

450-470 Internal tetrahedral TO, vibrations

500-650 External tetrahedra double ring

300-420 Pore-opening vibrations

of the tested materials, which show that the CLI_F zeolite has the
lowest Si/Al ratio.

The bands in the range 1210-400 cm™" are associated with the
aluminosilicate framework. In general, the positions of the bands
follow the type of modification (i.e. dealumination moves a band
towards higher and desilication towards lower wavenumbers). The
displacement of Si-O-(Si,Al) bands due to asymmetric stretching
towards lower frequencies with increasing Al content (Fig. 6) in
the structure is attributed to the greater energy and bond length
of the Al-O bond compared to the Si-O bond and indicates its
smaller force constant (Ferndndez-Jiménez & Palomo, 2005). In
the aforementioned frequency range, the band at ~1210 cm™ is
related to the asymmetric tensile T-O vibrations with F, sym-
metry (Doula, 2003).

The position of the band at ~1066 cm™, which is attributed to
the asymmetric tetrahedral Si-O-Al and Si-O-Si stretching
vibrations (Doula et al., 2002), is sensitive to the composition of
the zeolite framework. The band moves towards higher wavenum-
bers with increasing Si/Al ratio (dealumination process; Fig. 6a).
Therefore, the position of this band may be used to quantify
the Si/Al ratio. The position of this band changes continuously
with increasing concentration of the dealumination agent, until
~1090 cm™" (Christidis et al., 2003). This may be explained by
the fact that, during dealumination, the average charge on a tetra-
hedral atom increases, which results in an increase in the T-O
bond strength on average and a change in the bond strength
and Si-O-Si angle. The opposite trend was observed for the sam-
ples subjected to desilication (Fig. 6b). This fact is related to the
association of cations in the channels and zeolite cages of CLI
(Elaiopoulos et al., 2010; Yosefi et al., 2015).

The spectral range 800-400 cm™" includes bands localized at
795, 720, 680, 610, 524, 467 and 455 cm™ (Fig. 7). The band at
795 cm™" is assigned to the symmetric Si-O-$ vibrations, while
that at 680 cm™ is due to the symmetric tensile vibrations of
the TO, tetrahedra (Yan et al., 1998). The low-intensity band at
~720 cm™ is associated with symmetric Si-O-Al vibrations.
This band decreases in intensity and finally disappears, indicating
extraction of Al cations from the zeolite tetrahedra due to dealu-
mination. The band at 610 cm™ denotes the external vibrations of
the four-member rings or O-T-O bending vibrations (Doula
et al., 2007). The band at 524 cm™" corresponds to ‘pore-opening’
vibrations, and that at 467 cm™" corresponds to internal TO,
vibrations (Si-O-(Si,Al) bending vibrations; Gao et al., 2014).
The dealumination process resulted in a slight shift of the band
at 610 cm™ towards higher wavenumbers. Similar shifts were
observed for the bands at 467 and 455 cm ™!, whereas the position
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Fig. 7. FTIR spectra of parent CLI_1 and modified analogues, recorded in a narrower
frequency range of the MIR (850-400 cm™).

of the band at 1200 cm™ due to internal asymmetric tensile vibra-
tions did not change. This may be related to the fact that dealu-
mination of the zeolite structure contributed to a slight change
of bond length in the tetrahedra expressed as a slight change in
the network parameter a (Table 3). Additional desilication did
not change the band intensity corresponding to the symmetric
Si-O-Si vibrations (795 cm™). This is in line with the XRD
results from which it was concluded that the treatment with
NaOH did not significantly affect the structure of the CLI frame-
work (except for the CLI_F sample), only influencing the selective
removal of the amorphous SiO, on the surface of the material.

Summary and conclusions

A natural CLI was treated with acidic and basic solutions. The
choice of appropriate conditions for desilication and dealumina-
tion yielded a mesoporous material. Clinoptilolite subjected to
dealumination and subsequent desilication developed an
increased mesopore surface area (CLI_G). The structural charac-
teristics of the modified materials revealed the important role of
dealumination during treatment of the original zeolite. A signifi-
cant amount of Al was removed from the zeolite framework, with-
out significant effect on the crystal order of CLI, although it
caused minor changes in framework parameters. Desilication of
a previously dealuminated sample was an effective modification
tool, which, in addition to introducing a mesoporosity, selectively
removed tetrahedral Si from the zeolite framework. Optimization
of modification conditions allowed zeolites with a hierarchical
pore system to be obtained, characterized by high mesoporosity
and a relatively narrow pore size distribution of the modified
material (CLI_G). The proposed method of modification of the
CLI structure was an effective method for creating a secondary
mesopore system in the zeolite structure, which might lead to
significant improvements in its sorption properties.
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