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Abstract

In this study, the effects of two different ammonium-exchange methods to improve the ammonia (NH;3) gas adsorption of raw clinop-
tilolite (CLN) from Gordes (Tiirkiye) was investigated. The first method involved direct modification of CLN by 0.5 or 1.0 M NH,NO;
solutions at 80°C for 4 and 8 h followed by calcination. In the second method, CLN was converted to the Na* form prior to modification
with ammonium nitrate and calcination under the same conditions. Both methods yielded H" forms of CLN through the removal of
exchangeable cations without damaging the crystal structure. Ammonia adsorption isotherms were determined at 298 K for a total of
eight different H* forms synthetized using both methods. The Na-1.0-8h CLN sample with the highest NH; adsorption capacity
obtained using the second method was selected as the parent CLN. In addition, to determine the effects of doping different cations
into the structure on the NH; adsorption properties of the selected parent CLN sample, cation-exchange processes were carried out
using 0.5 and 1.0 M NaNOj3, KNO;, Ca(NOs3), and Mg(NO3), solutions at 80°C for 4 h. The raw and modified CLNs were characterized
using X-ray diffraction, X-ray fluorescence, scanning electron microscopy and N, adsorption analyses. Cation-exchanged samples with a
wide range of NH; adsorption capacities (3.61-4.93 mmol g™') were compared with other zeolites from the literature.
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The quality and chemistry of the Earth’s atmosphere are critical to
the future of human and mammalian life. Since the beginning of
humankind’s industrial activity, the chemical composition of the
atmosphere has changed due to the release of volatile pollutants
and greenhouse gases (Fowler, 2020). Ammonia (NH3), an irritat-
ing, malodorous and colourless gas, is one of these pollutants.
Ammonia is used as an ingredient in many commercial cleaning
and pharmaceutical products, as a hydrogen carrier and as a fer-
tilizer (Kobayashi, 2019; Sun et al, 2021) and for selective cata-
lytic reduction of NO, (Li et al., 2011; Wang et al., 2017). Large
amounts of ammonia are released into the atmosphere from live-
stock farming and agricultural activities (Ciahotny, 2002). This
ammonia release can be taken up by atmospheric moisture and
surface water and also accumulate in plants and soil (Renard,
2004). Changes in atmospheric ammonia concentrations are
known to have adverse effects on the environment (Amon,
1997). In addition, exposure to certain levels of ammonia can
be extremely harmful to human health. Inhaled ammonia is
mainly absorbed by water in human tissues, denaturing proteins
and eventually destroying cell membranes (Sun et al, 2021).
This can cause nausea, coughing, dizziness, pulmonary oedema
and weakening of the immune system (Lindgren, 2010; Sun
et al, 2021). Therefore, indoor ammonia concentrations can
also pose a threat to the health of workers. For example, workers
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who work in an environment with high levels of ammonia are at
risk of developing chronic respiratory diseases such as bronchial
asthma (Ballal, 1998). Ammonia can also affect the reproductive
functioning of female workers (Sun et al., 2021). Animals in live-
stock buildings are also affected by the presence of ammonia in
the environment. Hence, inflammatory responses are observed
in the respiratory system of pigs exposed to ammonia concentra-
tions of 100 and 150 ppm (Drummond, 1980). It is therefore clear
that indoor ammonia levels also need to be controlled.

Many porous adsorbents such as metal-organic frameworks,
covalent organic frameworks, hydrogen-bonded organic frame-
works, porous organic polymers and their composite materials
have been studied for their ability to remove ammonia (Won
Kang et al., 2020). One such adsorbent is zeolite, an Al-silicate
mineral found in nature or synthesized in the laboratory. The
framework of the zeolites is formed by the combination of tetra-
hedral silicate [SiO,]*" units. Combinations of these units form
channels or networks. During the formation of zeolites, the iso-
morphic substitution of a trivalent cation, namely AI** or Ga**
for Si*", creates a negative charge that is balanced by the presence
of exchangeable cations such as Na*, Mg** and Ca®", amongst
others (Gottardi & Galli, 1985). Clinoptilolite (CLN), a natural
zeolite, is a member of the heulandite (HEU) group. The general
formula of CLN is (Na,K)g(AlgSizgO7,)-20H,0. Its framework
structure of monoclinic C,/m symmetry with the unit cell para-
meters a=17.62 A, b=1791 A, c=739A and B=116°16is
almost identical to that of HEU. However, CLN has a higher Si/
Al ratio (>4) and is more thermally stable than HEU
(Mumpton, 1960; Ward & McKague, 1994). CLN has a two-

© The Author(s), 2024. Published by Cambridge University Press on behalf of The Mineralogical Society of the United Kingdom and Ireland

https://doi.org/10.1180/cIm.2024.5 Published online by Cambridge University Press


https://orcid.org/0000-0002-2282-5375
https://orcid.org/0000-0002-7067-5746
mailto:burcuerdogan@eskisehir.edu.tr
https://doi.org/10.1180/clm.2024.5
https://doi.org/10.1180/clm.2024.5

40

dimensional channel network (10-membered A and 8-membered B
channels run along the a-axis whilst 8-membered C channels inter-
sect them along the c-axis; Ambrozova, 2017). In addition to its
catalytic (Dziedzicka et al, 2016) and medical (Mastinu et al.,
2019) applications, CLN is used for the removal of heavy metal
ions (Zendelska et al, 2018; Elboughdiri, 2020; El-Arish et al,
2022), of environmental pollutants from wastewater (Shamshiri
et al, 2022) and of toxic gases from air (Macala et al, 2009;
Karousos et al., 2016; Ghahri et al., 2017; Senila, 2022).

It is common to apply chemical processes such as treatment
with acid (H,SO,, H;PO, and HNO3) and salt (KNO;, NaNO;
and Mg(NOs),) solutions to improve the physicochemical and
gas adsorption properties of natural zeolites (Christidis et al,
2003; Ciahotny et al., 2006; Erdogan Alver & Sakizci 2019).
However, even at low molarities, dealumination during hydro-
chloric acid treatment causes the crystal structure to collapse rap-
idly (Christidis et al, 2003; Garcia-Basabe et al, 2010). An
alternative method to modify the structure of CLN is calcination
after ammonium (NHj) exchange. In this process, raw CLN is
treated with ammonium salt solution, and the obtained product
(or sample) is calcined at temperatures of 400-600°C for 2-8 h.
In this way, ammonium ions adsorbed from the salt solution
decompose into ammonia and hydrogen ions. As a result,
H*-CLN with a higher surface area than the raw material can
be obtained without disrupting the structure (Rozi¢ et al., 2005;
Allen et al, 2009). In the literature, there are many studies in
which H" forms of CLN were obtained using different calcination
temperatures and various molarities of ammonium salt solutions
(Kurama et al., 2002; Elysabeth et al., 2019; Liao et al., 2019; Hieu
et al, 2022). However, it remains to be investigated how the
ammonia adsorption properties of CLN in the H" form obtained
after calcination change after modification with different cations.
Therefore, the main objective of this study is to determine the
ammonia adsorption capacity of H'-CLN synthesized by calcin-
ation after direct and indirect ammonium nitrate exchange and
to select the most suitable parent sample in terms of ammonia
retention. As a second objective of this study, the effect of doping
the selected parent sample with K*, Na*, Mg®* and Ca** cations
on the ammonia adsorption efficiency was investigated.

Experimental
Materials and methods

Gordes CLN (Esenli & Sirkecioglu, 2005; Esenli et al., 2023) was
sieved with a sieving machine (Retsch, Germany) to obtain <125
um fraction and split to 5.0 g aliquots. To remove soluble impur-
ities, each zeolite aliquot was kept in 100 mL deionized water at
80°C for 4 h. All samples were then separated and washed several
times with hot distilled water. Two different methods were used to
synthesize the H"-zeolites (Fig. 1). In Method 1, by which H*
forms were obtained directly, the samples were modified with
100 mL of 0.5 and 1.0 M NH,/NO; solutions at 80°C for 4 and
8 h, respectively. The H" forms obtained by calcining these sam-
ples at 400°C for 6 h were labelled as 0.5-4h-CLN, 0.5-8h-CLN,
1.0-4h-CLN and 1.0-8h-CLN (Fig. 1).

In Method 2, by which H" forms were obtained indirectly, CLN
samples were first modified with 100 mL of 1.0 M NaNO; solution
at 80°C for 4 h. All samples were then filtered, washed several times
with hot distilled water and dried at room temperature. These sam-
ples were then modified with 100 mL of 0.5 and 1.0 M NH,NO;
solutions for 4 and 8 h and calcined at 400°C for 6 h to indirectly

https://doi.org/10.1180/cIm.2024.5 Published online by Cambridge University Press

Burcu Erdogan and Orkun Erglirhan

obtain the H*-zeolites. These samples were labelled as Na-0.5-
4h-CLN, Na-0.5-8h-CLN, Na-1.0-4h-CLN, and Na-1.0-8h-CLN
(Fig. 1). For all cation-exchange procedures, 5.0 g of the CLN
sample was used per 100 mL of solution. Ammonia adsorption
measurements of these different H'-CLN samples obtained using
both methods were carried out at 298 K. The Na-1.0-8h-CLN sam-
ple with the highest ammonia adsorption capacity among the
H-forms (prepared using Method 2) was selected as the main
CLN for further experiments. In the second step after the selection
of the parent sample, 50 g of each parent CLN sample was
exchanged with 0.5 and 1.0 M NaNO;, KNO;, Ca(NO3), and
Mg(NOs), solutions at 80°C for 4 h to investigate the effect of dop-
ing the structure of this sample with different cations on the
ammonia adsorption capacity. The cation-exchanged samples of
the parent sample were then separated and washed several times
with deionized water at boiling point, and the dried samples were
kept in an oven at 100°C for 12h and stored in a desiccator.
Finally, the cation-exchanged samples of the parent sample were
labelled as 0.5-Na-CLN, 0.5-K-CLN, 0.5-Ca-CLN, 0.5-Mg-CLN,
1.0-Na-CLN, 1.0-K-CLN, 1.0-Ca-CLN or 1.0 Mg-CLN depending
on the salt solution used in the cation-exchange process.

Instrumentation

The original and cation-exchanged CLN samples were character-
ized by X-ray fluorescence (XRF), X-ray diffraction (XRD), scan-
ning electron microscopy (SEM) and N, adsorption techniques.
Elemental analyses of the samples were performed using a
Rigaku ZSX Primus instrument. Loss on ignition (LOI) was deter-
mined by mass measurement after heating at 1000°C at a heating
rate of 10°C min ™", before being allowed to stand for 1 h and then
cooled to room temperature at the same rate. Powder XRD traces
were obtained on a Bruker D8 Advance instrument using Cu-Ko.
(L=1.54 A) radiation at 40 kV and 40 mA in the range 5-40°20,
with a scanning step of 0.02°268. SEM images were recorded with a
Zeiss Ultra Plus field emission scanning electron microscope
(FE-SEM) at a 5 kV acceleration voltage. All samples were gold
coated prior to analysis. Specific surface areas and micropore
data were obtained from the N, adsorption isotherms.
Ammonia adsorption isotherms were measured at 298 K to
100 kPa for all samples. The N, and NH; adsorption analyses
of the CLNs were performed using a 3Flex volumetric apparatus
(Micromeritics) after degassing at 300°C for 8 h.

Results and discussion
Elemental analysis

The results of the XRF analysis of the raw CLN, parent CLN and
the cation-exchanged forms (0.5-Na-CLN, 0.5-K-CLN, 0.5-Ca-
CLN, 0.5-Mg-CLN, 1.0-Na-CLN, 1.0-K-CLN, 1.0-Ca-CLN and
1.0-Mg-CLN) are listed in Table 1. Raw CLN is rich in potassium
and calcium and has a SiO,/Al,03 ratio of 5.7. Compared to the
raw material, the parent sample prepared using Method 2 showed
significant changes in its chemical composition and significant
removal of exchangeable cations from the structure without dam-
aging the crystal structure, as was confirmed by the XRD data.
Prior to calcination, the cation exchange of extra-framework
cations (Na*, K*, Ca** and Mg**) with NHj resulted in significant
reductions in the CaO and K,O components.

The cation-exchanged forms of the parent CLN had higher
contents of those oxides according to the salt solutions and the
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Figure 1. Schematic diagram of the sample preparation procedure.

increasing molarity of this solution (Table 1). As Method 2, which
was used to obtain the parent sample, did not damage the crystal
structure and did not cause dealumination, there were no signifi-
cant changes in the SiO,/Al,O; ratios of the parent sample and
those of cation-exchanged forms compared to the raw CLN.

XRD analysis

The powder XRD traces of the raw CLN, parent CLN,
0.5-Na-CLN, 0.5-K-CLN, 0.5-Ca-CLN, 0.5-Mg Na-CLN,
1.0-CLN, 1.0-K-CLN, 1.0-Ca-CLN and 1.0-Mg-CLN samples
are shown in Fig. 2. The characteristic peaks of CLN for the
raw CLN sample were observed at 9.88°, 11.17°, 22.50° and
32.01°26, corresponding to d=8.95, 7.91, 3.96 and 2.79 A, with
hkl indices of (020), (200), (131) and (530), respectively (Moore
& Reynolds Jr, 1997). In addition to CLN (80-85%), small
amounts of feldspar (3%), opal-A (5-10%) and illite (2%) are
also present in the raw CLN sample (quantitative analysis accord-
ing to Esenli & Sirkecioglu, 2005). The positions of the main CLN
peaks did not changed significantly after cation exchange (Fig. 2).

Table 1. Chemical composition (wt.%) for raw CLN and parent CLN and its
cation-exchanged forms.

Sample Si0, ALO; Fe,0; MgO Ca0 Na,0 K,0 LOI  SiO,/ALOs
Raw CLN  71.85 1256 0.82 050 191 104 4.86 6.42 57
Parent-CLN 74.68 13.15 0.85 022 020 062 1.83 844 5.7
0.5-Na-CLN 7453 1291 0.75 020 022 271 157 7.07 58
1.0-Na CLN 7396 1274 078 024 023 334 164 7.03 5.8
0.5-K-CLN  73.04 1266 076 025 023 0.62 638 597 58
10-K-CLN 7372 1249 068 0.8 023 061 6.40 5.68 59
0.5-Ca-CLN 7347 1205 072 016 210 - 159 9.35 6.1
1.0-Ca-CLN 7453 1251 072 0.15 225 077 1.69 7.38 59
0.5-Mg-CLN 7458 1290 0.76 109 022 052 170 8.18 58
10-Mg-CLN 7475 1279 068 112 026 052 183 804 58
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Compared to raw CLN, the relative peak intensity of (200) for the
parent CLN and other cation-exchanged forms decreased relative
to the peak intensity of (020), except for the 0.5-K-CLN and
1.0-K-CLN samples. The changes in the absolute and relative
intensities of the characteristic peaks of the CLN samples can
be attributed to the changes in the atomic positions and atomic
densities in the structure and in the pore size and pore shape of
the CLN (Galli et al., 1983; Castaldi et al, 2008; Kennedy &
Tezel, 2018; Rodriguez-Iznaga et al., 2022). The relative changes
in the peak intensities from our XRD results can be attributed
to changes in the exchangeable cation ratios, as shown in the
XRF data (Table 1), as the intensity of the (020) peak is highly
dependent on the Na/K ratio of the CLN samples (Kitsopoulos,
2001). Furthermore, the absence of a broad hump between 19°
and 30°20 for the CLN and cation-exchanged forms indicates
that the method used in this study did not damage the CLN struc-
ture, unlike other modification methods such as acid treatment
(Arcoya et al., 1994; Christidis et al., 2003; Garcia-Basabe et al.,
2010; Kennedy & Tezel, 2018).

The unit-cell parameters (g, b, ¢ and B) and volumes of the CLN
samples obtained from the h, k and I dimensions in the monoclinic
crystal structure are listed in Table 2. A decrease in the unit-cell vol-
ume value of the parent sample compared to the raw sample was
observed. This decrease due to calcination is similar that observed
in other studies focused on CLN (Kudoh & Takéuchi, 1983; Bish,
1984; Tomazovic et al., 1996a, 1996b). In addition, the unit-cell vol-
ume values of all cation-doped forms were larger than the unit-cell
volume of the parent sample.

SEM observations

SEM images taken at magnifications of at 5000x and 14 000x for
the raw CLN, parent CLN, 0.5-Na-CLN, 0.5-K-CLN, 0.5-Ca-CLN,
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Figure 2. XRD traces of the zeolites. (a) Raw-CLN, (b) parent-CLN, (c)
0.5-Na-CLN, (d) 0.5-K-CLN, (e) 0.5-Ca-CLN, (f) 0.5-Mg-CLN, (g) 1.0-Na-CLN,

(h) 1.0-K-CLN, (i) 1.0-Ca-CLN, (j) 1.0-Mg-CLN. *=CLN, +=illite, @ =opal

A, & =feldspar.

0.5-Mg-CLN, 1.0-Na-CLN, 1.0-K-CLN, 1.0-Ca-CLN and

1.0-Mg-CLN samples are shown in Figs 3 & 4. The CLN crystals
form euhedral and subhedral plates, as well as coffin-shaped
forms, in all samples (Figs 3 & 4a-e), similar to what has been
observed in previous studies (Brundu & Cerri, 2015; Favvas
et al., 2016; Fajdek-Bieda et al., 2021). HEU-type crystals have
platy, tabular or coffin habits (Elaiopoulos et al., 2010). In add-
ition, some submicron and irregularly shaped CLN grains are
also seen in all SEM images. The size of the crystals is consistent
with that of the mineral obtained from the same region (Unaldi
et al., 2013).

N, adsorption

The N, adsorption isotherms measured at 77 K are shown in Figs
5 & 6. The specific surface areas, micropore areas and micropore
volumes of all of the samples were determined using the
Brunauer-Emmett-Teller (BET) and the t-plot methods, respect-
ively (Table 3). All isotherms are of type II according to the
International Union of Pure and Applied Chemistry (IUPAC;
Lowell ef al., 2004). The knee portion of the isotherm indicates

Table 2. Unit-cell parameters and volumes for raw CLN and parent CLN and its
cation-exchanged forms.

Sample a (A) b (A) c (A B () Vv (A3
Raw CLN 17.775 17.904 7.409 117.20 2097
Parent-CLN 17.759 17.830 7.398 116.97 2088
0.5-Na-CLN 17.789 17.904 7.414 117.13 2101
1.0-Na-CLN 17.754 17.904 7.412 116.91 2101
0.5-K-CLN 17.766 17.924 7.404 116.92 2102
1.0-K-CLN 17.745 17.904 7.402 116.86 2098
0.5-Ca-CLN 17.784 17.868 7.409 117.14 2095
1.0-Ca-CLN 17.770 17.868 7.406 117.10 2093
0.5-Mg-CLN 17.802 17.942 7.411 117.08 2108
1.0-Mg-CLN 17.799 17.998 7.419 117.05 2117
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°20

the stage when the coverage of the monolayer is complete and
multilayer adsorption begins to take place (Helminen et al,
2001; Lowell et al, 2004). The parent CLN has a higher specific
surface area (106.93 m? g'l), micropore area (81.27 m?> g_l) and
micropore volume (0.0317 cm® g™') than the raw CLN sample
(Table 3). This can be explained by the removal of exchangeable
cations (K*, Na*, Mg®" and Ca") from the structure due to the
method used in the study, the preservation of the H" form with-
out damaging the crystal structure and the easier diffusion of
nitrogen. Similar increases in the BET values have been observed
for an NH4NOs-exchanged CLN from Germany (Hieu et al.,
2022) and an NH,Cl-exchanged CLN from Bigadig, Tirkiye
(Kurama et al., 2002). In addition, the BET surface areas of the
cation-exchanged samples showed wide variation, in the range
of 30.72-198.98 m> g'. The maximum specific surface area of
the 1.0-Mg-CLN sample can be explained by the replacement of
exchangeable cations such as Ca** and K" by Mg®" (which is
smaller in size), as is confirmed by the XRF data (Table 1).

Ammonia adsorption

Direct or indirect ion exchange with NH,NO; followed by
employing the calcination method can be applied to zeolite-type
materials because this process removes the exchangeable cations
whilst leaving the structure unaffected, unlike the methods involv-
ing solutions of HCI or H,SO,, which cause structure decompos-
ition. In this study, the direct and indirect ammonium nitrate
treatment methods before calcination were carried out using multi-
ple molarities (0.5 and 1.0 M). The 0.5-4h-CLN (3.95 mmol g’l),
0.5-8h-CLN  (4.02 mmol g'), 1.0-4h-CLN (3.99 mmol g™)
and 1.0-8h-CLN (3.92 mmol g_l) samples in which the H*
forms were obtained directly without conversion to the Na*
form, defined as Method 1, adsorbed less ammonia than the
Na-0.5-4h-CLN (4.19 mmol g™'), Na-0.5-8h-CLN (4.07 mmol g"),
Na-1.0-4h-CLN (4.10 mmol g™') and Na-1.0-8h-CLN (4.46 mmol g )
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samples obtained using Method 2. In these H' forms obtained by
the two methods, the removal of exchangeable Mg>*, Ca** and
Na" cations by direct or indirect ion exchange with NH,NO;, fol-
lowed by calcination, caused a general decrease in the ammonia
adsorption capacities compared to the raw sample. For this reason,
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Figure 3. SEM images of (a) raw-CLN, (b) 0.5-Na-CLN,
(c) 0.5-K-CLN, (d) 0.5-Ca-CLN and (e) 0.5-Mg-CLN at a
maghnification of 5000x. Letter labels with a * symbol
corresponds to 14,000x magnification.

Na-1.0-8h, which has the highest ammonia adsorption capacity
amongst the H' forms, was selected as the parent sample. The
next step was to determine the ammonia adsorption capacities by
doping the parent sample with different cations. The ammonia
adsorption isotherms of the raw CLN, the parent sample and that
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Figure 4. SEM images of (a) parent-CLN, (b)
1.0-Na-CLN, (c) 1.0-K-CLN, (d) 1.0-Ca-CLN and (e)
1.0-Mg-CLN at a magnification of 5000x. Letter labels
with a * symbol corresponds to 14,000x magnification.

of cation-exchanged forms at 298 K up to a pressure of 100 kPa are
shown in Figs 7 & 8.

The ammonia uptake of the CLN samples ranged from 3.61 to
4.93 mmol g™ and increased in the following order: 1.0-K-CLN <
0.5-K-CLN < 1.0-Mg-CLN < 1.0-Na-CLN < 0.5-Mg-CLN < raw
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CLN < parent CLN < 1.0-Ca-CLN < 0.5-Ca-CLN <
0.5-Na-CLN (Table 4). When the molarity of the salt solutions
used was two times higher (from 0.5 to 1.0 M), the ammonia
adsorption capacity decreased. The raw CLN sample showed
lower ammonia uptake (4.41 mmol g') compared to CLN from
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0.0 0.2 0.4 0.6 0.8 1.0 Figure 5. N, adsorption isotherms of raw CLN, 0.5-Na-CLN, 0.5-K-CLN,
P/P 0.5-Ca-CLN and 0.5-Mg-CLN samples at 77 K. STP =standard temperature
0 and pressure.
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P/P 1.0-Ca-CLN and 1.0-Mg-CLN samples at 77 K. STP =standard temperature
0 and pressure.

Table 3. N, adsorption data of the raw CLN and parent CLN and its
cation-exchanged forms.

BET surface area Micropore surface Micropore volume

Sample (m? g™ area (m? g™) (x10 2 cm? g™)
Raw CLN 30.08 8.53 0.35
Parent-CLN 106.93 81.27 3.17
0.5-Na-CLN 49.76 23.70 1.02
0.5-K-CLN 39.98 17.77 0.74
0.5-Ca-CLN 93.15 67.75 2.69
0.5-Mg-CLN 127.03 100.26 3.92
1.0-Na CLN 42.01 20.09 0.82
1.0-K-CLN 30.72 8.46 0.35
1.0-Ca-CLN 60.04 37.05 1.49
1.0-Mg-CLN 198.98 163.36 6.36
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Mud Hills, USA (5.90 mmol g’l; Helminen et al., 2001) but a
higher uptake than the Slovakian CLN (0.71 mmol g
Ciahotny et al., 2006) due to its different mineralogical and chemi-
cal composition. Although the specific surface area (106.93 m* g ')
and micropore surface area (81.27 m”> g™') values of the parent
CLN were higher than those of the cation-exchanged forms
(30.72-93.15m” g' and 8.46-67.75 m” g') with 0.5 and 1.0 M
NaNO;, KNO; and Ca(NOs), solutions, respectively (Table 4),
it showed an average ammonia adsorption capacity. This can be
attributed to the significant removal of exchangeable cations in
the parent sample, in one of the H-forms obtained using
Method 2. This also clearly demonstrates the influence of the
extra-framework cations on ammonia adsorption and the interac-
tions of the permanent dipole moment (1.47 Debye) of the
ammonia molecule with the electric field generated by these
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Quantity adsorbed (mmol g')

Figure 7. NH; adsorption isotherms of raw CLN, 0.5-Na-CLN, 0.5-K-CLN,
0.5-Ca-CLN and 0.5-Mg-CLN samples at 298 K.

Quantity adsorbed (mmol g')

Figure 8. NH; adsorption isotherms of parent CLN, 1.0-Na-CLN, 1.0-K-CLN,
1.0-Ca-CLN and 1.0-Mg-CLN samples at 298 K.

cations. Amongst the cation-modified forms of the parent sample,
0.5-Na-CLN (4.93 mmol g™') showed the highest uptake. This
result for the 0.5-Na-CLN sample showed that it is beneficial to
dope the parent sample with Na* cation in a second step. As
shown in Fig. 9, in CLN, Na*, Ca** and K" cations prefer to
occupy sites M(1) (in channel A), M(2) (in channel B) and M
(3) (in channel C), respectively, whereas the Mg2+ cation is
located at site M(4) (in channel A; Koyama & Takeuchi, 1977).
The exchange of Na* cations with Mg**, Ca®* and K" cations
and the presence of these smaller Na* cations in the M(1) site
of channel A resulted in there being a larger area within the chan-
nels. On the other hand, the 1.0-K-CLN sample had both the
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lowest specific surface area (30.72 m> g_l) and the lowest ammo-
nia adsorption capacity (3.61 mmol g™') due to the size and pos-
ition of the K* (largest) cation and partial pore blocking that
occurred. The percentage change in the ammonia adsorption cap-
acity of the parent and the cation-exchanged forms compared to
the natural sample ranged between 0.45 and 18.14.

The ammonia adsorption capacity of the 0.5-Na-CLN sample
(4.93 mmol g') is lower than that of MOF-177 (12.2 mmol g';
Saha & Deng, 2010b), 13X (9.33 mmol g'; Helminen et al,
2001), 4A (8.71 mmol g’l; Helminen et al., 2001) and mesopor-
ous carbon (6.39 mmol g™'; Saha & Deng, 2010a) but higher
than those of activated alumina (2.53 mmol g™'; Saha & Deng,
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Table 4. Comparison of the removal of ammonia at 298 K in this study with
materials from previous studies.

Adsorption
capacity Pressure

Sample (mmol g% (kPa) Reference
Raw CLN 4.41+0.22 Present work
Parent-CLN 4.46 +0.08 Present work
0.5-Na-CLN 493+0.12 Present work
1.0-Na CLN 4.38+£0.00 Present work
0.5-K-CLN 3.75+0.19 Present work
1.0-K-CLN 3.61+0.00 101 Present work
0.5-Ca-CLN 4.64 £0.09 Present work
1.0-Ca-CLN 4.61+0.04 Present work
0.5-Mg-CLN 4.39+0.09 Present work
1.0-Mg-CLN 4.23+0.13 Present work
CLN (USA) 5.90 101 Helminen et al. (2001)
CLN (Slovakia) 0.71 Fixed bed Ciahotny et al. (2006)

(122mgg™)
MOF-177 12.20 106 Saha & Deng (2010b)
13X 9.33 101 Helminen et al. (2001)
4A 8.71 101 Helminen et al. (2001)
Mesoporous carbon 6.39 106 Saha & Deng (2010a)
Dealuminated pentasil 2.34 101 Helminen et al. (2001)
Cu-MOF-74 3.40 Breakthrough Katz et al. (2016)
Activated alumina 2.53 108 Saha & Deng (2010c)
Activated carbon 4.19 101 Helminen et al. (2001)
Faujasite (dealuminated)  1.77 101 Helminen et al. (2001)

I— == Ten-Membered A-Channels ==

1
Eight-Membered B-Channel

Eight-Membered C-Channels
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2010c), dealuminated pentasil (2.34 mmol g_l; Helminen et al.,
2001), activated carbon (4.19 mmol g_l; Helminen et al., 2001),
dealuminated faujasite (1.77 mmol g '; Helminen et al, 2001)
and Cu-MOF-74 (3.4 mmol g’l; Katz et al, 2016; Table 4).
Comparing the ammonia adsorption data obtained at the same
temperature (Table 4), it is clear that the structural and textural
properties of these synthetic materials are completely different
from natural zeolite of the CLN type. Although in general the syn-
thetic zeolites, due to their uniform structure, have higher gas
adsorption capacities than natural zeolites, they are more expen-
sive. The abundance of CLN-type natural zeolite, its low cost
and its high capacity to adsorb harmful gases such as ammonia
lead to its widespread use in industrial applications. As a result,
the 0.5-Na-CLN sample with the highest ammonia adsorption
capacity is recommended as an effective adsorbent in environ-
ments where ammonia gas needs to be removed, such as poultry
houses.

Conclusions

In this study, the structural properties and ammonia adsorption
capacities of the parent CLN and its forms doped with Na*, K*,
Ca®" and Mg>" cations were compared. The XRD data of the
CLN samples showed that the NH,NO; modification and the

Figure 9. Views of the CLN framework and cation sites
along the c-axis and g-axis.
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calcination process to obtain the H' forms prior to the cation
exchange did not cause any significant damage to the crystal
structure. It was also found that the morphology of the modified
samples was not affected by calcining. A more than threefold
increase in BET surface area (106.93 m> g’l) was observed for
the parent sample compared to the raw CLN (30.08 m* g™').
CLN samples in which the H* forms were obtained by first con-
verting to the Na" form (as a result of ammonium nitrate and cal-
cination), as defined by Method 2, adsorbed more ammonia than
directly obtained H" forms, as defined by Method 1. A wide vari-
ation in ammonia adsorption was observed in the
cation-exchanged CLNs, being more dependent on the size,
amount and location of the exchanged cation than on the BET
surface areas. Consequently, 0.5-Na-CLN, which has the highest
ammonia adsorption capacity amongst the samples used in this
study, can be suggested as a potential material for ammonia
removal applications.
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