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Abstract: In this study, cation exchange and acid activation processes were 
applied to determine the effects of different cationic compositions of clinopti-
lolite on ammonia adsorption properties. Thermogravimetric (TG), differential 
thermal analysis (DTA), X-ray diffraction (XRD), X-ray fluorescence (XRF) 
and nitrogen adsorption techniques were used for the characterization of the 
clinoptilolite samples. As a result of ion exchange and acid activation, the 
amount, type and location of exchangeable cations in the structure significantly 
affected the thermal properties, as well as NH3 removal efficiency. Ammonia 
adsorption isotherms were obtained at 298 K up to 100 kPa volumetrically. In 
addition, NH3 adsorption capacities of the clinoptilolite samples within this 
study (3.823 to 5.372 mmol g-1) were compared with those of the other mater-
ials (1.77 to 12.2 mmol g-1) in terms of their textural and structural differences. 

Keywords: activation; adsorption;zeolite; DTA; TG; XRF; XRD. 

INTRODUCTION 
Ammonia is a colorless, corrosive and pungent gas and is the most abundant 

alkaline component in the atmosphere. It is estimated that about 60 % of global 
ammonia emissions come from anthropogenic sources such as metabolic, agri-
cultural and industrial processes. On the other hand, oceans, crops and biomass 
burning are also important.1 Ammonia gas is irritating to throat, the skin, the 
eyes, nose and lungs. At high concentrations (1700 ppm) the gas causes extensive 
injuries and <30 min exposure may be fatal.1,2 Studies related to experimental 
animals similarly show that exposure to high levels may adversely affect the res-
piratory system, the liver and spleen.3 In addition, ammonia, one of the major 
environmental pollutants in water, is highly poisonous to fish and the toxicity is 
associated with the concentration of unionized ammonia (NH3) which is dep-
endent on the water pH value.4  
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Atmospheric ammonia is a major aerial pollutant of poultry houses.5 It has 
been reported that NH3 concentrations are 5–20 ppm in the ventilation air of 
poultry and cattle houses and can reach up to 200 ppm during periods of low 
ventilation.6 NH3 should be removed from the environment as it can be hazard-
ous to bird development and worker health.7,8 There are many techniques such as 
catalytic decomposition and staged combustion processes in order to eliminate 
the ammonia emissions. In addition to these methods, NH3 removal using natural 
zeolite is an alternative method due to its low cost, abundance and gas adsorption 
properties, which can be adjusted by cation exchange. 

Zeolites are porous, crystalline, hydrated aluminosilicates containing alkali 
and alkaline earth cations. The zeolite framework has channels and intercon-
nected voids and cavities occupied by the cations and water molecules.9,10 Clin-
optilolite is one of the most widely used natural zeolites. It contains three differ-
ent channels. Channels A (10-membered ring, 0.44 nm×0.72 nm) and B (8-mem-
bered ring, 0.41 nm×0.47 nm) are parallel to each other and the c-axis, while the 
channels C (8-membered ring, 0.40 nm×0.55 nm) lies along a-axis, intersecting 
both channels A and B.11 Within the clinoptilolite structure, Na+ and Ca2+ are 
most efficient channel blockers and may occupy sites which are at the inter-
sections of channels A/B with channel C, whilst the K+ and Mg2+ have little 
effect on intersecting channels and reside in the centers of the C and A channels, 
respectively.12–14 The high thermal and chemical stability and high internal sur-
face area of this zeolite make it advantageous in removing hazardous gases.  

Most of the studies on NH3 removal have focused on 4A, 5A, 13X, faujasite, 
pentasil, ordered mesoporous carbon, activated alumina, alumina 1597, Cu- 
-MOF-74, activated carbon and natural mordenite type materials.15–22 Although 
studies on adsorption of ammonia by the natural clinoptilolite can be found in lit-
erature,21,23–25 comparative studies on the effect of cation exchange and hydro-
chloric acid activation methods on thermal behavior and removal of ammonia gas 
by clinoptilolite have not been extensively performed. The novelty of this study 
is the detailed comparison of ammonia adsorption properties of both cation- 
-exchanged and acid-modified forms of clinoptilolite type natural zeolite. Because 
the natural zeolites generally show low selectivity for NH3, different methods 
should be used to increase this selectivity. The difference in the cation content of 
the mineral is one of the important factors that significantly affect the thermal 
properties of clinoptilolite and its affinity for polar gases, and thus its adsorption 
capacity. Therefore, the aim of this study is to examine natural and modified 
clinoptilolite samples in terms of chemical composition, thermal, structural and 
NH3 adsorption properties. 

EXPERIMENTAL 
After grinding and sieving, the fraction below 63 μm of the natural clinoptilolite (CLN) 

from Gördes was used. The CLN label identifies a natural sample that has been free from any 
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chemical treatment. Five grams of each zeolite were exchanged by refluxing with 100 mL of 
1.0 M Ca(NO3)2, Mg(NO3)2, NaNO3 and KNO3 solutions at 90 °C for 5 h. Prepared zeolites 
were labeled as X-CLN, which the X indicate the type of exchanged cation. Acid activations 
were carried out using a 0.1 M and 1.0 M HCl solutions at the same experimental condition. 
The samples were named as 01H-CLN and 1H-CLN, respectively. Then, the suspensions were 
filtered, washed several times with de-ionized water at approximately boiling point and then 
the samples were dried in an oven at 110 °C for 20 h. The dried clinoptilolites were stored in a 
desiccator. All chemicals were supplied by Merck Company. 

Chemical compositions were evaluated on powdered samples fused with lithium tetra-
borate using XRF analysis (Rigaku ZSX Primus instrument). Loss on ignition (LOI) was det-
ermined from the mass loss after heating samples to 1000 °C for 2 h. The crystal structure of 
the original and modified forms was determined by powder XRD technique using a D8 
Advance Bruker instrument, with CuKα radiation at 40 kV and 30 mA, in the range of 2θ 
values 5–40° and step range of 0.02° at room temperature. DTA and TG measurements were 
performed in the Setsys Evolution Setaram device at heating rate 10 °C min-1 in the tempe-
rature range of 30–1000 °C. In each run, ca. 35 mg of sample was loaded into the alumina 
pan. N2 adsorption isotherm measured at 77 K using Autosorb 1, Quantachrome. Specific 
surface areas were determined by BET equation using the adsorption branch of the isotherms 
using the 0.05 to 0.35 P/P0 range and the micropore data were calculated by applying the 
t-plot method. Ammonia adsorption isotherms of these zeolites were obtained at 298 K using 
the 3Flex-Micromeritics instrument. In each run, ca. 250 mg of clinoptilolite sample was 
loaded into the sample cell. The gases (N2 and NH3) used were highly pure (>99 %). Prior to 
gas adsorption measurements, all zeolite samples were degassed at 300 °C for 10 h. 

RESULTS AND DISCUSSION 
Chemical composition 

The chemical compositions of the clinoptilolite samples are given in Table I. 
The water content of samples was estimated by the loss on ignition technique. 
Table I shows that the main cations found in CLN sample are potassium and 
calcium. In addition, iron is also present as an impurity. It was found that there 
was an increase in the amount of the exchangeable cations depending on the 
chosen salt solution compared to the raw sample, as expected.  

TABLE I. Chemical composition of the clinoptilolite samples (wt. %) 

Sample Component  LOI 
% SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O 

CLN 70.823 12.850 1.249 0.619 2.241 0.561 5.171 6.332 
Na-CLN 71.178 12.809 1.178 0.383 0.471 3.490 3.686 6.430 
K-CLN 70.465 12.740 1.118 0.393 0.176 0.185 9.855 5.078 
01H-CLN 73.501 12.138 1.375 0.560 1.466 – 4.770 6.192 
1H-CLN 81.284 8.219 1.175 0.351 0.378 – 2.314 6.150 
Ca-CLN 70.836 12.631 1.271 0.506 3.762 – 3.316 7.595 
Mg-CLN 70.641 12.641 1.285 2.012 1.433 0.281 3.638 8.070 

After the clinoptilolite activated with hydrochloric acid solutions, aluminum 
and the exchangeable cations were removed from the material. On the other 
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hand, it was determined that the SiO2 content increased with increasing acid 
molarity due to its insolubility. SiO2/Al2O3 ratio for CLN sample increased from 
5.5 to 6.0 and 9.9 in the 01H-CLN and 1H-CLN, respectively, indicating the 
gradual removal of aluminum from the structure (Table I).  
X-Ray analysis 

Powder XRD patterns of all the clinoptilolite samples are shown in Fig. 1. In 
addition to the main clinoptilolite (characteristic peaks at 2θ 9.83, 15.90, 22.4 
and 30°) phase, minor amounts of illite, feldspar and opal CT were also iden-
tified.  

 
Fig. 1. X-ray powder diffraction patterns of the CLN (a), Na-CLN (b), K-CLN (c), Ca-CLN 

(d), Mg-CLN (e), 01H-CLN (f) and 1H-CLN (g) samples (C: clinoptilolite, I: illite, 
O: opal-CT, F: feldspar). 

The quantitative XRD analysis demonstrated that the major component of 
the natural sample (CLN) is clinoptilolite (80 %), with minor amounts of opal A 
(4–5 %), opal-CT (4–5 %), smectite (1–2 %), mica-illite (1–2 %) and feldspar 
(6–7 %). The method given by Esenli and Sirkecioğlu26 was used to determine 
the mineral ratio. It was determined that there was no significant change in the 
intensity of major clinoptilolite peaks in the clinoptilolite samples modified with 
different salt solutions. As a result of the dealumination (Table I) and partial des-
truction of the crystal structure, the intensity of the main clinoptilolite peaks for 
1H-CLN decreased gradually. In addition, as the acid concentration increased, 
the crystallinity of the sample decreased and there is a broad hump in between 
20–30° (2θ) on the patterns of the acid activated samples (Fig. 1g). Similar 
changes were obtained in previous studies on the activation of clinoptilolite with 
acid solutions.27,28 
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Nitrogen adsorption 
N2 adsorption isotherms of the samples are presented in Figs. 2 and 3 (relat-

ive pressure P/P0 vs. adsorbed volume in cm3 STP per g of clinoptilolite). All 
clinoptilolite samples show type-II isotherms.29 The values of the specific 
surface areas and, micropore data of the samples are presented in Table II. It was 
determined that the specific surface areas of cation exchanged clinoptilolite sam-
ples increased slightly. Whilst it was found that 1.0 M HCl treatment (203 m2 g–
1) caused about 5 times increase in specific surface area of CLN (42 m2 g–1). 
This result agrees well with the X-ray diffraction data (Fig. 1). As seen from 
Table I, the increase in the micropore areas and micropore volumes for acid 
activated (01H-CLN and 1H-CLN) samples is obviously due to the unblocking of 
the channels of the clinoptilolite through decationation and dealumination and the 
formation of secondary porosity owing to the dissolution of the free linkages. 

 
Fig. 2. Nitrogen adsorption isotherms of CLN, Na-CLN, K-CLN and 01H-CLN samples. 

 
Fig. 3. Nitrogen adsorption isotherms of Ca-CLN, Mg-CLN and 1H-CLN samples. 
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TABLE II. Nitrogen adsorption data of the natural and modified clinoptilolite samples 
Sample Surface area, m2 g-1 Volume, cm3 g-1 

BET Micropore Micropore Total pore 
CLN 42 10.0 0.004 0.100 
Na-CLN 43 8.5 0.003 0.109 
K-CLN 44 6.5 0.003 0.110 
01H-CLN 97 54.6 0.023 0.129 
1H-CLN 203 135.1 0.056 0.193 
Ca-CLN 44 12.1 0.005 0.105 
Mg-CLN 48 11.5 0.006 0.109 

Thermal analysis (TG-DTA) 
The DTA and TG curves of the clinoptilolite samples over the temperature 

range 30–1000 °C are shown in Fig. 4. DTA curves of clinoptilolite samples 

 
Fig. 4. TG-DTA curves of all clinoptilolite samples. 
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show the endotherms at temperature ranging from 63–74 °C and 120–150 °C 
between 30 and 200 °C as a result of the dehydration process. Third endothermic 
peaks at 692 to 732 °C in the temperature interval from 600 to 800 °C are due to 
the dehydroxylation. TG curves display the major mass losses (1.61 to 5.55 %) 
owing to the loss of the water located in the cavities and bound to the nonframe-
work cations. In the temperature range between 200 and 600 °C more strongly 
associated water (2.79 to 6.46 %) is eliminated. In the temperature range from 
600 to 800 °C, the rest of the water (0.28 to 0.70 %) is gradually removed. As 
seen in Fig. 4, clinoptilolite samples showed continuous mass loss curves and the 
mass losses are constant at temperatures above 800 °C. 

For the cation exchanged samples, the mass losses recorded by TG analysis 
increased in the order of K-CLN < Na-CLN < Ca-CLN < Mg-CLN (Table III). 
The thermal behaviour of the clinoptilolite depends on many parameters such as 
the type of the exchangeable cations, their coordination to water molecules and 
their hydration energies.30 It was found that the mass loss values were higher in 
clinoptilolites exchanged with divalent cations (Mg2+ and Ca2+) with the high- 
-hydration energies than those of exchanged with monovalent cations (K+ and 
Na+) with low-hydration energies. Moreover, for monovalent and divalent cat-
ions, less zeolite water loss of samples exchanged with larger sized cations can 
be attributed to the smaller space remaining in the zeolite structure.  

TABLE III. Mass loss (%) of the natural and modified clinoptilolite samples at different tem-
perature ranges 

Sample Temperature range, °C Total 30–200 200–400 400–600 600–800 800–1000 
CLN 5.50 3.23 0.92 0.42 0.09 10.17 
Na-CLN 4.66 3.22 0.58 0.31 0.05 8.82 
K-CLN 2.53 2.29 0.50 0.28 0.03 5.63 
01H-CLN 3.64 2.75 1.08 0.54 0.13 8.14 
1H-CLN 1.61 2.11 1.50 0.85 0.21 6.28 
Ca-CLN 4.66 3.22 0.59 0.31 0.05 8.83 
Mg-CLN 5.55 4.85 1.61 0.70 0.11 12.82 

In the case of acid activated forms, the mass losses for the acid-treated 
clinoptilolites (6.28 and 8.14 %) are lower than that for the CLN (10.17 %). This 
can be explained by the elimination of the exchangeable cations and the deal-
umination (Table I).  
Adsorption of NH3 

The ammonia adsorption isotherms of the raw, cation exchanged and acid 
activated variants were measured at 298 K (Figs. 5 and 6). All the isotherms are 
of type I.29 The adsorption rate of ammonia on all samples decreased in the 
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order: Mg-CLN > Ca-CLN ˃ Na-CLN > 01H-CLN ˃ CLN > 1H-CLN ˃ K-CLN 
(Table IV).  

 
Fig. 5. Ammonia adsorption isotherms of CLN, Na-CLN, K-CLN and 01H-CLN samples at 

298 K. 

 
Fig. 6. Ammonia adsorption isotherms of Ca-CLN, Mg-CLN and 1H-CLN samples at 298 K. 

TABLE IV. Ammonia uptake for various materials 
Sample Temperature, K Adsorption capacity, mmol g-1 Reference 
CLN 298 4.840 Present work 
Na-CLN 298 4.947 Present work 
K-CLN 298 3.823 Present work 
01H-CLN 298 4.875 Present work 
1H-CLN 298 4.312 Present work 
Ca-CLN 298 5.159 Present work 
Mg-CLN 298 5.372 Present work 
Alumina 1597 298 3.008 15 
Silica gel 40 298 6.250 15 
Clinoptilolite 298 5.904 15 
13X 298 9.326 15 
Pentasil dealuminated 298 2.34 15 
Faujasite dealuminated 298 1.77 15 
Activated carbon 298 4.19 15 
Zs 295 6.30 mg g-1 23 
Mesoporous carbon 298 6.39 17 
Activated alumina 298 2.53 18 
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TABLE IV. Continued 
Sample Temperature, K Adsorption capacity, mmol g-1 Reference 
Natural clinoptilolite 
from Nizny Hrabovec 

298 0.705 25 

Natural clinoptilolite 
from Nizny Hrabovec 

293 0.634 33 

Natural clinoptilolite 
from Nizny Hrabovec 
treated with 30 % H2SO4 

293 1.268 33 

Natural clinoptilolite 
from Nizny Hrabovec 
treated with 30 % H3PO4 

293 1.174 33 

Natural clinoptilolite 
from Nizny Hrabovec 
treated with 30 % HNO3 

293 1.121 33 

Cu-MOF-74 298 3.4 32 
4A zeolite 298 8.71 15 
In-PMOF 298 9.41 31 
MOF-177 298 12.2 19 

Due to the fact that the kinetic diameter of the ammonia molecule is 0.26 
nm, it can penetrate into the zeolite channels of clinoptilolite. As can be seen 
from Figs. 5 and 6, the maximal sorption capacity of ammonia is exhibited by 
Mg-CLN sample (5.372 mmol g–1) and minimal by K-CLN (3.823 mmol g–1). 
Obviously, the gas adsorption on zeolites depends on many parameters such as 
their structure, size and distribution of the exchangeable cations within their 
channels, and features of the adsorbate (size, geometry and polarity, etc.). Na+ 
and Ca2+ located at the intersections of the A/B channels with the C channel in 
the clinoptilolite structure are the most effective channel blockers, while the K+ 
and Mg2+ cations have little effect on intersecting channels and they are located 
in the centers of the C and A channels, respectively.12–14  

Hence, limited access to channels and consequent lower ammonia uptake of 
Na-CLN and Ca-CLN samples compared to Mg-CLN sample are due to the inc-
reased amount of Na+ and Ca2+ in the channel A and B, respectively and con-
tinued presence of K+ (Table I). In the Mg-CLN sample with the highest ammo-
nia adsorption capacity, the location of this small cation in channel A caused 
more space between channels and increased NH3 gas uptake. The lowest ammo-
nia adsorption capacity for K-CLN can be attributed to its size (largest) and the 
location of the K+ in the channel C. For this reason, it appears that the location of 
the exchangeable cations has a greater influence on adsorption capacity than the 
amount or size of the cations. 

The wide variation in the adsorption capacity of ammonia gas for the cation 
exchanged clinoptilolites indicates that both electrostatic forces and dispersion 
forces played an active role in the adsorption dynamics of the adsorbents studied. 
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In addition, the high affinity for NH3 can be attributed to the specific interactions 
of the permanent dipole moment (1.47 D*) of NH3 molecule with the electric 
field created by the cations in the zeolite structure. 01-HCLN sample (4.875 mmol 
g–1) exhibited a lower adsorption capacity than the Mg-CLN sample due to the 
removal of the cations from the structure and thus a decrease in the local electric 
field. Although 1H-CLN had the highest specific surface area (203 m2 g–1), its 
NH3 uptake (4.312 mmol g–1) was lower than those of CLN (4.840 mmol g–1) 
and 01-HCLN (4.875 mmol g–1) owing to the partial destruction of the crystal 
structure as presented by XRD data (Fig. 1) and XRF analysis (Table I).  

When the ammonia adsorption capacities of all samples were compared, the 
adsorption capacity of raw clinoptilolite (CLN) was somewhere in between. This 
can be attributed to the mixed cationic (i.e., Na+, K+ and Ca2+) content of the 
CLN sample and partial blockages in the channel structure that allow less passage 
of the NH3 molecule through the channels. CLN sample (4.840 mmol g–1) 
adsorbed less ammonia gas than clinoptilolite from Mud Hills, USA (5.904 mmol 
g–1)15 due to its different origin and mineral content. As seen from Table IV, 
retention of ammonia gas by Mg-CLN sample (5.372 mmol g–1) were smaller 
than MOF-177 (12.2 mmol g–1),19 In-PMOF (9.41 mmol g–1),31 silica gel 40 
(6.250 mmol g–1),15 13X (9.326 mmol g-1),15 mesoporous carbon (6.39 mmol 
g–1)17, 4A zeolite (8.71 mmol g–1)15 but were higher than those of alumina 1597 
(3.008 mmol g–1),15 faujasite dealuminated (1.77 mmol g–1)15, pentasil deal-
uminated (2.34 mmol g–1),15 activated carbon (4.19 mmol g–1),15 Cu-MOF-74 
(3.4 mmol g–1)32 and natural clinoptilolite (from Nizny, Hrabovec) treated with 
30 % H2SO4 (1.268 mmol g–1)33. It should be noted here that the structural and 
textural properties of all these synthetic materials are different from the sample of 
the present article. Although natural zeolites contain high levels of major mineral 
components, they often contain impurities in their structure. In addition, due to 
their uniform and tunable nature, synthetic zeolites generally show higher gas 
adsorption capacities than natural zeolites, but have the disadvantage of being 
more expensive than natural ones.  

The abundance and high sorption capacity of the clinoptilolite-type natural 
zeolite provide low-cost and eco-friendly solutions. For this reason, the Mg-CLN 
sample with the highest capacity can be proposed as an effective adsorbent in 
environments where ammonia gas needs to be removed, such as poultry houses. 

CONCLUSION 

Our paper presents a novel view of discussion on the effect of cation content 
on the thermal and ammonia adsorption properties of clinoptilolite-rich tuff. The 
following conclusions can be drawn from the obtained results of this study.  

                                                                                                                    

* 1 D = 3.34×10-30 C m 
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1. XRF data show that significant changes occurred in the cation content of 
the clinoptilolite following both cation exchange and acid treatment. In addition, 
the thermal behavior of the clinoptilolite was affected by the dominant cation in 
the structure.  

2. The powder XRD analysis demonstrated that treatment of clinoptilolite 
with 1.0 M HCl solutions at 90 °C for 5 h caused a partial destruction in structure 
and a significant decrease in ammonia adsorption capacity.  

3. When using different cations for modification, the amount, size and loc-
ation of the exchangeable cations in the zeolite structure were found to be more 
efficient than the extent of exchange in NH3 adsorption. For the cation 
exchanged clinoptilolites, ammonia adsorption capacity decreased with the inc-
reasing cation radii.  

4. Our study shows that Mg-CLN material exhibited the maximal ammonia 
adsorption capacity among all the clinoptilolite samples and thus this sample 
might be a good candidate for removing ammonia pollution from the environ-
ment. 
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И З В О Д  

УКЛАЊАЊЕ NH3 ПРИРОДНИМ И МОДИФИКОВАНИМ КЛИНОПТИЛОЛИТОМ 

AYTAÇ GÜNAL1 и BURCU ERDOĞAN2 

1
Eskisehir Technical University, Graduate School of Sciences, Yunusemre Campus, 26470 Tepebasi, Eskisehir, 

Turkey и 
2
Eskisehir Technical University, Faculty of Science, Department of Physics, Yunusemre Campus, 

26470 Tepebasi, Eskisehir, Turkey 

Процеси катјонске измене и киселинске активације су коришћени да би се испи-
тали ефекти различитих катјона у саставу клиноптилолита на адсорпцију амонијака. 
Термогравиметрија (ТG), диференцијална термијска анализа (DTA), дифракција X-зра-
чења (XRD), флуоресценција X-зрачења (XRF) и адсорпција азота су технике коришћене 
за карактеризацију узорака клиноптилолита. Као резултат јонске измене и киселинске 
активације, количина, тип и положај измењених катјона у структури је значајно утицао 
на термалне особине као и на ефикасност уклањања NH3. Адсорпционе изотерме за 
амонијак су добијене на 298 K и до 100 kPa волуметријски. Додатно, адсорпциони 
капацитети узорака клиноптилолита за NH3 (3,823–5,372 mmol g-1) су упоређени са 
адсорпционим капацитетима других материјала (1,77–12,2 mmol g-1) ради утврђивања 
њихових текстуралних и стуктурних разлика. 

(Примљено 10. новембра 2021, ревидирано 30. маја, прихваћено 11. јуна 2022) 
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