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Abstract  

 

Linde type J zeolite was synthesized out of kaolinite raw material through hydrothermal reactions, 

once potassium hydroxide was used as an activator. The physicochemical characteristics of the 

synthesized zeolite were surveyed by using XRD, SEM/EDX, and FT-IR analytical methods. 

Moreover, the capability of Linde Type J zeolite for ammonium ion removal from aqueous 

solutions was evaluated in the present study through batch adsorption experiments. Further, the 

ammonium ion concentration in the remnant leachates was measured making use of the 

photometry analysis. Subsequently, Langmuir, Freundlich, Temkin and Dubinin–Radushkevich 

isotherms were applied to describe the data obtained from the adsorption studies. The findings 

verified the highest R2 values of Freundlich isotherm model assuming an adsorption on the 

heterogeneous surface. Furthermore, the kinetic studies indicated the adsorption process follows 

pseudo-second-order model denoting the adsorption rate controlled by the chemical sorption. In a 

nut shell, Linde Type J zeolite, which was synthesized from raw kaolinite, demonstrated its 

brilliant performance in the process of ammonium ion sorption from aqueous solutions. This can 

guarantee the probable potential of LTJ zeolite in purification applications.   

Keyword: Kaolinite; Hydrothermal reaction; Synthesis; Linde Type J; Ammonium removal 

1. Introduction 

 

Zeolites belong to a group of abundant authigenic minerals formed from volcanic glass and 

some rock forming minerals through interacting with various aqueous solution in a great variety 
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of geochemical environments [1] and can be found in different types of occurrence namely 

hydrologically closed environments (tephra beds in saline-alkaline lakes), hydrologically open 

systems (non-marine or shallow marine environments), [2], Saline-alkaline soils [3], and 

hydrothermal alteration zones presented in geothermal areas [4]. Zeolites as crystalline 

aluminosilicates of alkali and alkaline earth elements, such as sodium, potassium, and calcium [5], 

have three-dimensional frameworks of SiO4 and AlO4 tetrahedra linked by shared oxygens. Their 

mineral framework contains openings and internal voids or channels of fixed dimensions which 

are characteristic of the individual varieties. Since their structure creates a series of interconnecting 

channels and pores accounting for over 50% of its total surface, zeolites acts as molecular sieves 

that trap and bind particles of various sizes while allowing others to pass through. Their internal 

channels are occupied by leaving water (full 50% of void volume water) [6] and they are able to 

both lose and gain water reversibly and exchange extra framework cations, without change of 

crystal structure, to keep ionic balance [7]. The large structural cavities and the entry channels 

cause them to contain water molecules, which form hydration spheres around exchangeable 

cations. These characteristics provide them exceptional absorption, adsorption and cation 

exchange capabilities. In addition, being as natural and non-toxic minerals, they provide safe and 

effective means to absorb moisture, filter toxins, increase nutrient intake and remove odors. 

Having such features are effective, environmentally friendly and of the highest possible quality, 

they can be widely applied in different industrial, environmental and agricultural fields.  

Kaolinite mainly composed of silica and alumina can be found on the surface of the earth. 

Each layer of this two-layer type of clay minerals consists of an alumina octahedral sheet and a 

silica tetrahedral sheet, sharing a common plane of oxygen atoms and repeating layers of the 

mineral [8]. The bonding between two layers is so strong and there is no interlayer swelling and 

strong bonding between Vander Waals forces and hydrogen bonds [9]. Kaolinite has been widely 

used as a source of Al and Si for zeolite synthesis. Linde Type A, X and Y zeolites, cancrinite, 

sodalite, faujasite, and several other types of zeolites have been synthesized from kaolinite [10-

13]. Zeolite LTA was synthesized after alkaline hydrothermal treatment of metakaolinite, and the 

transformation process has been investigated by two different methods: conventional hydrothermal 

synthesis and alkaline fusion followed by hydrothermal reaction [14]. Zeolite N was prepared from 

Narathiwat kaolinite (metakaolinite) hydrothermally treated with KOH, KCl, and H2O at 80, 90, 

110, and 175°C during different reaction times ranging from 2h to 24h [15]. Sodalite and 
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Cancrinite were synthesized by hydrothermal transformation of kaolinite-rich clay at 100°C [16]. 

Several zeolitic materials synthesis out of kaolinite and metakaolinite has been reported namely, 

FAU [10]; LSX zeolite [17, 18, 19]; NaY zeolite [20, 21]; JBW [22, 23, 24]; GIS [25]; zeolite Y 

[26]; Beta [27]; ZSM-5 [28]and ZSM-12 [29].  

Linde Type J zeolite as an aluminosiliacte has a unique topology, the structures of the K+ and 

NH4
+ forms of Linde J ([X2(H2O)][Si2Al2O8], where X=K or NH4) are identical except for cell size 

and positional differences due to NH4
+ being larger than K+ cations [30]. LTJ zeolite has zigzag 

8-ring channels with dimensions of 4.0×3.4, 3.8×3.3, and 5.1×3.3 in [100], [010], and [011] 

directions, respectively [31] (Fig.1). This property can be used for a wide variety of applications 

such as membrane fabrication [32] and molecular sieves for water and ion separation and 

desalination [33, 34]. This type of zeolite discovered in 1961 [35] and few reports can be found on 

its synthesis and application due to it low synthesis reproducibility. Synthesis of Nanoscale LTJ-

type has been reported as a product of rice husk silica ash under hydrothermal conditions [36]. 

Water as a source of life has a critical impact on human survival and its pollution causes major 

problem which necessitates finding resolutions through applying practical techniques to purify its 

natural sources. The most common cation presents in waters which affects health of living is NH4
+. 

In this case, there are demands increasing with regards to high quality drinking water and source 

water purification from industrial and agricultural pollutant. For the Contaminants removal 

purpose, a variety of techniques and water treatment procedures have been developed within the 

past decades such as chemical precipitation, electrodeposition, ion exchange, membrane separation 

and adsorption have been developed [37-48], among these techniques ion exchange and adsorption 

have been cost effectively used for dissolved cations removal from water. Productiveness of the 

before two techniques is widely with regards to the development of the efficient ion exchangers 

and adsorbents. In this case, clay minerals [49, 50], zeolites [51, 52] and industrial waste have been 

greatly used to remove ions and organic removal dealing with wastewater treatment. In this regard, 

zeolites among the aforementioned cases are effective ion exchangers to remove toxic metal ions, 

radionuclides and ammonium ion due to their structural and physicochemical properties; 

subsequently, their unique cation-exchange behavior [53]. In the past decade, zeolites mostly have 

been utilized to remove ammonium as well as heavy metals. Among the previous studies, zeolites 

such as GIS, SOD, CHA and FAU synthesized from kaolinite, fly ash, and natural clinker have 
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been utilized in batch reaction experiments to remove pollutants from wastewaters [53]. In the 

current research, kaolinite has been applied as starting material for synthesis of zeolites which can 

have practical adsorption or cation exchange capacities. Subsequently, synthesized products have 

been also evaluated in this research for their capacity to use as adsorbents to remove NH4
+ ion 

from artificial solutions. 

Fig. 1. Type of rings limiting LTJ zeolite channel apertures, adopted and modified from the Database of 

Zeolite Structure [31] 

 

2. Materials and methods   

2.1. Materials  

The natural kaolin, raw material, obtained from Iran China Clay company which extracts kaolin 

from Zunus kaolin deposit formed out of hydrothermal alteration of volcanic rocks, 

Trachyandesites resulting in the mineral assemblages of Kaolinite, Montmorillonite, Pyrophyllite, 

Calcite, Dolomite associated with Chlorite, Biotite, Muscovite-Illite, Anatase, Quartz and 



5 
 

Hematite and located in the east Azarbaijan province, 20 km northeast of Marand city, Iran. 

Potassium hydroxide (Merck, Index-number.019-002-00-8) as an alkaline activator and 

Aluminum Chloride (Merck, Index number 201-705-8) were used to control the alkalinity and to 

adjust the aluminum content of hydrothermal solutions, respectively. Ammonium Chloride (Sigma 

Aldrich, CAS:12125-02-9) in this research also was used to provide artificial ammonium solutions. 

Chemical formulas, suppliers and purity of the materials used in this study have been presented in 

Table 1.  

 

 

Table 1. Chemical formulas, suppliers and purity of materials 

purity supplier chemical formula Materials 

Aluminosilicate 

 Iranian china clay 

company 
4(OH)5O2Si2Al Kaolinite 

Mineralizer 

extra 

pure 

Merck EC-Index-

N.019-002-00-8 
KOH 

Potassium 

hydroxide 

extra 

pure 

Merck EG-Nr./EC-

No.201-705-8 
O2.6H3AlCl 

Aluminum 

chloride 

Chemical reagent 

≥95% Sigma Aldrich, , 
CAS:12125-02-9   

NH4Cl 
Ammonium 

Chloride 

Solvent 

 Standard 

purification method 
O2H Distilled water 

 

2.2. Characterization techniques 

In this study raw material (kaolinite) as well as synthetic products have been characterized 

using different analytical methods. Since each analysis technique typically probes just one specific 

aspect of the material, a combination of methods must be used to obtain an accurate description of 

both starting materials and synthesis products.  

2.2.1. X-ray fluorescence spectrometry 

 The bulk chemical composition of the initial material, kaolinite, was evaluated by using XRF 

spectrometer, PANalytical Energy-dispersive (PANanalytical Epsilon 3XL): Inlet pressure: 0.8 

bar; Gas purity; 99.996%; Gas consumption: 0.5 l/min; Operating ambient temperature: 5-35° C; 

Type of sample: powder (loose and pressed), fused beads, metals, liquids, films, large sample; 

Sample size: solids 27-51.5 mm diameter and height 10 cm max; typically, 10 ml or mg of liquid 

or powder in a sample cup; Spinner: included; X-ray tube: type: metal-ceramic, side-window; 
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Anode materials: Rh, Ag, Mo; Tube settings: Software controlled, max. voltage 50kV, max. 3mA; 

Tube filters: Six, software selectable; Detector: high resolution Si-drift detector; Electrical 

specifications: main supply voltage: 90-264 V; Frequency: 47-63 Hz; power consumption: 250 

VA; HT generator power: Max. 15 W. 

2.2.2. X-ray Diffraction Analysis 

 The crystalline structure of both starting material and synthetic products and their precise 

mineralogy was identified by XRD (PANalytical Empyrean, multipurpose X-ray diffractometer 

with the following testing parameters: Goniometer: Theta/Theta; Minimum step size: 

2Theta:0.0001; Minimum step size Omega:0.0001; Scan Axis: Gonio; Start Position 

[°2Th.]:5.0064; End Position [°2Th.]: 79.9904; Step Size [°2Th.]: 0.0130; Scan Step Time 

[s]:8.6700; Scan Type: Continuous; PSD Mode: Scanning; PSD Length [°2Th.]: 3.35; Offset 

[°2Th.]: 0.0000; Divergence Slit Type: Automatic; Irradiated Length [mm]: 15.00; Specimen 

Length [mm]: 10.00; Measurement Temperature [°C]: 25.00; Anode Material: Cu; K-Alpha1 [Å]: 

1.54060; K-Alpha2 [Å]: 1.54443; K-Beta [Å]: 1.39225; K-A2 / K-A1 Ratio: 0.50000; Generator 

Settings: 40 mA, 40 kV material and synthesis products were crushed with agate mortar and pestle, 

ground to powder form (<5μm) and mounted in aluminum plate sample holders with a volume of 

0.1 cm3. 

2.2.3. Scanning Electron Microscopy  

The morphology of the initial material and synthetic products was characterized using the 

instrument Scanning Electron Microscope (SEM) (ZEISS EVO50) under the following analytical 

conditions: General: inclined detectors and conical objective lens; Acceleration Voltage: 0.2 to 

30kV; Magnification: 5 to 1,000,000x; Field of View: 6mm at Analytical Working Distance 

(AWD); X-ray Analysis: 8.5 mm AWD and 35° take-off angle; Specimen Stage:  X: 100 mm; Y: 

55 mm; Image Processing: Resolution: up to 3072 × 2304 pixel; Signal acquisition by integrating 

and averaging; Image Display: Single flicker-free XVGA monitor with SEM image displayed at 

1024 × 768 pixel; Utility requirements: 100 – 240V, 50 or 60 Hz single phase. Specimens were 

prepared by spraying dried starting material also synthetic materials powder onto aluminum stubs 

using double-sided adhesive carbon discs and then observing under SEM conditions. Sample 

preparation for EDX analysis is in a similar way to SEM. 
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2.2.4. (FT-IR) Spectroscopy 

 The framework quality of the starting material and synthetic products was identified by the 

application of Fourier Transform Infrared spectrometer using a Bruker Alpha FT-IR with the 

speciation of Special range: 375 – 7,500 cm-1, with standard KBr beam splitter; 500 – 6,000 cm-1; 

Signal - to- noise ratio: typically, >50,000:1 (1 min measurement time, spectral resolution 4 cm-1); 

Spectral resolution:  better than 2 cm-1, optional better than 0.8 cm-1 resolution freely; adjustable 

from 0.8 cm-1 to 256 cm-1; Temperature stability 100% line: <1% per °C; Available measurement 

Transmission: KBr pellet holder; ATR: diamond, ZnSe and Ge crystals; Spectrometer power: 100 

- 240 VAC, 50 - 60 Hz, 20 W (low energy consumption). FT-IR spectra of initial material and 

synthetic products were recorded in the range 4000-400 cm-1 in a transmission mode. Powdered 

samples were sieved to give a particle size < 5μm and then placed onto the diamond ATR crystal 

surface. Finally, a force was applied to the sample spectrum collection. 

2.2.5. Photometry-Palintest 

Concentration of NH4
+ ion of the final leachates was obtained through photometric testing 

principles introduced based on the absorption or scattering of measured intensity of incident light 

compared to the light intensity reaching the detector and was measured by a dual light photometer 

(Photometer 7100-Palintest) offering direct reading of programmed test calibrations, absorbance 

and transmittance and having technical specifications of 450nm, 500nm, 550nm, 600nm, 650nm 

wavelengths; accuracy: ±1.0% T; test name: Nitrite (Nitricol); measurement range: 0-0.5 mg/L N; 

starter pack (50 test): PM109; the choice of results expressed: mg/l, ppm, mmol/l, µmol, g/l and 

µg/l; maximum dilution factor permitted: 99. In the process of this analysis, assuming a suitable 

blank has been recorded, the next step is to carry out the reading step preparing a sample cuvette 

containing almost10 ml of leachate ensuring it is clean and dry and oriented correctly using the 

location mark then pressing the button OK to begin the measurement and determine the absorbance 

due to the sample color at all wavelengths simultaneously and store in temporary memory for use 

in the analysis.   

2.3. Experimental procedures 

 

2.3.1. Synthesis method 

The hydrothermal experiments carried out applying different concentrations of alkaline 

reagent [54], which was prepared by dissolving KOH pellets, as activating agent, in distilled water 
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to produce solution with determined concentration (2, 4, 6N). Furthermore, 6g of kaolinite was 

added to the prepared KOH solution and the mixture of raw material and activator solution (KOH) 

was stirred for 30 minutes. Then, AlCl3.6H2O solution (1, 2, 3N) was added to the mixture and 

stirred once again for 30 minutes to form a homogeneous reaction gel. Subsequently, the reaction 

mixture was poured into a Teflon-lined hydrothermal autoclave and was put in a temperature-

controlled oven, under static conditions. Then, after the determined period of time, the mixture 

was filtered and rinsed with distilled water several times. Eventually, final mixture was dried 

overnight at 80°C then powdered and was put in a plastic sealable bag for further analyses. The 

preparation of reaction gel for the hydrothermal experiments was tested at all temperatures, 100, 

140, and 180°C and reaction times of 96, 120, and 144hours. The pH value of the total mixture of 

these series of experiments was also measured and showed to change between 13 to 14 depending 

upon the concentration of activator solution (KOH solution). 

 

2.3.2. Batch adsorption experiments 

A series of batch adsorption experiments were carried out at room temperature for evaluation 

of synthesized zeolite’s adsorptive properties. Correspondingly, Linde Type J zeolite was 

investigated for its capability to remove NH4
+ ion from artificial 0.01M ammonium solution, 

within various periods of contact time, 1, 2, 4, 8, 12, and 24 hours. Furthermore, the photometry 

method, Palintest, was used to quantify the concentrations of NH4
+ ion in resulting filtrates.   

3. Results and discussion 

 

3.1. Physiochemical characteristics of kaolinite 

 

The bulk chemical composition of primary material kaolin clay which is exactly dependent 

on its original bulk chemical composition was characterized by the application of XRF (Table 2). 

 

 

 

  



9 
 

Table 2. Chemical composition of the kaolinite determined by XRF 

 

 

Note: *LOI: Loss-on-Ignition 

 

The bulk chemical composition of starting material applied for this research was characterized 

by X-ray fluorescence spectrometry, (XRF), used as a standard method to measure the 

concentration of elements present in kaolinite. The chemical composition of kaolinite shown in 

Table 2 contains, 63.368wt% SiO2 and 24.167wt% Al2O3 with SiO2/Al2O3 ratio of 2.62, comparing 

to the kaolinite sample used in an experimental study [53] with 46.44wt% and 38.80%, SiO2 and 

Al2O3 respectively and SiO2/Al2O3 ratio of 1.19.  

 

 

 

kaolinite 

component amount (wt%) 

SiO2 63.368  

Al2O3 24.167  

Fe2O3 0.766  

CaO  2.321  

MgO  6.738  

P2O5 0.359  

K2O  0.628  

SO3 0.00  

As 0.0049  

Ba 0.0171  

Ce 0.00  

Cl 0.123  

Cr -- 

Cu 0.00212  

Eu 0.00205  

Ga 0.00324  

Ir 0.00016  

Mn 0.01781  

Nd 0.00012  

Ni -- 

Pb 0.00511  

Rb 0.00262  

Re 0.00073  

Sn 0.00253  

Sr 0.05467  

Ti 0.02128  

V -- 

Zn 0.00463  

Zr 0.0036  

LOI* 1.387  
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Fig. 2. XRD pattern of Kaolinite (starting material) 

 

The powder X-ray diffraction pattern (Fig. 2) indicated kaolinite as the major phase of starting 

material associated with quartz as minor phase comparing to a research using raw material 

composed of kaolinite with minor impurities of illite, muscovite, and halloysite [16].  
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Fig. 3. SEM images (a, b) of Kaolinite (starting material) 

  

The morphology of the kaolinite (Fig.3) illustrated loosely stacked hexagonal flakes of 

crystalline phase of kaolinite constituting a great amount of starting material used in the current 

study. In this respect, kaolinite morphology can be shown as sheets packing together to form 

agglomerates confirming shape of raw material recently studied by researchers [55] or almost 

being similar to the microstructure of raw material applied in some studies with plate-like particles 

[56].  

The FTIR spectrum regarding kaolinite (Fig.4) showed the absorption bands at 531, 687, 749, 

795 cm-1 were ascribed to Si-O-Al stretching vibrations. In this case, some researchers have also 

confirmed that the absorption bands at 530, 747 and 787 cm-1 are related to stretching vibrations 

of Si-O-Al [57]. The absorption bands revealed in this research at 911 and 942 cm-1 were related 

to Al-OH stretching vibration and OH bending vibration, respectively. Also, based on some 

researches [58], the absorption bands at 916 and 942 cm-1 can be ascribed to structural OH 

vibrations and surface OH vibrations respectively. Absorption in the region appearing at 426, 457, 

1001, 1024 and 1106 cm-1 were attributed to Si-O stretching vibration. When, according to some 

studies [59] the absorption bands at 1012 and 1034 cm-1 are related to Si-O-Si and Si-O-Al 

framework vibrations. The band revealed at 3619 cm-1 was related to OH present in the kaolinite 

framework, and those can be observed at 3645 and 3689 cm-1 were ascribed to OH stretching 

vibration on surface of kaolinite. In this regard, according to researchers [60], absorption region at 

3620 cm-1 is attributed to inner OH present in the kaolinite framework and those at 3645, 3669 and 
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3697 cm-1 are related to stretching vibration of surface OH. Depending upon previous studies [53], 

the absorption bands at 3619 and 3692 cm-1 are OH stretching vibrations, the band which most 

researchers also observed [61-64], however, this absorption region were not observed by a few 

scientists [65]. 

Fig. 4. FT-IR pattern of Kaolinite (starting material) 

3.2. Hydrothermal synthesized products  

Products synthesized through the hydrothermal process using KOH activator are listed in 

Table 3.  

Table 3. Products hydrothermally synthesized with various concentrations of KOH and AlCl3·6H2O  

Note: aQz: Quartz; bGbs: Gibbsite; cBhm: Boehmite; dMs: Muscovite; and eLTJ: Linde Type J 

 

The synthesis results verified formation of quartz accompanied by gibbsite as mineral 

assemblage in various concentrations of both activator, KOH (2, 4, and 6N), and aluminum 

KOH(g) K+ (N) AlCl3.6H2O(g) Al+3 (N) temperature time products 

3.08 2 2.23 1 100 96 Qza, Gbsb 

3.08 2 2.23 1 140 120 Qz, Gbs 

3.08 2 2.23 1 180 144 Qz, Gbs 

6.16 4 4.46 2 100 96 Qz, Gbs 

6.16 4 4.46 2 140 120 Qz, Gbs 

6.16 4 4.46 2 180 144 Qz, Ms 

9.24 6 6.69 3 100 96 Qz, Gbs 

9.24 6 6.69 3 140 120 Qz, Bhmc, 

Msd 9.24 6 6.69 3 180 144 LTJe 
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chloride, AlCl3.6H2O (1, 2, and 3N), at 100°C in low, medium, and high concentration, at 140°C 

in low and medium concentration, also at 180°C in low concentration. Whereas, at 140°C, quartz, 

boehmite, as an aluminum oxyhydroxide polymorph, also muscovite were the mineral assemblages 

in higher concentration. Nevertheless, quartz and muscovite were formed at 180°C in medium 

concentration when Linde J was synthesized in high concentration of both KOH and AlCl3.6H2O, 

at the same temperature of 180°C. Synthesis of zeolite Linde Type J has been reported also in the 

aforementioned study [36] performed using rice husk ash as starting material which burned in a 

muffle furnace at 600°C for 10 hours to obtained white amorphous powder then to make a clear 

silicate solution, KOH pellets was added under continues stirring, then aluminum hydroxide added 

to prepare the final mixture; subsequently, the crystallization occurred when the mixture put at 

100°C for 30 hours, under hydrothermal conditions.  

Regarding the presence of boehmite as the hydrothermal process product, boehmite can be 

prepared by solid state thermal transformation of gibbsite, which as the predominant constituent 

of bauxite and laterites can be naturally occurred in association with boehmite, and diaspore as the 

minor constituents in many bauxite deposits [66], as the major source of aluminum [67-73]. 

According to Rocha [74], boehmite was prepared from a commercial Bayer gibbsite by a 

hydrothermal treatment carried out at 160°C in distilled water in an acidic aqueous solution, with 

reaction times changed between 24 h and 168 h. Furthermore, Denigres et al. [75] conducted an 

experimental study on boehmite synthesis from gibbsite through a hydrothermal process 

performed at 160°C. They investigated formation of boehmite crystals affecting by factors such as 

pH and presence of the acetate anion. Depending upon their results, the absence of the acetate 

anion in the reaction medium at initial alkaline pH favors the formation of crystals with “near 3D” 

dimension; the presence of the acetate anion in the initial alkaline medium caused formation of 

thick plates (near “2D”), and the presence of acetate anion in the reaction medium with an initial 

acid pH led to formation of boehmite crystals with elongated shape (near “1D”).  
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3.3. Physiochemical characteristics of pure synthesized product, including data XRD, FT-IR, 

SEM 

 

With regard to the synthetic product (Fig. 5), the pure phase of zeolite Linde Type J was 

identified which hydrothermally formed through heating starting material up to 180°C, for 144 

hours.   

Fig. 5. XRD pattern of LTJ (synthesized zeolite) 

 

Subsequently, zeolite Linde Type J (Fig.6) demonstrated as cuboid rectangular crystal 

structure which also identified in a research [36] where synthesized as nanocrystals with 

rectangular cuboid shape with rounded corners. 
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Fig. 6. SEM images (a, b, c, d) of LTJ (synthesized zeolite) 

 

 

The synthesized zeolite LTJ elemental composition was also probed by application of SEM-

EDX analysis (Fig. 7).  The obtained results demonstrated the weight percent of Si, Al, and K 

changed from minimum to the optimum amount as 13.09-13.56wt%, 10.38-11.15wt%, and 11.55-

21.45wt%, respectively. In this regard, the average elemental composition of a zeolite NaA 

synthesized from rice husk and aluminum scrap through different procedures considering initial 

hydrogel [76] verified changes of Si, Al, and Na as 11.6-12.4wt%, 10.5-11.1wt%, and 10.5-

11.2wt%, respectively.  
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Fig. 7. SEM-EDX analysis of LTJ (synthesized zeolite) 

The infrared spectrum of Linde Type J (Fig. 8) demonstrated adsorption bands at 427 and 473 

cm-1 which were related to TO4 bending vibrations when at 560 cm-1 was an absorption region 

indicating zigzag 8-membered rings which are present in structure of LTJ. Vibrations at 665, 695, 

733 and 762 cm-1 were ascribed to T-O-T symmetrical stretch that are also substantiated by other 

researchers [77]. The three absorption regions revealed at 988, 1037 and 1084 cm-1 were related to 

inner vibrations of Si-O-T, asymmetrical stretching vibrations [78]. In this regard, depending upon 

some studies [36] bending vibrations at 425 cm-1 and absorption region located at 558 cm-1 

represent secondary unit of zigzag 8-membered rings constituting the zeolite J framework. The 

vibrations at 656, 695 and 760 cm-1 are attributed to symmetrical stretching vibrations of T-O-T. 

Also, absorption regions at 986, 1036 and 1083 cm-1 are related to structural vibrations of Si-O-T. 
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Fig. 8. FT-IR pattern of LTJ (synthesized zeolite) 

 

 

3.4. Investigation of batch experiments results  

The removal percentage of ammonium ion can be calculated through following equation [79], 

(Eq.1):  

Removal (%)=(C0-Ce)/C0 × 100                                                                                                   (1)                                                                                            

Where C0 and Ce (mg L-1) are the initial and equilibrium concentrations of the ammonium ion 

in solution.  

The data related to the ammonium ion removal percentage are presented in Table 4.  

Table 4. Percentage of NH4
+ ion removal from 0.01M solutions, using LTJ zeolite 

Pure zeolite Time (h) Removal% Ammonium (mg l-1) 

Linde J 

1 99.840 0.7 

2 99.817 0.8 

4 99.829 0.75 

8 99.815 0.81 

12 99.863 0.6 

24 99.863 0.6 
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With regard to the batch experiments results (Table 4), being exposed to 0.01M solutions, the 

LTJ zeolite rapidly adsorbed a great amount of ammonium, and displayed almost 99.84% of total 

adsorption capacity, within the first 1 hour. The adsorption process further was progressed slowly 

until equilibrium state appearing to be obtained up to 24 hours. It can be concluded that, the process 

of NH4
+ ion adsorption includes fast, slow, and equilibrium stages. During the first stage, within 1 

hour, there is an increase in the adsorption rate. In the second stage, after 1 hour, the adsorption 

rate demonstrates slowing down. The last stage denotes the equilibrium of adsorption revealing to 

be obtained up to 24 hours. In this issue, through a research performed on investigation of the 

capacity of zeolites synthesized from fly ash and natural clinker for ammonium removal from acid 

mine drainage [53], Faujasite showed an increase in ammonium removal after 5 or 10 minutes then 

demonstrated an abrupt decrease to lower concentration and becoming stable after 30 minutes.  

3.5. Evaluation of ammonium adsorption progress  

There is a direct relationship between time period and adsorption rate. At first, the rate of 

adsorption is slightly high when numerous active sorption sites are available on the sorbent surface.  

These sites are going to be saturated through time passage. Then the adsorption rate is controlled 

by the ratio of sorbate transfer from the external sites to the inner active sites of the sorbent.  As 

time elapses, the adsorption rate reduces. This can be attributed to applying more sorption sites of 

the sorbent, which leads to quickly establishing equilibrium.    

Otherwise, the physicochemical properties of the Linde Type J, such as ion exchange, 

assigning to framework structure, type of ion present as exchangeable ion in its ionic network, 

shape and size of the ion in the solution can affect its behavior in adsorption process.   

Considering the above points and according to the obtained results, ammonium ion can be 

adsorbed in the highest amount within the first one hour. The adsorbed amount decreases over 

time, 2, 4, 8, and 12 h to 24 h, when the equilibrium state is achieved.  

The adsorption might be proceeded by an ion exchange process, through which K+ serves as 

an exchangeable ion in zeolite type J framework structure. Being able to exchange ions causes 

zeolite Linde Type J to be used in uptake process of ions like NH4 as following process [80, 81], 

(Eq. 2).  

NH4
+ (s) + K+ (z) = NH4

+ (z) +K+ (s)                                                                                              (2) 

Where (s) and (z) stand for solution and zeolite Type J, respectively.  
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So that, the uptake of ammonium is mainly attributed to ion exchange process. In fact, the 

phenomenon of loading ammonium ion involves following steps: (1) fast ammonium intake 

appertaining to the ion exchange in the micropores on the microcrystal surfaces of the adsorbent 

Linde Type J, (2) an inversion of ion exchange occurred due to the counter diffusion of 

exchangeable cation, (3) adsorption of ammonium ion at a much slower rate compared to the first 

hour [82, 83].  

Experimentally considering, the surface sorbent charge and its NH4
+ removal expediency may 

impact by various factors. In this case, the alkalinity of sorbent leaves cations such as Na, K, and 

Ca in the treated waters. These cations may compete with NH4
+ for adsorption sites; accordingly 

decrease the accessible exchangeable sites for ammonium ion as presented by several researchers 

[84-86]. Nevertheless, the fluctuations in the adsorption amount of NH4
+ can be explain as an 

increase in the ammonium concentration which reflects the bacterial degradation of the residual 

organic material can be found in raw material kaolinite and its synthesized zeolite; while a decline 

may be the result of ion-exchange reactions with sorbents [53].  

3.6. Adsorption Isotherms 

In this study, Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich isotherms as two-

parameter models [87-91] were used in modeling the adsorption data. 

3.6.1. Langmuir Isotherm 

Langmuir isotherm, describing the capacity of monolayer formed between a homogeneous 

surface area and the adjacent adsorbent, is based on the assumption that there is a finite number of 

active sites which are homogeneously distributed over the surface of the adsorbent [92]. This 

isotherm accounts for the surface coverage by balancing the relative rates of adsorption and its 

equation can be written in the linear form as following [93], (Eq. 3):  

Ce/qe=1/qmKL+Ce/qm                                                                                                                         (3)             

Where, qe is the amount of adsorbate adsorbed on the adsorbent surface at equilibrium (mg g-

1), Ce is concentration of adsorbate at equilibrium (mg L-1), KL is Langmuir constant related to 

adsorption capacity (mg g-1), and qm is maximum monolayer coverage capacity (mg g-1). 

3.6.2. Freundlich Isotherm 

The Freundlich isotherm model is used for heterogeneous surface energy systems and for 

description of multilayer adsorption with interaction between adsorbed molecules [94]. This 
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isotherm is not restricted to the formation of a monolayer [95]. The linear form of the Freundlich 

is presented as follows [96, 97], (Eq. 4):  

log qe= log KF+1/n log Ce                                                                                                                       (4)    

Where KF is adsorption capacity (L mg-1) and 1/n is adsorption intensity indicating the relative 

distribution of the energy and the heterogeneity of the adsorption sites. 

3.6.3. Dubinin-Radushkevich Isotherm 

Dubinin-Radushkevich isotherm model is generally applied to express adsorption onto 

heterogeneous surfaces [98] and considers that the adsorption equilibrium relation for a given 

adsorbate-adsorbent combination can be expressed independently of temperature by using the 

adsorption potential (ε) [99]. The D-R isotherm model was used in current study to analyze the 

equilibrium data and its linear form can be expressed as following equation [100], (Eq. 5):     

ln qe=ln qDR-BD Ꜫ2                                                                                                                                      (5) 

Where Ꜫ is Polanyi potential, qDR is the theoretical monolayer sorption capacity (mg g-1), BD 

is the constant of adsorption energy (mol2 KJ-2), and The apparent energy of adsorption from 

Dubinin-Radushkevich model can be computed using the following relationship (Eq. 6): 

𝐸 =
1

√2𝐵𝐷
                                                                                                                                          (6) 

3.6.4. Temkin Isotherm  

The Temkin isotherm model also describes the adsorption-adsorbent interaction [101]. This 

model is assumed that the heat of adsorption of all molecules in layer decreases linearly as a result 

of increase surface coverage and as implied in its equation, derivation is characterized by a uniform 

distribution of binding energies [102]. Temkin linearized equation is given as following (Eq. 7):  

qe=RT/b lnKT + RT/b lnCe                                                                                                                (7) 

Where R is the universe gas constant (8.314 J moL-1K-1), T is absolute temperature, b is 

Temkin constant which is related to the heat of adsorption (J mol-1) and KT is Temkin isotherm 

constant (L g-1).  

 

The values of correlation coefficient and constants of Langmuir, Freundlich, Dubinin-

Radushkevich, and Temkin isotherm models are summarized in Table 5. 
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Table 5. Model parameters and correlation coefficients for adsorption isotherms  

 

The Langmuir and Freundlich, Dubinin-Radushkevich, and Temkin adsorption models were 

applied to the data obtained from batch studies. Freundlich isotherm assuming to be a multilayer 

adsorption on a heterogeneous surface with an unequal distribution of adsorption energy over the 

surface [103, 104], gave a more adequate value of correlation coefficient compared to those for 

other isotherm models. In this case, considering the point that the larger correlation coefficients 

(R2) values are better [105], the obtained data indicated the suitability of fit satisfactorily 

represented by the Freundlich model. So that, the Freundlich model provided the best fit of 

adsorption isotherms for NH4
+ ion with correlation coefficient value of 0.9986. The value of 1/n 

as a heterogeneity parameter [106] calculated as 0.158 which is below one. On this issue, the 

greater heterogeneity can be expected from the smaller value of 1/n [107]. Subsequently, the 

obtained 1/n indicates a normal favorable adsorption in current study.   

Moreover, based on the D-R isotherm model, adsorption mean free energy for ammonium 

removal by Linde Type J was found to be approximately 13.542 kJ mol-1, which lies within the 

range of 8-16 kJ mol-1 for the ion exchange process [108], indicating that ammonium is adsorbed 

by zeolite Linde Type J predominantly by chemisorption process. According to the obtained 

parameters of the Temkin Isotherm model, the heat of sorption process was 6.278 J mol-1.  

 

A summary of the calculated parameters and correlation coefficients based on the adsorption 

isotherms for NH4
+ ion adsorption is presented in the following (Table 6).  

 

Table 6. Summary of calculated parameters and correlation coefficients for ammonium ion removal 

Model parameters and correlation coefficients 

Adsorbent NH4
+ solutions (0.01M) 

Linde J 

Dubinin-Radushkevich Temkin 

qD (mg g-1) E (kJ mol -1) R2 KT B R2 

45.248 13.542 0.9576 1.063 6.278 0.9947 

 Langmuir Isotherm Freundlich Isotherm 

qm (mg g-1) KL  R2 KF 1/n R2 

51.971 0.182 0.9947 2.726 0.158 0.9986 

Calculated parameters and correlation coefficients for NH4
+ ion removal 

References Adsorbent C0 (mg l-1) t (h) 
Langmuir Isotherm Freundlich Isotherm 

qm  KL R2 KF 1/n R2 
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The patterns regarding adsorption isotherm models for ammonium ion removal are displayed 

in the following (Fig.9). 

Fig. 9. Plots of (a) Langmuir, (b) Freundlich, (c) D-R, and (d) Temkin isotherm models  

  

3.7. Adsorption kinetics 

In the present study, pseudo-first-order and pseudo-second-order kinetic models were 

employed to examine the controlling mechanism of adsorption, since they provide information 

required to understand the dynamic interactions of adsorbates with adsorbents and predict their 

rate with time [116].  

Current 

study 
Linde J 0.01 1-24 51.971 0.182 0.9947 2.726 0.158 0.9986 

     [109] 4A Zeolite  5-300 4 53.11 0.028 0.954 3.95 0.466 0.998 

 [110] Clinoptilolite 5-400 24 11.652 0.636 0.996 2.510 4.081 0.959 

 [111] Biochar  3.15-25 1.5 4.251 0.260 0.98 0.822 0.616 0.99 

 [112] Clinoptilolite 30-250 4 16.163 0.052 0.973 1.961 0.434 0.987 

 [113] Clinoptilolite 175 1 7.85 0.063 0.998 1.88 0.273 0.899 

 [114] Zeolite NaY 50 2 42.37 0.034 0.996 3.15 0.467 0.909 

 [115] Clinoptilolite  90-3610 2 11.52 0.022 0.957 2.81 0.19 0.931 



23 
 

3.7.1. Pseudo-first-order 

The pseudo-first-order is written as the following equation [117], (Eq. 8):  

ln (qe-qt)=ln qe-K1t                                                                                                                       (8)                   

Where qe and qt (mg g-1) represent the amount of adsorbate adsorbed at equilibrium and at 

given time t, respectively, and K1 is the rate constant of pseudo-first-order kinetic model. 

3.7.2. Pseudo-second-order 

The pseudo-second-order equation can be written as following (Eq. 9): 

t/qt=1/K2qe
2+1/qet                                                                                                                         (9)                         

Where qe (mg g-1) is the quantity of adsorbate at equilibrium, qt is the adsorbed amount at a 

given interval (t), while K2 is constant rate calculated from straight-line plot of the above equation 

[118].  

The kinetics data can be described by the pattern of pseudo-first-order kinetic model depicted 

through the plot of ln(qe-qt) versus t; as well as, the plot of t/qt versus t for pseudo-second-order 

kinetic model [119]. 

The calculated parameters of the pseudo-first-order and pseudo-second-order kinetic models 

are presented in Table 7. 

Table 7. Parameters calculated for Pseudo-First-Order and Pseudo-Second-Order kinetic models 

 

The results confirmed that the pseudo-second-order model is suitable for describing the 

adsorption kinetics, with correlation coefficient (R2) value of 0.9925. Accordingly, the pseudo-

second-order model can be used to predict the kinetic process for NH4
+ ion adsorption by Linde 

Type J. So that, the adsorption behavior relies on chemisorption as the rate-limiting step [120].  

The plots depicted for Pseudo-First-Order and Pseudo-Second-Order kinetic models are 

demonstrated in the following (Fig.10). 

Kinetic model parameters 

Adsorbent NH4
+ solutions (0.01M) 

Linde J 

Pseudo-first-order model Pseudo-second-order model 

K1 qe (mg g-1) R2 K2 qe (mg g-1) R2 

0.026 4.073 0.263 0.573 4.920 0.9925 
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Fig.10. Plots of (a) Pseudo-First-Order (PFO), and (b) Pseudo-Second-Order (PSO) kinetic models 

 

4. Conclusions 

Linde Type J zeolite was successfully synthesized as a pure phase from kaolinite applying 

hydrothermal method, making use of potassium hydroxide activator. This sheds light on the 

possibility of synthesis of LTJ zeolite out of raw kaolinite and suggests focusing on using untreated 

primary materials in such studies.    

The present work evaluated the potential of Linde Type J zeolite for ammonium ion removal 

from aqueous solutions, as well. Accordingly, a set of batch experiments were carried out at room 

temperature using the pure Linde Type J zeolite as sorbent exposing to artificial ammonium 

solutions. The obtained results demonstrated the great adsorption capacity of this pure zeolite, 

considering the percent of the adsorbed NH4
+ ions changed within 99.80-99.86%. 

The adsorption data were described by Langmuir, Freundlich, Tempkin, and Dubinin-

Radushkevich isotherm models. Among these isotherms, Frendlich model revealed the greatest 

fitness to the adsorption data. This indicates the multisite adsorption verifying the heterogeneous 

sorbent surface. The kinetic studies also confirmed the pseudo-second-order as the best kinetic 

model to describe the adsorption rates. This substantiates the chemisorption as rate limiting step.  

To sum up, Linde Type J zeolite can be a profitable sorbent for ammonium ion removal from 

wastewaters. It is highly recommended to investigate LTJ zeolite potential for heavy metal ions 

removal from industrial effluents, in further studies.  
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Table Captions 

Table 1 Chemical formulas, suppliers and purity of materials 

Table 2 Chemical composition of the kaolinite determined by XRF 

Table 3 Products hydrothermally synthesized with various concentrations of KOH and AlCl3·6H2O  

Table 4 Percentage of NH4
+ ion removal from 0.01M solutions, using LTJ zeolite  

Table 5 Model parameters and correlation coefficients for adsorption isotherms  

Table 6 Summary of calculated parameters and correlation coefficients for ammonium ion removal 

Table 7 Parameters calculated for Pseudo-First-Order and Pseudo-Second-Order kinetic models 

 

 

 

Figure Captions 

Fig 1. Type of rings limiting LTJ zeolite channel apertures, adopted and modified from the Database of 

Zeolite Structure [31] 

Fig 2. XRD pattern of Kaolinite (starting material) 

Fig 3. SEM images (a, b) of Kaolinite (starting material)  

Fig 4. FT-IR pattern of Kaolinite (starting material) 

Fig 5. XRD pattern of LTJ (synthesized zeolite) 

Fig 6. SEM images (a, b, c, d) of LTJ (synthesized zeolite)  

Fig 7. SEM-EDX analysis of LTJ (synthesized zeolite) 

Fig 8. FT-IR pattern of LTJ (synthesized zeolite) 

Fig 9. Plots of (a) Langmuir, (b) Freundlich, (c) D-R, and (d) Temkin isotherm models  

Fig 10. Plots of (a) Pseudo-First-Order (PFO), and (b) Pseudo-Second-Order (PSO) kinetic models 
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