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Abstract: Natural clinoptilolites have been preferred as promising catalysts and adsorption materials due to their low cost
and important properties. However, they struggle with their cationic phases and impurities, weakening the physicochemical
structure. The main approach is to improve the features of clinoptilolites by applying treatments such as acid modification
and calcination. Here in clinoptilolites in two different particle sizes were pre-treated with acid, then, calcined at two different
temperatures (300 and 500 °C) with different durations (2 and 3 h). The effects of pre-treatment were investigated with X-
ray diffraction (XRD), X-ray fluorescence (XRF), Fourier transform infrared (FTIR), Thermogravimetry (TG-DTG), Differential
Thermal Analysis (DTA), N, adsorption with Brunauer-Emmett-Teller (BET), Scanning Electron Microscopy (SEM) coupled
with Energy Dispersion Spectroscopy (EDS) analyses. XRF analysis shows that cations and aluminum were removed due
to pre-treatments and that the clinoptilolite, with a smaller particle size, had a higher Si/Al ratio. All clinoptilolites showed
good thermal stability up to temperatures 600-800 °C with continuous mass-loss curves. It was determined that surface
area and total pore volume increased in most of the samples without agglomeration by SEM-EDS and BET. The surface
functional groups were investigated by FTIR and intensities of some bands showed a decrease due to decationization.
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INTRODUCTION zeolite structure which is generally balanced with an
exchangeable cation (Ca*, Mg?, Na*, K*, etc). Considering
Zeolites consist of various minerals and have great the significant behaviors of the exchangeable cations, they
scientific and industrial applications in different areas. The  affect the adsorption and thermal characteristics of the
larger surface area of zeolites due to porosity and their high  zeolites (9). The ion exchange characteristics of zeolite are
thermal strength make them frequently preferred materials  sourced from exchangeable cations and provide the
for different applications, especially adsorbents, catalysts advantage of using it in many fields (2).
(1-3), the water purification (4-6), microelectronics, optics,
medicine, and agriculture. The most important features that  When the literature is examined, it is seen that zeolites,
make it a material that can be used in many different areas  whose aluminum content has been diluted by
are listed as high adsorption ability, molecular sieve dealumination, provide important advantages, especially in
capacity, high selectivity, ion exchange capacity, strong terms of catalysis. Despite its impurities, it has been
resistance to acidic substances, and high thermal determined that these zeolite-based catalysts, which have
resistance (7). Zeolites are called hydrated aluminosilicates  strict thermal stability, have high selectivity for different
containing silicon and aluminum atoms bonded to each catalytic reactions, thanks to the alternatives brought by
other with oxygen atoms, arranged in crystal structure and  their chemical content and molecular structure. Compared
tetrahedral units, with a three-dimensional structure, which  to metal oxide catalysts, they exhibit higher activity, on the
is generally characterized as natural or synthetic zeolite, other hand, they are more stable than noble metal-based
with channels and spaces formed due to the microporous catalysts. Mesopores in natural zeolite structures provide an
surface structure (1,7-12). The most important feature that advantage in the diffusion of reactants into micropores
distinguishes zeolite from other crystal structures and where active centers occur (10,14-17). Similarly, Krél and
aluminosilicate-based materials is the presence of structural  Jelen (7) also stated that the inner surface area of the
voids connected to each other by channels. The structure  zeolites is large and has more than one active site. This
and size of these voids and channels are different for each  feature of zeolites is especially important in catalytic
zeolite and are considered characteristic features (4,10,13).  applications both as a stand-alone catalyst and as catalyst
Each aluminum atom causes one negative charge in the  support. Zeolites are usually dealuminated and removal of
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cations from the framework by acid (HCI, HNOs, H.SO,, and
CH;COOH) (2-4,9,18-23), steaming (3,10,24) and
calcination (3,10,23,25-26). Utilization of an acidic mixture,
which consists of phosphoric acid and citric acid, has
already been carried out as an alternative (27). The main
goal of acid pre-treatment is to remove the aluminum from
the zeolite to create more pores in the structure (4,28).
When the studies in the literature are examined, it may not
be a very simple procedure to improve the properties of
zeolite by treating it with acid. Because the types of zeolites
can be so diverse, there may be some cases where the
application and effect of each pretreatment are not the
same for all species (4,19). Simple inorganic salts and
alkalis are also used for the pretreatment process, allowing
the cations to move away from the structure and increase
the nSi/nAl ratio (10).

When both adsorption and catalytic properties of zeolites
were examined, it was stated that these properties were not
only affected by the type of out-of-frame cations (29) but
were also significantly affected by the amount of water in
the structure (7,25). When the literature studies are
examined, problems are experienced during the use of
natural zeolites due to high water demands (25,30-33).
Therefore, the application of the calcination process
(10,22,25,33-35), as preferred in this study, is of great
importance. The high surface area of zeolites due to the
porosity originating from micro and mesopores results in an
increase in the water demand characteristics. Seraj et al.
(25) stated that the high surface area feature of natural
zeolites is often due to internal porosity. They explained the
high water demand of natural zeolites by accepting that the
water was adsorbed into the internal pores (34,36). Seraj et
al. (25) stated that if the structure of the pores is changed in
a way that prevents water adsorption, there will be a
decrease in water demand. For this, they proposed
calcination as a thermal pretreatment in the zeolite structure
and examined its effect on the structure. It was emphasized
that not only the decrease in water demand in the structure
after calcination but also a significant improvement in the
workability of the material will occur due to this decreasing
demand. It has been stated that the calcination process will
also be effective in removing the clay impurities that may
increase the water demand by absorbing the water in the
structure (37). However, Seraj et al. (25), Wang et al. (22)
and Ates and Hardcre (3) reported that agglomeration
occurred in the structure at high temperatures such as 600,
650, 700, 750, and 800 °C. Perraki et al. (26) explained that
the thermal behavior of the zeolite when applied to a heat
treatment such as calcination also depends on the amount
of Al in its structure. They stated that since clinoptilolite is a
zeolite with a Si/Al ratio greater than 4, its thermal
resistance is high at temperatures above 450 °C.
Considering these different studies, performing calcination
and acid pretreatment together is very important in terms of
improving the physicochemical properties of the zeolite.
Considering these different studies, it is very important to
carry out calcination and acid pretreatment together, as the
author applied in her study, in terms of improving the
physicochemical properties of the zeolite.

Clinoptilolite is one of the most common types of zeolites
encountered in nature and is frequently used in different
fields (8,12,35,38,39). Clinoptilolite is in the heulandite
group and has the highest thermal resistance among the
zeolites in this group. When the clinoptilolite structure is
examined, it is seen that it consists of two types of channels
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connected with eight-membered rings (9,38,40-43).
Clinoptilolite has a significant cation exchange capacity due
to the presence of extra framework cations in its structure
(41,42,44,45).

Clinoptilolite generally includes impurities that could differ
due to the region of the reserve and these impurities strict
its utilization. In the literature, several treatment methods
were improved and applied to remove these impurities and
enhance the chemical and physical properties of different
zeolite types. Clinoptilolites are widely used for catalytic and
adsorption purposes as important structural properties such
as surface area, total pore volume, pore diameter, chemical
structure, water content, and porosity change as a result of
pretreatment (8,9,46,47). The low cost of clinoptilolites has
also been an important reason for their use for adsorption
(9,48), environmental applications (48-50), and catalysts
(43). With the removal of cations from the structure of
clinoptilolites, which are pre-treated with acid, the voids
formed in the structure increase the specific area and
surface, and new acidic regions appear. While this situation
changes the adsorption characteristics of the zeolite, on the
other hand, if it is to be used as a catalyst instead of an
adsorbent, the increased surface area causes an increase
in both the catalytic activity and the selectivity of the
products (41,52).

In this study, the effect of different calcination temperatures
(300 and 500 °C) on two different clinoptilolite samples (with
different particle sizes), as well as varying durations of
calcination (2 and 3 h), were investigated after pretreatment
with hydrochloric acid. Burris and Juenger (34) stated that
the literature focused on examining the effect of calcination
on zeolites used in cementitious mixtures compared to
clinoptilolite. Therefore, this study is important not only in
terms of the effects of pretreatment of clinoptilolite with
calcination in the literature but also in terms of comparing
the effects of different calcination temperatures and
durations on clinoptilolite samples with different particle
sizes. With the characterization tests, it is possible to
compare the samples calcined at the same temperature
and time, pre-treated at the same acid concentration, in
terms of different particle sizes at the beginning, on the
other hand, the effect of the changing pretreatment
conditions on the physicochemical properties in the same
sample was investigated. At the same time, considering the
contribution of the acid and pre-treatment applied before the
calcination process together with the calcination, as stated
before, to the structure, it is seen that it has an important
contribution to the improvement of the properties of the
structure, especially by removing impurities. Although it is
stated in the literature that calcination may cause surface
agglomeration and sintering problems, especially if the
calcination temperatures are selected high, it is clearly seen
that the preferred temperatures in this study do not cause
agglomeration in the structure, as supported by SEM
analysis. In this case, it has been determined that the
pretreatment with HCI applied before calcination is also
important. When the obtained characterization results were
examined, possible changes in the structure (change in
cation concentration, dealumination, change in peak
densities, etc.), especially after acidic pretreatment, were in
line with the literature. In addition, as stated in the article,
not using a high concentration of the acidic solution and
sufficient contact time did not damage the crystalline
structure, morphological features, and other characteristic
features related to the structure. Burris and Juenger (34)
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stated that the calcination temperature values
recommended by the researchers vary according to the
zeolite type and the optimum calcination detection scale, in
other words, there is no single truth in this regard. From this
point of view, it is thought that this study on clinoptilolite, in
which fewer calcination effects are investigated, will make
significant contributions to the literature. In addition, not
many studies have been found in which the effect of
calcination time has been examined together with the
parameter of being a natural clinoptilolite obtained from the
same region but having different particle sizes.

MATERIALS AND METHODS

Raw Materials and Reagents

Natural clinoptilolite samples from Gordes were used,
supplied by Gordes Zeolite Mining Corporation. These
clinoptilolite samples particle size are 50 y (Clinoptilolite-A)
and 150 p (Clinoptilolite-B), respectively. The mineral acid,

The pre-treated clinoptilolite samples belonging to
(Clinoptilolite-A)  were denoted as Clinoptilolite-A;,
Clinoptilolite-A;,  Clinoptilolite-A; and  Clinoptilolite-As,

according to their corresponding 300°C for 2 h, 300°C for 3
h, 500°C for 2 h and 500°C for 3 h calcinations,
respectively. In the same way, other pre-treated natural
zeolite samples prepared from (Clinoptilolite-B) were named
as Clinoptilolite-B;, Clinoptilolite-B,, Clinoptilolite-B; and
Clinoptilolite-B4, calcined at 300°C for 2 h, 300°C for 3 h,
500°C for 2 h and 500°C for 3 h, respectively.

Characterization

The chemical compositions of the natural clinoptilolite
samples were determined on powdered samples with X-ray
fluorescence (XRF, Spectro Xepos II).

X-ray powder diffraction (XRD) patterns of zeolites were
recorded on a Panalytical Empyrean diffractometer using
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HCI (= 37%), was supplied by Merck (Darmstadt, Germany)
and all solutions were prepared by using deionized water.

Pre-treatment Procedure for Natural Clinoptilolite

The procedure of the pre-treatment of natural clinoptilolites
is shown in Figure 1. A required amount of the clinoptilolite
was put into deionized water and stirred for 24 h using a
magnetic stirrer in a three-neck round-bottomed flask at 30
°C. In the pre-treatment method, after the pre-mixing period,
the clinoptilolite sample was filtered under vacuum and
dried in a furnace at 105 °C for 2-3 hours. The HCI solution
concentrations were fixed at 0.3 M and, these dried natural
zeolite samples were wetted and stirred with HCI solution at
52 °C for 1 hour. According to preliminary experiments, the
HCI solution amount was fixed at the optimum ratio of HCI
solution/Clinoptilolite  (v/iw) 10:1. The acid-pre-treated
sample was separated by centrifugation, then washed by
using excess deionized water until the pH is 7 and then
dried at 105 °C in a furnace for 2-3 h. The samples obtained
were calcinated at 300 and 500 °C for both 2 and 3 h.
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Figure 1: Procedure of the pre-treatment of natural clinoptilolites.

nonmonochromotografic Cu Kal-radiation (45 kV, 40 mA, k
= 1.5 A). The scanning range was 4-90°/(26) and with an
incremental step size of 0.02° 26 and 2 s dwell time.
Thermal behaviors were investigated using a Seiko,
TG/DTA 6300 instrument (range: 25-900°C) under flowing
nitrogen (150 mL min™) at a heating rate of 10 °C min™*
using approximately 5-5.5 mg of clinoptilolite samples in
alumina  crucibles.  Physisorption isotherms  were
determined by the adsorption of N, at 77 K in a
OANTACHROME AUTOSORB 1Q2. High purity (99.99%)
nitrogen was used in the adsorption measurements. The
clinoptilolite samples were previously heated at a
temperature of 160 °C under vacuum for 12 h to remove the
volatile compounds in the structures, to provide more gas
adsorption to the surfaces, and determine the surface area
and pore size distributions more accurately. The pore size
distributions and specific surface area of samples were
calculated by the Barrett—Joyner—Halenda (BJH) and BET



Bayrakdar Ates E. JOTCSB. 2022; 5(2): 39-58.

methods, respectively. Infrared absorption measurements
of the clinoptilolite samples were obtained using a Fourier
transform infrared (FTIR) spectrometer (PERKIN ELMER-
SPECTRUM 100). The FTIR spectra were recorded in the
wavenumber range of 400-4000 cm™ at a resolution of 4
cm? with the use of ATR technique. The morphological
structures and elemental distributions were investigated by
using scanning electron microscopy (SEM) with a JEOL
Brand JSM 6610 model used with a system for elemental
composition and elemental mapping analysis based on
energy-assisted X-ray spectroscopy (EDS) system (Oxford
Instruments Brand, Inca X-act model). Before the beginning
of the SEM analysis, to provide the conductivity of all-
natural and treated clinoptilolites, the surface of the
samples (Quorum brand, SC-7620 model) was coated with
argon gas environment for nearly 150 seconds with 99%
purity gold (Au) at an approximate thickness of 200
angstroms. Images of the sample surfaces were recorded
for different magnifications at an accelerating voltage of 15
kV in a vacuum, spot size of 30, and a working distance of
approximately 12 mm. Elemental analysis was carried out
for different points randomly determined on the clinoptilolite
surfaces and the average of those found was shown.

RESULTS AND DISCUSSION

Elemental Composition (XRF Analysis)

The XRF analyses of the natural (Clinoptilolite-A and
Clinoptilolite-B) and that of pre-treated (Clinoptilolite-A;,
Clinoptilolite-Ay, Clinoptilolite-Ay, Clinoptilolite-A;,
Clinoptilolite-B;,  Clinoptilolite-B;,  Clinoptilolite-Bs  and
Clinoptilolite-B,) samples of clinoptilolites are presented in
Table 1. The elements located at smaller concentrations
compared to Al and Si were determined and recorded in
oxide form. The XRF element analysis resulted in a
significant amount of silicon (Si) in all of the samples (Table
1). It was found that SiO. concentrations showed a
significant increase following the acid and calcination
treatments. Both acid and calcination treatments did not
cause any critical destruction of the crystal lattice in
comparison with the natural clinoptilolites. The natural
clinoptilolite samples (Clinoptilolite-A and Clinoptilolite-B)
were quantified by the high amounts of potassium and
calcium while magnesium, sodium, and phosphorus
amounts are low. Additionally, iron is determined as iron
oxides. According to Table 1, treatment of both acid-
treated-clinoptilolites with increasing calcination
temperature and calcination period resulted from the
subtraction of cations (Ca?, Mg?¥, and K%) from the
samples. Although the findings on cation concentrations are
correlated to literature (2,3,9,10,43,48,53,54), two different
types of zeolites and their pretreated samples showed
different behaviors in dealumination. With increasing
calcination temperature and duration, aluminum oxide
concentration had a decreasing trend for Clinoptilolite-A and
pre-treated samples except for  Clinoptilolite-A;.
Radosavljevi¢-Mihajlovi¢ et al. (53) emphasized that a
movement to framework could happen and dealumination
takes place when the acid solution concentration is above
0.1 M (0.3 M acid solution used in this study) at treatment.
Conversely, Clinoptilolite-A samples, small increases in
aluminum oxide concentrations were observed for the four
of the treated Clinoptilolite-B samples. This decreasing
trend (for Clinoptilolite-A and its treated versions) and the
increasing trend (for Clinoptilolite-B and its treated versions)
showed a slightly reverse trend with the increase in time at
the same calcination temperatures. Elaiopoulos et al. (10)
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explained the unexpected dealumination problems as the
existence of huge (hydrated) and effectively involved in ion-
exchangeable cations at K3 (in the center of distorted 8-
member rings) might prevent APF* motion. Further
dealumination could not be performed due to the other
factor being the exposure of the acid-treated zeolite
samples to high temperatures. While this high-temperature
value was 700 °C in their study, the dealumination of all
Clinoptilolite-B samples treated at both 300 and 500 °C in
this study was below the expectation mentioned before.
Additionally, Davarpanah et al., (41) and Sato et al. (55)
explained that negligible change in Al content is correlated
to dealumination coming true in the exchange (55).
Miadlicki et al. (43) also indicated that an effective increase
in dealumination could be determined with alkali pH values
of the treatment solution. In higher acidic pH values such as
above 0.1 M, dealumination could slightly occur as in our
study.

X-Ray Diffraction (XRD) Analysis

The XRD patterns of the natural and acid-treated resultant
products (Clinoptilolite-A, Clinoptilolite-A;, Clinoptilolite-A,,
Clinoptilolite-As, Clinoptilolite-As) exposed with a varying
calcination temperature and time for thermal treatment are
given in Figure 2, and other samples (Clinoptilolite-B,
Clinoptilolite-B., Clinoptilolite-B,, Clinoptilolite-Bs,
Clinoptilolite-Bs) prepared with the same treatment
procedure and conditions are given in Figure 3. The natural
clinoptilolite XRD spectrum was correlated to the literature.
The XRD graphics had typical peaks of clinoptilolite,
according to JCPDS card 25-1349, for natural and acid-
treated clinoptilolites (26 = 9.85°, 11.19-., 13.09°, 16.92’,
17.31°, 19.09, 20.42°, 22.48°, 22.75°, 25.06°, 26.05°, 28.02",
28.58°, 29.07°, 30.12, 31.97, 32.77°). The other four peaks
(26 = 20.86", 26.6°, 36.55", 39.45°) according to JCPDS card
85-0930 belonged to quartz, which is an impurity phase in
natural clinoptilolite.

There are changes in XRD peak sharpness and intensity in
all treated types of Clinoptilolite-A and all B-type
clinoptilolites. It was clear that XRD patterns of the acid and
temperature treated clinoptilolites clearly show differences
in regard to both natural clinoptilolites. These differences,
such as the sharpening of some peaks, enhanced due to
higher calcination temperatures and time for especially
Clinoptilolite-B and its treated ones in Figure 3. Compared
to Clinoptilolite-A; and Clinoptilolite-A; samples, the
intensity of the peaks of Clinoptilolite-A; and Clinoptilolite-A,
samples (calcination temperature: 300 °C) are so near to
Clinoptilolite-A. It was determined that intensities of
clinoptilolite peaks show a decline with increasing
calcination temperature for Clinoptilolite-As, Clinoptilolite-As,
Clinoptilolite-Bs, and Clinoptilolite-B,. The change in
calcination time did not cause a great change in the
clinoptilolite structure, at the same calcination temperatures
for all treated clinoptilolites. However, it resulted from both
XRD patterns that higher calcination temperature (500 °C)
and longer calcination time at this temperature affect the
crystal structures of all treated clinoptilolite samples
compared to natural clinoptilolites and samples pretreated
at lower calcination temperature (300 °C). The relative
crystallinity of the clinoptilolite samples showed a
decreasing trend with increasing calcination temperature.
Burris and Juenger (34) observed that the changes in
clinoptilolite phases due to calcination were so near for all
samples as in our study. They also explained that
calcination will cause a decrease in crystallinity, which will
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be pointed out by a decrease in the heights of the
characteristic clinoptilolite peaks. As in our study, a greater
decrease was observed for the same peaks with the
increase of the calcination temperature, compared to the
decrease in the clinoptilolite peaks as a result of the
calcination process performed at 300 °C. They also stated
that for each clinoptilolite sample, the decrease in
clinoptilolite crystallinity due to calcination varied with the
increase in the original amorphous amount of the
clinoptilolite. Elaiopoulos et al. (38) stated that after the heat
treatment was applied at 350 °C, important peak points for
zeolite can be greatly affected. Seraj et al. (25) also
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determined a significant decrease in the intensity of
clinoptilolite peaks in the XRD patterns for natural zeolite
due to calcination. Florez et al. (35) determined that the
amount of amorphous material increased as the calcination
process temperature increased according to XRD analysis.
They stated that calcination has thermal effects on natural
zeolite such as water loss, collapse of the crystal structure
and gradual amorphization. In many studies in the literature,
a decrease in peak density was observed in zeolite samples
pretreated with acid (2,3,22,39,43,56). In other words, the
pretreatment carried out with acid also has an effect on the
changes in crystallinity and peak densities in this study.
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R: Rutile M: Mordenite
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Figure 2: Typical peaks of the Clinoptilolite-A and acid-treated resultant products determined with XRD pattern.
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Table 1: Chemical compositions (wt%) and SiO-/Al,Os ratios of natural and pretreated clinoptilolites determined by using XRF analysis.

Sample SiO; Al;0s Fe,0s CaO MgO K20 Na.O P.0Os SrO TiO: SiO./Al.03
Clinoptilolite-A 79.37 13.88 1.305 2.437 1.963 2.491 1.26 0.04 0.05 0.09 571
Clinoptilolite-A; 81.8 13.97 0.989 1.141 1.808 1.816 1.297 0.01 0.02 0.07 5.85
Clinoptilolite-A; 82.01 13.34 1.179 1.285 1.718 2.053 1.192 0.01 0.03 0.09 6.14
Clinoptilolite-As 81.88 131 1.275 1.42 1.669 2.163 1.25 0.01 0.03 0.09 6.25
Clinoptilolite-A, 81.74 13.38 1.236 1.373 1.686 2.112 1.24 0.01 0.03 0.09 6.10
Clinoptilolite-B 77.87 14.61 1.628 2.426 1.74 3.217 1.198 0.03 0.03 0.09 5.32
Clinoptilolite-B, 80.64 14.67 1.172 1.243 1.611 2.46 0.979 0.01 0.01 0.09 5.49
Clinoptilolite-B. 80.48 15.23 1.025 1.086 1.719 2.127 1.16 0.01 0.01 0.06 5.28
Clinoptilolite-Bs 80.8 14.66 1.17 1.225 1.649 2.36 0.924 0.01 0.01 0.07 5.51
Clinoptilolite-B., 80.62 15.2 1.042 1.076 1.791 2.112 0.959 0.01 0.01 0.08 5.30
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Miadlicki et al. (43) indicated that clinoptilolite treated by
using an acidic solution at a concentration of higher than
0.1 M (this is 0.3 M in our study) negatively affects the
crystallinity of the sample. Considering Wang et al. (2)
study, it can be explained that the changes in the 9.85 and
22.48°20 peaks in the XRD patterns in this study were
directly caused by the acidic treatment. This situation is
explained by dealumination from the structure of
clinoptilolite as a result of acid treatment. In our study, there
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was no significant change in the intensity of quartz peaks
for treated Clinoptilolite-A and Clinoptilolite-B samples.
Wang et al. (2) stated that the structure of quartz changes
and its crystallinity decreases when the zeolite is pretreated
with alkali, not by pretreatment with acid (54). Kim et al. (57)
found that clinoptilolites were more durable than
heulandites (HEUs) despite high-temperature heat
treatment and acid pretreatment.
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Figure 3: Typical peaks of the Clinoptilolite-B and acid-treated resultant products determined with XRD pattern.

Fourier Transform Infrared Transmittance Spectra (FT-
IR) Analysis

FT-IR spectra could be used to put forth the structure of
zeolite samples. The FTIR spectra of the natural and
treated clinoptilolites investigated between the 400-4000
cm™ wavenumber are given in Figure 4 (Clinoptilolite-A,
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Clinoptilolite-A,, Clinoptilolite-A,, Clinoptilolite-As,
Clinoptilolite-A;) and Figure 5 (Clinoptilolite-B, Clinoptilolite-
B;, Clinoptilolite-B,, Clinoptilolite-Bs, Clinoptilolite-Bs). The
exact points of the bands determined in every clinoptilolite
are given in Table 2 (3,9,10,38,43,54,56).
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Figure 4: The FT-IR spectra of the Clinoptilolite-A and acid-treated resultant products.
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Figure 5: The FT-IR spectra of the Clinoptilolite-B and acid-treated resultant products.
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Table 2: The peak wavenumber of bands determined in FT-IR analysis for natural and pretreated clinoptilolites.

Sample T-O stretching T-O bending OH" Stretching OH Bending Other
vibration vibration and/or NH;
Zeolite SiO,

Clinoptilolite-A 1004 790.58 446.91 3611.30, 1629.41 595.97,
3414.74 519.16
Clinoptilolite-A; 1015.22 792.21 448.33 3432.05 1629.85 595.76,
522.66
Clinoptilolite-A, 1010.97 790.66 442.77 3385.35, 1625.62,1430.99, 597.18,
1362.37, 1331.90 523.28
Clinoptilolite-As 1023.97 792.28 450.63 3392.38 1621.85, 1434.79, 595.46

1361.88
Clinoptilolite-A4 1026.81 791.11 453.05 3362.40 1627.88, 1428.70, 641.40,
1361.25 593.16
Clinoptilolite-B 1009.52 789.87 456.02 3610.41, 1629.90 596.28,
3415.86 519.52
Clinoptilolite-B; 1021.03 793.04 455.94 3610.17 1629.96 524.50,
604.98
Clinoptilolite-B, 1015.25 791.12 451.09 3388.05 1628.15, 1428.01, 599.31,
1361.43 523.12,
Clinoptilolite-B; 1019.23 790.25 459.01, 3393.73 1623.05, 1427.09, 598.52,
447.28 1361.63 523.83
Clinoptilolite-B,4 nd 789.11 460.25 3911.41, 1626.06, 1431.03, 599.86,
3765.89, 1360.39, 1330.25 525.97

3372.64

1

The characteristic bands in the range of 1600-3700 cm”
could be attributed to the water in clinoptilolite. According to
Bilgi¢ (1), while the (4000-3000 cm™) region in the FTIR
spectrum indicates the presence of various OH groups,
hydroxyl vibrations are observed in this region. Figure 4 and
Figure 5 indicate three characteristic bands appearing in the
spectra of all samples, at ~3414 cm™, ~3610 cm™®, —3910
cm?, —3765 cm™ and —3380 cm™. The band at 3910 cm™*
is correlated to isolated silanol groups (Si—-OH), the band at
~3414 cm™ is sourced from Si—-O(H)-Al, and the band at
~3414 cm™ is assigned to hydrogen bonded Si—-OH groups
in nest deformities and hydrogen bonding of slouching kept
water molecules (3,10,38,43,54,58-60). Isolated OH
stretching at 3611.30 cm™ for Clinoptilolite-A, 3610.41 cm™
for Clinoptilolite-B and at 3610.17 cm™ for Clinoptilolite-B;
was determined due to the interplay among the water
hydroxyl and cations. Due to acid and heat treatments, the
intensity of this band showed a decrease in all treated
samples as a result of decationization and dealumination
from the structure (3,10,61,62). Another bands are assigned
to the hydrogen bonding in the water structure to surface
oxygen (3414-3416 cm™) and to the bending mode of water
molecules (—1629 cm™) (3,43,38,56). The bands at 1400-
1450 cm™ could be attributed to NH; bound by Bronsted
sites (10,56). Bilgic (1) also determined a band at 1398 cm™
which belongs to NH,". Bands in the 1300-1450 cm®
wavelength range were not observed in natural
clinoptilolites, Clinoptilolite-A,, and Clinoptilolite-B, samples,
but were observed in Clinoptilolite-A,, Clinoptilolite-As,
Clinoptilolite-Ag, Clinoptilolite-B,, Clinoptilolite-Bs,
Clinoptilolite-Bs samples that were calcined at the same
temperature for a longer time or whose calcination
temperature was increased.

In the range of 1600-1450 cm™, there are not extended
bands and they are assigned to the bending mode of water.
In this study, however, these bands were not determined in
the all- natural and treated clinoptilolites. Ates and Hardacre
(3) also stated that these bands could be determined in

a7

slight transmittance or not existing for the treated samples.
For the wavenumber 600-800 cm™, the bands are assigned
to pseudo-crystallinic vibrations (3,54,63). In this interval;
there is an intensity for the band at 789-794 cm™ which is
assigned to Si-O stretching in all-natural and treated
samples (3,43,51,54,60,64). This band is also sourced from
amorphous silica or the opal CT-like phase generated with
the zeolite phase solvation due to the treatments (3,51).
The Si-O stretching vibrations of Clinoptilolite-A and
Clinoptilolite-B are being moved to a higher wavenumber
after acid and heat treatment. The band detected at near
~794 cm™ for Clinoptilolite-B, could be assigned to quartz
or amorphous SiOz, which is confirmed by the XRD pattern
and XRF analysis (54).

The dominant T-O stretching vibration bands are detected
in the 1045-1070 cm™ region. The intensity of this band is
proportionated with the Si/Al ratio (3,10,43,54). When the
more APP* atoms are removed from the clinoptilolite
structure, this band is expected to give higher wavelengths
in the FTIR spectra from —1047 cm™ onwards. However, it
was stated that samples with a high AlI** amount gave
bands around —~1022 cm® in some studies
(10,38,43,54,56,57,60,66). They also explained that the
force constant for the mode in the AI-O-Si bond is lower
than the corresponding mode in a Si-O-Si bond because
the bond between AI-O is weak and longer. This situation
causes the wavelength of the clinoptilolite to be lower in
these mentioned ranges if the AI** content is high. In line
with this, the bands detected in the range of 1016-1022 cm~
! belong to stretching vibrations of the T-O band in Migdlicki
et al. (43) study. In the author’s study, it was determined
that it gave bands in the range of —1004-1024 cm™, which
is close to these band gaps but at a lower wavelength
range. This is due to the fact that the dealumination could
not be achieved at the desired rates, as supported by XRF
analyses, and therefore the amount of AI** present in the
structure was higher than the target. However, an increase
in the ratio of Si/Al in structure content carries the bands to
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higher wavenumbers for especially Clinoptilolite-A;,
Clinoptilolite-A,, Clinoptilolite-As, Clinoptilolite-A,
Clinoptilolite-B; compared to natural clinoptilolites in this
study. Compared to Clinoptilolite-B, incremental slip of
wavenumbers in Clinoptilolite-B, and Clinoptilolite-B; could
be explained by higher calcination time and calcination
temperature, respectively. However, when evaluated in
itself, the lower wavelength of the Clinoptilolite-B, and
Clinoptilolite-B; samples compared to Clinoptilolite-B; may
be due to the longer calcination time in the Clinoptilolite-B,
sample compared to Clinoptilolite-B;, and the fact that the
Clinoptilolite-B; sample calcination was carried out at the
same time but at a higher temperature than Clinoptilolite-B;.
In addition to all these, as given in other researches, all
possible structures due to the presence of feldspars and
amorphous species in non-high purity clinoptilolite samples
may cause a wide peak formation in the 1250-850 cm™
region, which prevents determining the exact position of
other important bands (10,56,63,65,67,68).

The band in —437-470 cm™ region could be assigned to Si—
O-Si or T-O bending band as mentioned in several studies
(10,38,41,54). The band intensity showed differences from
structure to structure, pointing out that there is a possibility
of overlapping from bands assigned to amorphous
structures and/or exchangeable cations. Compared to
Clinoptilolite-A;,  Clinoptilolite-A,,  Clinoptilolite-B,, and
Clinoptilolite-B,; higher wavelength values were determined
in this range for Clinoptilolite-A;, Clinoptilolite-As,
Clinoptilolite-B;, and Clinoptilolite-B, samples that were
pretreated with a higher calcination temperature and longer
time. This can be explained by the change in the state of
the amorphous structure and exchangeable cations as a
result of pretreatment with acid and calcination.

The bands at 519.16 (at Clinoptilolite-A), 522.66 (at
Clinoptilolite-A;), 523.28 (at Clinoptilolite-A;), 519.52 (at
Clinoptilolite-B), 523.12 (Clinoptilolite-B>), 523.83
(Clinoptilolite-Bs), and 525.97 (Clinoptilolite-B,) are
attributed to extra-framework cations in the structures of
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samples (41,58). According to these studies in the
literature, since these cations are removed in the samples
treated by acid solutions with a concentration of 0.5 M and
above, no band is observed in this wavelength range, while
these bands are existence in the FTIR spectrum of samples
pretreated by an acidic solution with a concentration of less
than 0.5 M. The weak band determined at 604.98 cm™* in
Clinoptilolite-B. belongs to bending vibrations among
tetrahedra, especially to double ring vibrations (41).
Korkuna et al. (56) also stated that the bands detected
between 500-700 cm™ belong to pseudo-lattice vibrations in
the structure.

Thermogravimetry and Differential Thermal Analysis
(TGA-DTA) and Thermal Characteristics

TGA and DTA results are given in Figure 6 (Clinoptilolite-A,
Clinoptilolite-A,, Clinoptilolite-A,, Clinoptilolite-As,
Clinoptilolite-As) and Figure 7 (Clinoptilolite-B, Clinoptilolite-
B;, Clinoptilolite-B,,  Clinoptilolite-Bs,  Clinoptilolite-B.).
Clinoptilolite (natural and treated) had high thermal stability
(up to temperatures 600-800 °C) (4,34,48) and showed
continuous mass-loss curves as a function of temperature
up to 600 °C. The main structural changes, due to
especially water loss, occured at temperatures below or
around 300-400°C. Therefore, weight loss (%) of the natural
and pretreated clinoptilolites determined using TGA-DTA
analysis at different temperature ranges up to 600 °C are
shown in Table 3. The major amount of water in the
clinoptilolite structure could be removed by heating at
temperatures lower than 450 °C without damaging the
structure (7,34,38,48,54,56). Additionally, when the TG
curves were examined, it was stated that they showed a
regular weight loss up to 700 °C due to water loss. It has
been determined that the DTA curves of all
treated/untreated clinoptilolites have a strong endothermic
effect at —350 °C. It is correlated to the removal of
physically adsorbed water. In literature, different
researchers (48,56,69) determined the endothermic effects
in the DTA curves due to the removal of water up to 200°C.
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Clinoptilolite-A,
Clinoptilolite-A,
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Figure 6: Comparison of thermal behaviors due to (a) TGA and (b) DTA of the Clinoptilolite-A and acid-treated resultant
products.
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Figure 7: Comparison of thermal behaviors due to (a) TGA and (b) DTA of the Clinoptilolite-B and acid-treated resultant
products.

Table 3: Weight loss (%) of the natural and pretreated clinoptilolites determined using TGA at different temperature ranges.

Sample Weight Weight Weight Weight Weight Weight Total

Loss % Loss % Loss % Loss % Loss % Loss %

30-100°C 100- 200-300°C  300- 400- 500-

200°C 400°C 500°C 600°C

Clinoptilolite-A 6.327 2.832 1.297 0.731 0.476 0.369 12.032
Clinoptilolite-A; 1.746 2.209 0.997 0.517 0.597 0.541 6.607
Clinoptilolite-A; 3.582 2.278 0.96 0.551 0.504 0.436 8.311
Clinoptilolite-As 1.623 1.125 0.437 0.197 0.236 0.119 3.737
Clinoptilolite-A4 1.777 1.388 0.403 0.056 0.099 0.004 3.727
Clinoptilolite-B 5.999 2.73 1.368 0.733 0.525 0.34 11.695
Clinoptilolite-B: 1.764 2.308 1.037 0.593 0.604 0.563 6.869
Clinoptilolite-B, 2.099 2.42 1.103 0.554 0.58 0.546 7.302
Clinoptilolite-Bs 2.149 1.71 0.521 0.14 0.111 0.07 4,701
Clinoptilolite-B4 1.977 1.509 0.514 0.192 0.132 0.018 4.342

Decationization and dealumination of pre-treated
clinoptilolites, which is supported by the results of XRF
analysis, cause a decrease in the hydrophilic characteristics
of clinoptilolites. In general, the abundance of the
clinoptilolite phase provides a stable structure up to 700 °C.
All treatment operations resulted in a decline for
clinoptilolite content and removing the cations (especially
acid treatment is significant for this), causing higher water
removal (22,48,70). When weight loss (%) was totally
examined, the weight loss values decreased inversely with
the increase of calcination temperature and calcination time
applied to both acid-treated clinoptilolite species. Among
the pretreated samples, the highest total weight loss was
observed in Clinoptilolite-A, and Clinoptilolite-B, samples,
which had the lowest calcination temperature and time,
while the lowest total weight loss was detected in
Clinoptilolite-A; and Clinoptilolite-Bs samples. When
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examined in general, the weight loss of Clinoptilolite-B;,
Clinoptilolite-B; and Clinoptilolite-B, samples are higher
than that of pretreated Clinoptilolite-A samples, except for
the Clinoptilolite-B, sample. This could be explained by the
fact that the high Si/Al ratio observed in the pre-treated
Clinoptilolite-A samples, as seen in the XRF analysis
results, ensures the preservation of the crystal structure
(54).

The weight loss in samples exposed to temperatures
between 30-100 °C occurs as a result of the desorption of
physisorption water. The results differ according to the type
of zeolite, acid treatment, calcination temperature and
calcination  time:  Clinoptilolite-A,>  Clinoptilolite-Bs>
Clinoptilolite-B,> Clinoptilolite-Bs> Clinoptilolite-As>
Clinoptilolite-B,> Clinoptilolite-A;> Clinoptilolite-As. For all
treated Clinoptilolite-A samples, weight loss was greater at
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longer duration of calcination at both calcination
temperatures. The decrease in weight loss also depends on
the decrease in water absorption due to acid pretreatment,
as indicated in Ates and Hardacre (3) and Elaiopoulos et al.
(38).

Between 100-200 °C, for both clinoptilolite types, the
highest weight loss was observed in the samples that were
calcined at 300 °C for 3 hours (Clinoptilolite-A, and
Clinoptilolite-B2). When calcined at 500 °C, the weight loss
decreased due to the increasing calcination time in the acid-
pre-treated Clinoptilolite-B, sample, while the weight loss
increased while the calcination time increased in the pre-
treated Clinoptilolite-A, sample. The remarkable weight
losses for all samples were determined between 30-200 °C
due to the removal of physically adsorbed water, the water
existing into the clinoptilolite cavities, and cations at the
structure (26,48,70).

Compared to the first two temperature ranges, the weight
loss values decreased between 200-300 °C. From 200-300
°C, the slope of TG curves started to fall for all samples in
Figures 6 and 7 (3,38,48). When examined in itself, it was
determined that the weight loss decreased with increasing
calcination temperature and calcination time in both
clinoptilolite samples. Wang et al. (22) stated that weight
loss values decrease due to the increasing calcination
temperatures. They also explained that calcination could
significantly carry out the removal of water from the
surface/structure of zeolites. This indicates that the heat
treatment reduces the silanol slot-derived water content in
the zeolite structure. Only the Clinoptilolite-B, sample
showed a slight increase due to the increasing time
compared to the other sample calcined at the same
temperature in our study.

Weight loss values were less in the range of 300-400 °C.
When investigated in itself, it has resulted that the weight
loss decreased with increasing calcination temperature and
calcination time in both clinoptilolite samples, except for
Clinoptilolite-A; and Clinoptilolite-B,. Compared to the first
three temperature range values, weight losses were lower
between 400-500 °C, as in the temperature range of 300-
400 °C. The same situation for the two the temperature
range observed in other studies (38,48). The temperature
range of 500-600 °C is the range where the lowest weight
losses were seen for all treated samples, except for the
Clinoptilolite-A; sample, and all of the water remaining in
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the structure was removed during this interval and
afterward. The slope of the TG curves was slighter
compared to lower temperature ranges (<500°C) (3,34).

According to the examination of analysis results, the water
structures that appeared in clinoptilolites could be divided
into three versions: physisorbed water (<100 °C), water
correlated to extra-framework cations and aluminum (100—
400 °C), and water correlated to silanol nests (>400 °C)
(22,34).

Brunauer-Emmett-Teller (BET) Analysis

The nitrogen adsorption and desorption isotherms and pore
size distributions of natural and pre-treated clinoptilolites
are given to explain the structural characteristics of porous
samples in Figures 8, 9, and 10. According to the IUPAC
(International Union of Pure and Applied Chemistry)
classification, the clinoptilolites have Type 4 isotherms with
the hysteresis loop. The surface characteristics calculated
are shown in Table 4. Zeolites are generally microporous
structures, but the primary micropores formed due to the
specific crystal structure of the zeolite itself may not be able
to reach and adsorb N: gas into these pores due to the
inhibition of large cations (10,71,72). Due to the acid
treatment and calcination, it was determined an increase in
the specific surface areas of clinoptilolites (except
Clinoptilolite-A; and Clinoptilolite-B;). The increase in
surface area and total pore volume as a result of acid
pretreatment has been detected in many studies in the
literature (2,3,10,22,39,48). These changes in the surface
properties such as surface area, micropore volume, and
total pore volume could be correlated to removal of the
metal cations, dealumination, and some impurities. Pre-
treatments cause the generation of defects and voids left by
the removed aluminum (2,3,10,22,43,73). Contrary to this, it
was stated that adsorption-desorption isotherms are
seldomly affected by acid pre-treatment (3). Elaiopoulos et
al. (10) stated that it would not be possible to hold all
changes in some physicochemical characteristics
responsible for the change in the pore structure. Migdlicki et
al. (43) also explained that very high acid concentrations
above 1 M can damage the crystal structure, resulting in a
lower BET surface area and pore volume. This is the
reason why the author did not study at very high acid
concentration values (used HCI solution concentration was
0.3 M) in the author's study, and the results obtained
(except for Clinoptilolite-As and Clinoptilolite-B:) did not
show a decrease in BET surface area and pore volume.
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Figure 8: Nitrogen adsorption and desorption isotherms and pore size distributions of Clinoptilolite-A and Clinoptilolite-B
according to BET analysis.
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Figure 9: Nitrogen adsorption and desorption isotherms and pore size distributions of the acid-treated clinoptilolites
(modified from Clinoptilolite-A) according to BET analysis.

140

= Clinoptilolite-B4 5
_ 12011« clinoptilolite-B J‘
gwo_ 4 Clinoptilolite-B3
E v Clinoptilolite-B4 4
=Ry |
h |
® 60 :
= §
£ 4 ey
(=] " ‘ ‘
= 2. !,..u;“ﬁ‘

e E BT 1
0{ b, .sef ! (@
00 02 04 06 08 1.0

Relative Pressure (P/Pg)

= Clinoptilolite-B4
o Clinoptilolite-Bo
4 Clinoptilolite-B3
v Clinoptilolite-By

mA S |

(b)

0

Pore Diameter (A)

300 600 900 1200 1500 1800

Figure 10: Nitrogen adsorption and desorption isotherms and pore size distributions of the acid-treated clinoptilolites
(modified from Clinoptilolite-B) according to BET analysis.

Table 4: Structural parameters calculated for natural and treated clinoptilolites from adsorption—desorption isotherms of
nitrogen at 77 K in BET analysis.

Sample BET Surface Total pore Average Pore

Area(m?g) volume (cm®/g) Diameter (A)
Clinoptilolite-A 46.534 0.1538 132.16
Clinoptilolite-As 60.318 0.1600 106.06
Clinoptilolite-A; 49.092 0.1580 128.76
Clinoptilolite-A; 34.286 0.2140 249.7
Clinoptilolite-A, 54.594 0.1789 131.1
Clinoptilolite-B 28.246 0.1075 152.26
Clinoptilolite-B; 26.302 0.1944 295.64
Clinoptilolite-B, 33.077 0.1355 163.8
Clinoptilolite-Bs; 36.037 0.1408 156.24
Clinoptilolite-B. 36.869 0.1308 141.86

When the pore size distributions of both clinoptilolites (both
natural and pre-treated) are examined, it is seen that there
is an increase in microporosity due to acid treatment and
calcination. This situation can be explained by
dealumination due to acid treatment, and it is possible to

reach micropores, especially with cations removed from the
structure. It was also stated that treatment with acid has a
significant effect on pore size distributions (3,9).
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When the graphs of both clinoptilolite samples are
examined, it is seen that the adsorption values increase,
mostly in Clinoptilolite-A; and Clinoptilolite-B., depending on
the increase in relative pressure. Cakicioglu-Ozkan and
Ulkii (9) also determined this situation in their own studies
and stated that the temperature during the HCI pretreatment
application was also effective on adsorption. They observed
that as this temperature increased, the adsorption
decreased especially in the samples that were pretreated
with acid at around 100 °C. In our study, no decrease in
adsorption values was observed due to the fact that the
acid pretreatment application temperature was worked with
a value that was almost half of this temperature value.

When the Clinoptilolite-A sample, which was supplied with a
smaller pore size, is compared with the Clinoptilolite-B
sample with a larger pore size, although the amount of N,
they adsorbed seems to be close, the Clinoptilolite-A
sample adsorbed more N, at low pressures as in Figure 8.
Similarly, when the pre-treated samples belonging to
Clinoptilolite-A  were examined in Figure 9, it was
determined that Clinoptilolite-A; and especially the
Clinoptilolite-As sample, which was pretreated by applying a
higher calcination temperature, adsorbed more N, for lower
pressures. When pre-treatment was applied to Clinoptilolite-
B, which has larger pores, it was seen that Clinoptilolite-B,,
Clinoptilolite-Bs, and Clinoptilolite-B, adsorb N, very closely
at smaller pressures, but Clinoptilolite-B, adsorbs more
nitrogen, albeit with a relatively small difference. This
situation, especially in the Clinoptilolite-A, and Clinoptilolite-
B, samples, is explained by their lower average pore
diameters compared to the diameter of Clinoptilolite-A and
Clinoptilolite-B as seen in Table 4. Such a difference was
also detected in samples with smaller pore diameters in the
Elaiopoulos et al. (10) study, and it was stated that there
was too little difference to be seen in the differential pore
volume distribution curves. Desorption curves of isotherms
show a decrease from P/Po —0.45 for Clinoptilolite-A; and
Clinoptilolite-B; and Clinoptilolite-B; samples. In this case, it
was stated by Elaiopoulos et al. (10) that as the pressure
decreases, the separation of smaller pores may occur, and
when the critical pressure value is lowered to a value, the
separation of these micropores will be managed with a
much slower progressing kinetics. It was stated that the
equilibrium to be established between the adsorption and
desorption phases would take longer time.

In this study, although there are differences in the surface
morphology, area, total pore volume, and adsorption
characteristics between the samples with the calcination
process we applied, it is seen that the changes in the
calcination temperature and time do not create very large
differences between the pretreated samples. In their study,
Elaiopoulos et al. (10) and Burris and Juenger (34)
explained the calcination temperatures around 500-550 °C
as moderate calcination temperatures and stated that the
changes in the structure could be less at these calcination
temperatures compared to higher temperatures. Burris and
Juenger (34) stated that they observed a little decrease in
the surface area and in the total pore volume depending on
the calcination temperature values increasing from the
calcination temperature of 300 °C. Although changes were
observed after the calcinations performed at 300 and 500
°C, very large changes occurred after the calcination
processes above 500 °C. Although it is stated that
agglomeration can be seen in the structure as a result of
sintering at temperatures, especially below 800 °C in their
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study, agglomeration did not occur at both calcination
temperatures, as can be clearly seen in the SEM results of
the author's study. Wang et al. (22) found that samples
calcined at 800 °C had larger pore diameter and lower pore
volume compared to samples calcined at 400 °C and 600
°C. Emphasizing that low calcination temperatures have
negligible negative effects on the zeolite structure, they
explained that increasing calcination temperatures damage
the morphological structure. Elaiopoulos et al. (10) also
determined that both agglomeration in the structure and a
decrease in crystallinity can be observed due to the high
temperature (above 550 °C) as a result of calcination. They
stated that pores and channels may be clogged or
damaged due to high-temperature-calcination. Depending
on the increasing calcination temperatures, the calcination
temperature of 300 and 500 °C was accepted to prevent
both a decrease in the surface area and the agglomeration
in the structure for this study. Unlike the Burris and Juenger
(34) study, in this study, an increase in the surface area
(except for Clinoptilolite-B, and Clinoptilolite-A; samples)
and total pore volume was observed despite increasing
calcination temperatures and time, thanks to the pre-
treatment with acid before calcination. As mentioned before,
pretreatment with acid provides these increases in surface
area and total pore volume. Different researchers
(22,25,35) also found a decrease in zeolite surface areas as
a result of calcination. Florez et al. (35) emphasized that
increasing calcination temperatures causes a reduction in
total pore volume. Seraj et al. (25) stated that the decrease
in the surface area is due to the destabilization of the
zeolitic structure, the pores in the internal structure
negatively affected, and the aggregation of the zeolite
particles as a result of sintering. When this information is
taken into account, the decrease in the surface area of the
Clinoptilolite-A; and Clinoptilolite-B, samples in this study
may have been caused by the instability of the zeolite
structure or especially the pores in the internal structure
negatively affected as a result of the calcination process. In
other respects, as seen in Table 4, Clinoptilolite-B, and
Clinoptilolite-B; samples show an increase in surface area
compared to natural clinoptilolite sample (Clinoptilolite-B)
with increasing calcination time and temperature despite the
increasing pore diameter. This can be explained by the
increase in the surface due to porosity in the material
structure. Miadlicki et al. (43) reported that there may be an
increase in porosity in acid-pretreated clinoptilolite samples.
In addition, as seen in Clinoptilolite-B; SEM analysis,
tabular, platy, and coffin-shaped structures in the samples
may cause an increase in the surface area. According to
Seraj et al. (25), since the BET surface area results take
into account both the outer and inner surface area, it can
also give an idea of the porosity of the material if the
particle size distribution of the material is also known, as
given in this study. When the samples with known BET
surface area and particle size distribution are compared, the
samples with larger pore diameters have a higher surface
area, contrary to what it should be, which indicates that this
material has more porosity.

Scanning Electron Microscopy (SEM) and Energy
Dispersion Spectroscopy Analysis

The scanning electron microscopy images and EDS
experiments were performed to examine the morphological
properties and elemental composition belonging to the
natural and treated clinoptilolites. SEM and EDS results for
each sample are shown in Figures 11, 12, and 13
comparatively. Also, the average elemental compositions of
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natural and treated clinoptilolites determined by EDS  analysis are presented in Table 5.

SEI  15kV

Clinoptilolite-A Clinoptilolite-B

Figure 11: Morphological characterization determined with SEM for Clinoptilolite-A and Clinoptilolite-B.

%10,000 SEl  15kV x10,000 1pm —

Clinoptilolite-A4q

x10,000 1pm — SEI -. x10,000

Clinoptilolite-A3 Clinoptilolite-A4

Figure 12: Morphological characterization determined with SEM for acid-treated clinoptilolites (modified from Clinoptilolite-
A).

53



Bayrakdar Ates E. JOTCSB. 2022; 5(2): 39-58.

x1,000  10pm

Clinoptilolite-B,

RESEARCH ARTICLE

x10,000 1pm

Clinoptilolite-B,

Figure 13: Morphological characterization determined with SEM for acid-treated clinoptilolites (modified from Clinoptilolite-

B).

Table 5: Average elemental composition of natural and pre-treated clinoptilolites determined by EDS analysis.

Sample o) Al Si Fe Ca K Cc Mg
Clinoptilolite-A 439 41 315 - 0.7 26 16.7 0.4
Clinoptilolite-A;, 403 49 306 17 09 15 196 0.5
Clinoptilolite-A; 354 24 330 - - - 29.1 -
Clinoptilolite-As 461 45 234 09 04 15 228 0.4
Clinoptilolite-A, 471 50 284 12 06 14 157 05
Clinoptilolite-B 415 55 274 20 16 28 187 04
Clinoptilolite-B, 378 79 431 6.2 11 29 - 0.9
Clinoptilolite-B, 423 50 272 18 07 20 205 04
Clinoptilolite-Bs; 51.2 54 236 - 1.3 24 158 0.4
Clinoptilolite-B, 446 54 255 20 07 15 197 0.6

Compared to natural zeolite samples; although there were

differences in the morphological structure of the samples
calcined at lower temperatures (300 °C) for both zeolite
types, more significant changes were detected in the
surface structure of the clinoptilolites calcined at higher
temperatures (500 °C). In Figure 11, natural clinoptilolites
are shown and, the particle structure of both is spherical
and morphologically very similar to each other. After acid
treatment and then calcination, except for the Clinoptilolite-
A: sample, changes occurred in the structure with the
increase in calcination temperature and time. When the
calcination temperature was 500 °C, the particle structure
began to transform from spherical to rod-shaped as seen in
Figure 12. Compared to Clinoptilolite-A sample, although
there were changes in the structure from the first calcination
temperature for Clinoptilolite-B sample, significant changes
occurred with the increase in calcination temperature and
time. As in the other clinoptilolite sample, rod-shaped
particles (especially Clinoptilolite-B,) were detected more
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clearly when the calcination temperature was 500 °C in
Figure 13. Additionally, tabular, platy, and coffin-shaped
structures appeared in SEM images of Clinoptilolite-Ag,
Clinoptilolite-B;, and Clinoptilolite-B; as in several studies
(10,38). It is seen that for both clinoptilolites, significant
changes in the structure occur with the increase of the
effect of calcination. Agudelo et al. (74) and Wang et al. (2)
stated in their study that acid pretreatment did not cause
significant changes in zeolite morphology. Also, Mortazavi
et al. (12) carried out a different pretreatment using cations,
amines, and ionic liquids and determined that there was no
significant morphological difference between the pre-treated
samples and natural clinoptilolites. In the study of Burris
and Juenger (34), they detected agglomeration in the
morphological structure of natural clinoptilolite after
calcination at very high temperatures such as 965 °C. They
determined that after all calcination processes at 300, 500,
800, and 965 °C, small particles were found on the larger
zeolite structures in SEM images. In our study,
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agglomeration was not observed after calcination, and the
occurrence of smaller structures on large particles either did
not occur or was negligible. Since the agglomeration seen
in the structure is an important feature that restricts the use,
and reduces the catalytic activity and selectivity, especially
for catalytic purposes, it is very important to choose the
most suitable pretreatment method for clinoptilolite and to
determine the optimum conditions for this method. In
addition, as we encountered in this study, the
transformation of shapes of the particle into rod, platy or
tabular structures as a result of the pre-treatment processes
performed as an alternative to the spherical classical
particle structure in the structure can provide advantages in
different areas, especially for catalytic use.

The elemental compositions of the natural clinoptilolite and
its treated versions were investigated with EDS carried out
at 2 different random points. According to Table 5, the
major elements of the natural clinoptilolite samples were O,
Si, Al, and K additionally small amounts of Mg and Ca. It
could be resulted from Table 5 that the amount of Ca and K
decreased due to acid treatments and calcination. In the
EDS analysis of the Clinoptilolite-B: a significant iron and
aluminum content was determined compared to other
samples. Only, Fe, Ca, K, and Mg content were not
identified in Clinoptilolite-A.. Mg content is similar to each
other for all samples (except Clinoptilolite-A;) correlated to
XRF analysis results.

CONCLUSION

The effects of the pre-treatment procedure consisted of acid
pretreatment and different calcination temperatures and
durations on the main features of clinoptilolites were
investigated by comparing with the characteristic features of
the natural clinoptilolite sample. Treatment of clinoptilolite
with HCI caused mild dealumination, removal of some
cations, and impurities, resulting in an increase in surface
area and total pore volume. Contrary to many studies in the
literature, the suitability of calcination temperature and
times in this study is an important result in that calcination
does not adversely affect the surface properties of
clinoptilolites. Treatment with HCI and calcination resulted
in increased BET surface area and decreased mean pore
diameter. As a result of pretreatment, there was a strong
increase in N, adsorption isotherms, thanks to the removal
of AP*, cations, possible amorphous structures, and
impurities from the structure. The increased surface area
values can be explained primarily by the presence of
micropores. Depending on the increasing Si/Al ratios, an
increase in BET surface areas was observed especially in
Clinoptilolite-A;,  Clinoptilolite-A;,  Clinoptilolite-As, and
Clinoptilolite-B; samples. In particular, the results of SEM
and BET analysis support the conclusion that the pre-
treatment method proposed in this study allows the
preparation of non-agglomerated, non-sintered, large
surface area clinoptilolites suitable for use as a catalyst,
catalyst support, or adsorbent. The improvement of
properties such as surface area and total pore volume were
greater in the sample with smaller particle sizes. In addition,
according to the results of thermogravimetric analysis, the
weight loss of Clinoptilolite-B (except Clinoptilolite-B,) with
larger particle size and its pretreated modifications is higher
than the pretreated Clinoptilolite-A samples. Although the
untreated versions of both natural clinoptilolite samples
gave chemically similar results, particle size differences
resulted in differences in XRF results with applied
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pretreatments. These show that besides chemical or heat
treatment, particle size and properties also determine the
effect of these treatments on the structure. In future studies,
we plan to apply for different uses of these pre-treated
zeolites for catalyst, catalyst support, and hydrogen
storage.
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