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Although zeolite N (��������	��
�����. ���
) is used commercially for the 

removal and recovery of ammoniacal nitrogen from wastewater, it has received 

limited attention in academic literature.  The hypothesis was that if an improved 

understanding of zeolite N synthesis and resultant physical parameters and 

performance can be acquired, then the application of this material may be 

accelerated.  This study successfully addressed existing research challenges including: 

maximizing the cation exchange capacity (CEC); selection of preferred synthesis 

conditions; control of the size, shape, and dispersion of zeolite N crystals; and 

improvement of ion exchange properties.  Zeolite N was hydrothermally synthesised 

from kaolin clay added to solutions of potassium hydroxide and potassium chloride 

in a “one pot” process.  CEC values increased to 563 meq/100 g (c.f. 528 meq/100 g in 

previous literature).  Reaction between 120 and 140 
o
C for 2 to 4 h under static 



conditions was preferred as higher temperatures (180 
o
C) produced kalsilite.  The 

KOH molarity (1.2 to 4.3 M) controlled the average zeolite crystal size, dispersion, 

and crystal shape; with highest molarity values optimal.  Whereas, added KCl acted 

as a template which promoted zeolite N formation.  Removal of KCl resulted in 

creation of zeolite F (���(
�)������	��
��. ����
) which also belonged to the EDI 

structural type.  Ammonium ion exchange from aqueous solution was improved 

when diffusion restrictions were eased; as evidenced by using smaller zeolite crystals 

which were highly dispersed and not agglomerated.  Not only was a greater cation 

capacity recorded but also the time to reach equilibrium was increased.   
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1. Introduction 

Population growth, agriculture and food production generate nitrogen compounds, in 

particular ammoniacal nitrogen (ammonia and/or ammonium), that in sufficient 

concentration can promote eutrophication of water bodies [1, 2].  Consequently, there 

is a need to control emissions of ammoniacal nitrogen and preferably recover 

ammoniacal nitrogen [3].  Sustainable methods to recover ammoniacal nitrogen from 

wastewater include air stripping coupled with capture using acids [4], biological [5], 

electrochemical [6], struvite precipitation, and ion exchange [7, 8].  Ion exchange 

inherently recovers ammonium ions and is a relatively simple and inexpensive 

technique [7].  Synthetic resins have been examined to determine their potential for 

ammonium recovery from wastewater [7].  However, problems with ammonium 

selectivity have hindered the implementation of resin technology [9].  Alternatively, 

natural zeolites have been the subject of numerous studies in relation to their ability to 

exchange ammonium ions from aqueous samples [1, 10].  Nevertheless, natural 

zeolites have not found widespread commercial use for ammonium removal from 

water or wastewater. This situation is primarily due to problems associated with 

limited operational capacity for ammonium ions [11].  Synthetic zeolites are therefore 

attractive for ammonium recovery because they exhibit higher capacities for 

ammonium exchange and greater control of selectivity is possible [12, 13].   

 

In terms of synthetic zeolite options, zeolite N (which belongs to the EDI zeolite 

framework type) has been commercialized for removal and recovery of ammonium 

ions from landfill leachate [14].  Zeolite N is a potassium-rich zeolite described by the 

following chemical formula: K12Al10Si10O40Cl28H2O.  Zeolite N was first synthesized from 



gels under static hydrothermal conditions at high temperatures and long residence 

times [15].  Zeolite N has also been known by the term zeolite K-F(Cl) [16].  Christensen 

and Fjellvåg published a detailed structural analysis of zeolite N using high resolution 

X-ray and neutron diffraction which indicated that the structure was pseudo tetragonal 

[17].  Interestingly, non-framework potassium and chloride ions were identified; 

wherein each chloride ion was coordinated with 6 potassium ions.  Further studies of 

the dehydration behaviour of zeolite N revealed that removal of water was complete 

when heated to 200 oC [18].  Upon dehydration the non-framework ions rearranged 

positions and it was noted that it was difficult to rehydrate the zeolite N structure.   

Mackinnon et al. [12, 13] discovered a means to not only synthesise zeolite N at low 

temperatures (60 to 175 °C) but also in a matter of hours using kaolin and other clays 

as the aluminosilicate source [12, 13].  Synthesis from kaolin followed the generic 

reaction shown in Equation 1.   

 

Equation 1:  5 ��������(��)� + 10  �� + 2  "� →   $���$%��$%��%"��. 8��� +
7 ��� 

 

This research by Mackinnon et al. [12, 13] formed the basis of subsequent industrial 

scale manufacture of zeolite N.  Zeolite N was made using an aqueous mixture of 

potassium hydroxide and potassium chloride to which kaolin was added.  Notably, no 

ageing step was required and a “one pot” synthesis was achieved [12] with constant 

stirring of the reactor at all temperatures.  Other reactions, such as with KOH only, 

with KOH and NaCl, with KOH, NaOH and NaCl and with KOH, KCl, and NaCl, in 

appropriate ratios all resulted in production of zeolite N as the primary phase [12].  



Similarly, reaction variables were explored with hydrothermal syntheses [13] as well as 

with different kaolin products and montmorillonite clays.  Other reaction conditions 

examined included substitution of KCl with other halides such as KF, KBr, KI, and 

potassium nitrate salts [13].  Using zeolite 4A as a source of aluminosilicate, zeolite N 

was also formed using KOH only and KOH plus KCl as reactants [13]. The majority of 

these reaction pathways resulted in clearly identifiable zeolite N structures but with 

cation exchange capacity (CEC) values for ammonium ion ranging from ~350 to 528 

meq/100 g.  Scanning electron microscopy (SEM) images indicated that the zeolite N 

crystals were submicron in size but formed as part of a large aggregate [12].  The 

zeolite N crystals were elongated prisms with evidence for significant twinning of the 

crystal growth.  Senyang et al. [19] followed the methodology of Mackinnon and co-

workers [12, 13] to make zeolite N from kaolin clay sourced from Thai Clay Mineral Ltd. 

in Thailand.  Fang et al. [20] not only confirmed that the zeolite N could be made 

successfully using the NanoChem recipe but also that the ammonium ion capacity was 

3 to 30 times greater than competing natural zeolites or molecular sieves.  It is noted 

that synthesis of zeolite N has primarily been from clay materials.  Clay has been 

extensively reported as an acceptable source of alumina and silica species to form 

synthetic zeolites on the basis that it is naturally abundant and relatively inexpensive 

[21, 22].  In addition, use of natural clay materials is regarded as part of the drive 

towards making “green zeolites” compared to conventional synthesis from sodium 

aluminate and sodium silicate solutions.   However, the majority of studies using clay 

materials such as kaolin or rectorite have indicated that an energy consuming 

activation step at high temperatures is required to initially depolymerize the clay 

material to form alumina and silica monomers [23, 24].  Importantly, the synthesis of 



zeolite N has the advantage that it can be made without pre-activation of kaolin or the 

need for aging; in a “one pot” process due to the highly alkaline conditions employed 

[12, 13].             

 

Murthy et al. [25] modelled the exchange of potassium ions in zeolite N with ions such 

as sodium and ammonium.  The selectivity for ammonium exchange with potassium 

ions in the zeolite structure was confirmed, with ammonium ions showing the highest 

diffusion coefficient.  The underlying reasons for the selectivity to ammonium ions was 

revealed to be hydrogen bonding of the ammonium ions with oxygen atoms in the 

zeolite N framework.  Khosravi et al. [26] employed molecular dynamics simulations to 

predict that the selectivity series for potassium exchange from zeolite N was: NH4
+ > 

Na+ > Li+ > K+ > Ca2+ > Rb+ > Cs+ > Mg2+.  Thornton et al. [27] studied the use of zeolite N 

(termed “Mesolite” in this publication) to treat liquor resulting from dewatering of 

digested sludge from a wastewater treatment plant.  Even though significant amounts 

of competing ions were present in solution (e.g. 180 mg/L Ca2+; 110 mg/L K+; 80 mg/L 

Na+) the removal of ammonium ions was up to 95 % and the loading capacity up to 51 

g NH4
+-N/kg.            

 

Despite the attractiveness of zeolite N for ammonium capture, there remain significant 

gaps in knowledge relating to how to tailor the synthesis of zeolite N to increase 

performance and decrease costs.  For example, the maximum theoretical capacity of 

zeolite N for ammonium ions (assuming that all potassium ions exchange with 

ammonium ions) is 640 meq NH4
+/100 g zeolite N.  Whereas, the highest reported CEC 

from the studies of Mackinnon and co-workers [12, 13] was 528 meq NH4
+/100 g 



zeolite N.  Additionally, the influence of synthesis conditions upon the shape, particle 

size, surface area, and dispersion of zeolite N has not been reported.  It was postulated 

that nano-zeolite N which was not agglomerated would be preferable in order to 

minimize problems with slow diffusion of ammonium ions into the zeolite micropores 

[28].  Therefore, the aim of this study was to discover a preferred synthesis approach 

for zeolite N from kaolin which produced zeolite with high cation exchange capacity; 

and ideally well dispersed, relatively small particles to minimize diffusion problems.  

The outcomes of this research would then address the four main challenges in relation 

to expanding the use of zeolite N: (1) improve the performance of zeolite N by 

developing means to disperse the zeolite N product; (2) make zeolite N of smaller size 

(3) increase the cation capacity and (4) enhance exchange kinetics.   

 

The hypothesis was: “If an improved understanding of zeolite N synthesis and resultant 

physical parameters and performance can be acquired, then the use of this material 

may be accelerated”.  To support this hypothesis several research questions were 

addressed: (1) What is the recommended feed composition, reaction time, and 

temperature? (2) What is the highest practical ammonium ion capacity for zeolite N? 

(3) Can the crystal size and shape of zeolite N be modified? (4) What are the physical 

characteristics of improved zeolite N? Bench scale hydrothermal synthesis was 

employed to conduct a wide range of experiments.  Quantitative x-ray diffraction 

(XRD) was used for the first time to provide deeper insight into zeolite N formation, 

which was supplemented with data from X-ray Fluorescence, Scanning Electron 

Microscopy, Transmission Electron Microscopy, and solid State NMR.    

 



  



2. Materials and Methods 

2.1 Chemicals and Materials 

Snobrite clay was supplied by Unimin, Australia and the elemental composition is 

displayed in Table 1.  Quantitative x-ray diffraction (XRD) analysis using an internal 

corundum standard indicated the presence of 78.9 % kaolin and 21.1 % unidentified 

material.  Interpretation of the X-ray fluorescence (XRF) data in Table 1 indicated that 

the chemical formula of the clay sample was Al2SiO2(OH)4  i.e. kaolin.  Hence, the XRD 

amorphous material was also tentatively assigned to the presence of non-diffracting 

kaolin.  Potassium chloride (99-100 %), potassium hydroxide (90 %) and ammonium 

chloride (99.5 %) were provided by Chem-Supply Australia Pty Ltd.  

 

Table 1: XRF analysis of Snobrite 55 kaolin 

Oxide  Mass % (Dry Basis) Oxide  Mass % (Dry Basis) 

SiO2 46.89 P2O5 0.014 

Al2O3 36.39 SO3 0.012 

Fe2O3 0.932 Cr2O3 0.003 

Na2O 0.170 ZrO2 0.024 

K2O 0.228 NiO 0.001 

MgO 0.174 ZnO 0.002 

CaO 0.163 V2O5 0.009 

TiO2 0.856 BaO 0.011 

LOF 14.46   

 

2.2 Hydrothermal Synthesis of Zeolite N from Kaolin 

A stainless-steel hydrothermal reactor with a Teflon insert (Berghof BR300 High 

Pressure Reactor), was used for the one pot synthesis of zeolite N.  Potassium 

hydroxide and potassium chloride were first added to distilled water and stirred until 

they were largely dissolved.  Subsequently, kaolin was added to the alkali solution and 



then the resultant sludge stirred until a homogeneous mixture was obtained.  As no gel 

formed an aging stage was deemed not necessary.  All hydrothermal reactions were 

performed under static conditions in the range 80 to 180 °C for a variety of reaction 

times.  After completion of the reaction the product was centrifuged, and the wet cake 

weighed and centrate water (supernatant) collected and analysed.  The solid was 

washed several times with deionized water to lower the pH value and minimize the 

presence of free chemical components.  Finally, the solid was dried at 100°C and the 

formed powder collected and characterized. 

 

2.3 Solid Material Characterization 

2.3.1 X-ray Fluorescence (XRF) 

The samples were prepared using borate fusion and a standard composition of 50:50 

lithium tetraborate: lithium metaborate (LiT:LiM) with 0.05% Li-iodate; a sample 

standard ratio of about 1:10, 50:50 LiT:LiM was manufactured by CLAISE.  A PANalytical 

AXIOS 1.5 kW wavelength Dispersive XRF spectrometer and PANalytical WROXI 

software application were used for the bulk chemical analysis.  The XRF analytical 

procedure employing WROXI software was established using sets of PANanalytical 

materials based on 200 international Certified Reference Materials (CRM’s).  All results 

were corrected based upon the Loss of Fusion (LOF) which was determined based on 

heat treatment at 1050 ˚C for 2.5 hours in a furnace. 

 

2.3.2 X-ray Diffraction (XRD) 

All samples were weighed to 2.400 (± 0.003) g and mixed with 0.600 (± 0.003) g of 

corundum standard.  Samples and standards were homogenized and micronized with 



zirconia in a McCrone micronizing mill.  Quantitative X-ray diffraction data were 

collected on a PANalytical X’PertPro powder diffractometer using cobalt Kα radiation 

operating in BRAGG Brentano geometry between 5˚ and 90˚ 2θ.  The phases were 

analysed in TOPAS (V6, Bruker) using the tool EVA (V5, Bruker) and various reference 

databases. 

 

2.3.3 Scanning Electron Microscopy (SEM) 

Zeolite powder samples were pressed on carbon stamps and coated with platinum 

before the SEM images were obtained using a JEOL 7001F Scanning Electron 

Microscope (SEM).  The accelerating voltage was 2.5 to 3.0 V. 

 

2.3.4  Transmission Electron Microscopy (TEM) 

A JEOL 1400 transmission electron microscope operating at 120 kV was used to 

investigate the general features of the zeolite N samples.  Coated grids of the type EM 

Lacey Formvar/carbon - Cu, 300 mesh were chosen for sample preparation.  The 

zeolite powder was added to absolute ethanol, fixed on the coated grids and dried.  A 

JEOL 2100 transmission electron microscope operating at 200 kV was used to obtain 

higher resolution images.  An in-situ heating/cooling/voltage holder was used at liquid 

nitrogen temperatures in the JEOL 2100 instrument to avoid beam damage of the 

sample.  The images were analysed with DIFFRAC.EVA and ICDD PDF-4+ database as 

well as GMS (Gatan executable) Digital Micrograph – DiffTools.  

 

  



2.3.5  Solid State NMR Spectroscopy 

A Bruker AVANCE 500 MHz spectrometer was used to analyse the 29Si and 27Al solid 

state MAS-NMR spectra.  The spinning speed for the analysis of 29Si was chosen to 8 

kHz and for the 27Al measurement to 7 kHz. 

 

2.3.6 Surface Area, Pore Size, and Volume 

The zeolite powder was degassed at 350˚C using a Micromeritics Smart VacPrep 067 

instrument.  After degassing, the samples were analysed with a Micromeritics 3-Flex 

surface and porosity analyser using argon for gas adsorption.  The surface area, pore 

size and pore volume for zeolite N were described by the BET-model. 

 

2.3.7 Particle Size Distribution 

A Malvern Instruments Mastersizer 3000 instrument with a dispersion unit of 500 mL 

and equipped with ultrasound and automatic cleaning; was used to analyse the zeolite 

particle size by a low angle laser light scattering method.  The particle size was 

converted from diffraction pattern to particle size distribution by using the optical 

model Mie Theory (ISO 13320).  All samples were homogenised and treated with 

ultrasound for 240 seconds before they were analysed. 

 

2.4 Solution Analysis 

2.4.1 Inductively Coupled Plasma – Optical Emission Spectroscopy (ICP-OES) 

Solutions produced in this study were analysed by a Perkin Elmer ICP-OES 8300DV 

instrument. All samples were diluted using an auto-diluter with purified nitric acid 



(70%, RCI LabScan) as diluting fluid.  All supernatants were appropriately diluted prior 

to analysis.  Calibration was achieved using purchased standards.     

 

2.4.2    Gallery Analyser 

A Gallery Discrete Analyser from Thermofisher Scientific was used for the analysis of 

the solution ammonia concentration.  Calibration of the analysis system was 

performed using a 10 mg/L ammonium standard and compared with previous 

calibration curves to ensure data veracity.  All samples were diluted in the Gallery 

analyser in order to ideally have a measured value of 1 mg/L and thus provide suitable 

results taking into account the actual calibration range. The Gallery Analyser 

automatically calculated the input concentration of the sample. 

 

2.5 Ammonium Cation Exchange Capacity 

ASTM Standard Test Method D7503-18 was used for determination of the cation 

exchange capacity for zeolite N samples.  A quantity of about 0.5 g zeolite was 

dispersed into 25 ml distilled water and centrifuged at 3,000 rpm for 10 min.  The exact 

weight of the samples was recorded to four decimal places.  A solution of ammonium 

chloride (30 mL, 1 M) was added to the samples, shaken, and agitated on a spinning 

wheel for at least 16 hours to reach equilibrium conditions.  The supernatant was 

collected and analysed.  The process was repeated two more times with an agitation 

period of at least 2 hours to obtain samples with maximum uptake of ammonium ions.  

After loading the samples with ammonium ions from the ammonium chloride solution, 

the excess of ammonia chloride present was removed by washing the wet samples 

with 30 mL/sample absolute ethanol three times.  A potassium chloride solution (30 



mL, 1 M) was added to the samples to replace the ammonium cations.  The mixtures 

were dispersed and agitated for not less than 16 hours, and the supernatant was 

collected in 100 mL volumetric flasks.  This process was again repeated twice more 

with at least 2 hours agitation.  The volumetric flasks filled with decanted supernatant 

were made up to 100 mL with a 1 M solution of potassium chloride.  The ammonium 

ion concentration was analysed using the Gallery analyser (see Section 2.4.2) and used 

for determination of the ammonia concentration. The cation exchange capacity for 

every sample was calculated from this data using equation 2: 

Equation 2:  "(" ) *+,
$%%-. = 0123245∗789:;<=

>89:;<= ?
@A /10    

Where: CN-NH3 = Ammonia Concentration; Vsample = Sample Volume; Msample = Sample 

Mass (zeolite mass); Mr = Molar Mass of N/NH4 

 

2.6 Ion Exchange Kinetics 

Ammonium exchange kinetics with various zeolite samples were conducted by adding 

0.5 g of zeolite powder to an aqueous solution of 735 mg/L ammonium ions at ambient 

temperature.  The agitated slurry was then sampled at regular intervals which ensuring 

that the total volume of solution removed did not exceed 5 % of the original volume.  

It is noted that kinetic tests were repeated 3 times in order to ensure veracity of the 

data.  In addition, to avoid significant ammoniacal nitrogen losses due to formation of 

ammonia under alkaline conditions the solution pH was maintained at a value of < 

8.75.     

 



Once the ammonia content was measured the kinetics data was evaluated by use of 

the pseudo second order rate equation [Equation 3] [29]. 

Equation 3:  CD =  E�C+�F 1 + E�C+FG        

 

Where qt = loading on zeolite at time t (mg/g), k2 = pseudo second order rate constant, 

qe = equilibrium loading (mg/g) and t = time.  Data was evaluated using non-linear least 

squares methods and by use of an appropriate error function as described in previous 

studies [30-32].  

 

 

  



3. Results and Discussion 

3.1 Influence of Reaction Temperature and Time upon Zeolite N Synthesis   

Initially a stoichiometric mixture according to Equation 1 was tested.  However, it was 

found that minimal zeolite N was formed; thus, more concentrated solutions of KOH 

and KCl were tested (in accord with previous work [12, 13]).  A starting solution with 

molar feed ratios of 4.3 (total K2O/Al2O3), 2.4 (KOH/Al2O3), 3.7 (KCl/Al2O3) and 49.1 

(H2O/Al2O3) was reacted as a function of temperature (80 to 180 °C) and time (0.5 to 

10 h).  The crystallinity of the dried product for the different reactions was determined 

by quantitative XRD and this data was compared with the Cation Exchange Capacity 

(CEC) measurements [Figure 1 and Table 2].  It is noted that the trendlines added to 

the graphs were for visual aid only.   

 

In general, the amount of crystalline zeolite N increased as the reaction time was 

extended; apart from 180oC wherein the quantity of crystalline zeolite N decreased.  

This data was generally in agreement with previous studies; albeit, the degradation of 

zeolite N was reported by Mackinnon et al. [13] to occur at 250 oC.  Increasing 

temperature promoted the formation of zeolite N with maximum presence of 

crystalline zeolite N apparent for both 120 and 140 oC tests.  Employment of a reaction 

temperature of 120 oC promoted the decomposition of kaolin to form non-diffracting 

material with only 7.8 wt% of kaolin remaining compared to 65.7 wt% at 100 oC 

(assuming 0.5 h reaction time).  This observation was consistent with the accepted 

opinion that kaolin initially dissolves in highly alkaline solutions to form aluminosilicate 

gels prior to synthesis of zeolite [33].  The slower reaction rates at 80 and 100°C may 



not have allowed attainment of the maximum formation of crystalline zeolite N under 

the time frame used.   

 

 

Figure 1: Quantitative XRD analysis (top) and cation exchange capacity (bottom) of 

zeolite N formed between 80 and 180 oC for reactions between 0.5 and 10 hours: 

molar feed ratios of 4.3 (total K2O/Al2O3), 2.4 (KOH/Al2O3), 3.7 (KCl/Al2O3) and 49.1 

(H2O/Al2O3) 

It is emphasised that quantitative XRD has provided a deeper insight as to the quality 

of zeolite N compared with previously published data [12, 13] wherein only qualitative 

XRD was employed.  Although it was apparent in the XRD patterns that amorphous 

content was present it was unclear whether a small or large amount was present.   



Table 2: Quantitative XRD analysis and cation exchange capacity of zeolites formed at 

80 to 180 oC as a function of reaction time: molar feed ratios of 4.3 (total K2O/Al2O3), 

2.4 (KOH/Al2O3), 3.7 (KCl/Al2O3) and 49.1 (H2O/Al2O3)  

wt% of Crystalline Material 
Reaction time 

(h) Zeolite N Quartz Kaolinite Kalsilite Non-diffracting 
CEC (meq/100 

g) 

0     78.9   21.1   

80 oC Reaction Temperature 

1 4.8 3.0 67.6  24.6 121 

2 5.1 1.5 57.6  35.8 185 

4 6.5 2.2 31.7  59.6 302 

10 15.7 1.6 16.7  66.0 385 

12 37.2 2.8 10.8  49.2 440 

100 oC Reaction Temperature 

0.5 4.3 2.4 65.7   27.6 129 

2 7.5 2.6 37.6   52.3 272 

4 10.4 1.8 20.1   67.7 348 

8 53.8 2.4 6.5   37.4 467 

10 53.1 2.4 9.0   35.5 458 

120 oC Reaction Temperature 

0.5 11.6  2.1 7.8   78.5  416 

2 70.4 1.2 3.4   25.1 500 

4 74.5 2.1 2.0   21.4 508 

8 75.5 1.6 2.1   20.8 543 

10 78.7 1.5 2.0   17.8 535 

140 oC Reaction Temperature 

0.5 61.2 2.4 1.6   34.9 459 

2 73.2 1.6 1.6   23.6 460 

4 73.2 1.5 2.0   23.3 476 

8 72.0 1.0 1.3   25.7 480 

10 73.9 0.8 2.2   23.2 502 

180 oC Reaction Temperature 

0.5 62.4 2.2 1.9   35.4 353 

1 57.6 0.7 0.8 11.5 29.4 244 

2 53.1 0.8 0.6 14.0 31.5 199 

4 39.4 0.4 0.4 21.4 38.5 123 

10 33.5 0.1 0.4 17.7 48.3 90 
 



This issue is particularly relevant in terms of zeolite N performance as although the 

amorphous material can exchange ammonium ions (and thus have a relatively high 

CEC), the uptake of ammonium ions is not as selective as when zeolite N is present [12, 

13]. 

 

Interestingly, previous research by Mackinnon et al. [12] found that zeolite N could be 

made within 6 to 12 h in the temperature range 90 to 95 oC; albeit, the precise amount 

of crystalline zeolite N formed was unknown as quantitative XRD analysis was not 

performed.  The faster rate of zeolite N formation may correlate with the fact that 

previously a stirred reactor was employed.  Whereas in the current study the reactions 

were under static conditions.  Reaction rate was also demonstrated to depend upon 

the source of the kaolin [12], with one possible explanation being that the variation in 

crystallinity of the clay material may have influenced the dissolution process.   

 

CEC measurements were made in order to complement the XRD analysis and provide 

greater depth of understanding of the zeolite N formation [Figure 1 & Table 2].  The 

CEC was highest for the 120 oC sample (543 meq/100 g) with the 140 oC sample slightly 

lower (502 meq/100 g).  At the highest reaction temperature of 180 oC the CEC value 

decrease paralleled the diminishment of crystalline zeolite N with increased reaction 

time.  It was evident that the quantity of crystalline zeolite N detected did not directly 

correspond to a certain CEC value.  For example, at 80 oC a maximum CEC of 440 

meq/100 g was recorded when 37.2 wt % of crystalline zeolite N was estimated.  In 

contrast, at 100 oC a marginally higher CEC of 458 meq/100 g was measured for a 

sample containing 53.1 wt% crystalline zeolite N.  Correspondingly, at 140 oC a 



comparable CEC of 460 meq/100 g correlated to 73.2 wt% crystalline zeolite N.  This 

observation may indicate that small zeolite N particles formed under the lower 

temperature conditions which were non-diffracting.  This hypothesis was supported by 

the quantitative XRD analysis for kaolin [Table 2] which indicated that the clay was 

78.9 wt% kaolin and 21.1 wt% non-diffracting.  Nevertheless, XRF analysis suggested 

that this clay sample was pure kaolin [Figure 2].  Moreover, it may be that the 

aluminosilicate precursor to the zeolite N material may also exhibit cation exchange 

capacity [12]. 

 

Previous studies have not determined if the shape, size, and dispersion of the zeolite N 

product changed at different reaction conditions.  Therefore, SEM images were 

collected and displayed in Figure 2.  The familiar kaolin plates were evident prior to 

reaction at 120 oC [34] and as mentioned above XRF analysis supported the fact that 

this sample was predominantly kaolin.  After 0.5 h kaolin platelets appeared to be 

transforming into a disordered phase which has previously been termed kaolin 

amorphous derivative (KAD) [12, 13].  XRD data also suggested the loss of the kaolin 

structure as the crystalline kaolin phase decreased to 7.8 wt % after 0.5 h reaction 

time.  After synthesis for 2 and 4 hours, the appearance of distinctive elongated zeolite 

N crystals was observed [12].  Key features were the agglomeration detected and the 

growth of the zeolite N crystals out of the amorphous material.  Further extension of 

the reaction time to 8 h produced zeolite N crystals with a smoother surface and 

sharper crystal edges.  As the reaction extended past 8 h there was visual evidence of 

layering of the zeolite N crystals.  As described by McCusker and Baerlocher [35] the 

observed layering of the zeolite under high alkalinity conditions was consistent with a 



surface nucleation process which was achieved by monolayer island nuclei (2-

dimensional nucleation), as the predominant growth model. Notably, although 

significant differences in the shape of the zeolite N crystals was observed, the degree 

of crystalline zeolite N present and CEC value did not change appreciably.  This was a 

key observation in terms of a potentially new methodology for controlling zeolite N 

physical characteristics.        

 

The bulk XRF data which accompanied the SEM images illustrated that the amount of 

potassium ions in the solid phase increased as the reaction time was extended.  Figure 

3 revealed that the relationship between potassium content and CEC was in fact linear.  

In contrast, Figure 3 indicated that chloride incorporation was relatively constant as 

CEC increased.  This behaviour was consistent with chloride ions acting to template the 

growth of zeolite N.  The concept of salts influencing the growth of zeolites during 

synthesis has been reported previously for a range of zeolite types such as Y [36] and 

sodalite [37].  Based upon the structural study by Christensen and Fjellvåg [17] it was 

postulated that the non-framework ClK6 octahedra formed during the initial stages of 

zeolite N growth.  Further crystallization of zeolite N then occurred around these 

nuclei; hence, explaining the increase in both CEC and potassium content in the zeolite 

framework.           
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Figure 2: SEM micrograph images of zeolite N as a function of reaction time at 120 oC: 

molar feed ratios of 4.3 (total K2O/Al2O3), 2.4 (KOH/Al2O3), 3.7 (KCl/Al2O3) and 

49.1 (H2O/Al2O3) 



  

 

Figure 3: Relationship between (a) potassium content and (b) estimated chloride 

content in zeolite product and cation exchange capacity  

 

Use of 120 oC to make zeolite N promoted formation of greater amounts of crystalline 

zeolite N, than the material synthesised at 100 oC.  Figure 3b suggested that this 

situation allowed chloride content to increase significantly.     

 

Supplementary Figures 1S, 2S and 3S show SEM images for zeolite N formation at 80, 

100 and 140 oC, respectively.  The SEM images for lower temperature synthesis at 80 

and 100 oC not surprisingly indicated that dissolution of the kaolin platelets was 

significantly slower compared to higher reaction temperatures.  Visually the samples at 

80 oC were mainly disordered, with the appearance of some zeolite N crystals not easy 

to discern until 12 h of reaction time.  It is noted that the zeolite N material was not 

the traditional elongated prism shape but appeared to be more like a clustered-ball.  

These images were overall consistent with the XRD analysis which suggested the 

samples were dominated by the presence of non-diffracting material [Table 2].  As the 

CEC increased steadily with increasing reaction time (121 meq/100 g after 1 h to 440 

meq/100 g after 12 h) it was concluded that small zeolite crystals were developing 



during this period and were part of the KAD material.  The images at 100 oC exhibited 

similar trends as observed at 80 oC.  The major difference was not only the appearance 

of zeolite N crystals at shorter time (ca. 8 h) but also greater extent of transformation 

to zeolite N.  At 140 oC the zeolite N crystals were recorded even at a reaction time of 

140 oC [Figure S3].  After 2 h reaction zeolite N crystals were predominantly observed 

with some indication of non-diffracting material decorating the crystal surfaces.   

 

Figure 4 shows that zeolite N crystals were rapidly formed at a temperature of 180˚C. 

However, it was noted that the zeolite crystals began to increasingly decay as a 

function of reaction time at 180 oC.  Analysis by XRD confirmed a gradual loss of zeolite 

N content with time and accordingly a substantial reduction in CEC value was recorded 

(353 to 90 meq/100 g).  The feldspathoid mineral kalsilite (KAlSiO4) was created under 

the high temperature conditions as reaction time was extended, along with non-

diffracting material.  Becerro et al. [38] synthesised kalsilite from kaolin and found that 

this material was made in pure form at 300 oC with a 0.5 M KOH solution.  Whereas, at 

lower temperatures such as 200 oC, zeolite W was the preferred phase.  It is noted that 

this study employed substantially higher KOH molarities which may have accelerated 

formation of kalsilite; a view supported by Becerro et al. [38] who emphasised that 

increasing excess of KOH present promoted kalsilite formation. 
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Figure 4: SEM images of zeolite N as a function of reaction time at 180 oC: molar feed 

ratios of 4.3 (total K2O/Al2O3), 2.4 (KOH/Al2O3), 3.7 (KCl/Al2O3) and 49.1 

(H2O/Al2O3) 



 

Further information about the zeolite N crystals produced at a reaction temperature of 

120 oC was gathered from imaging of the crystals grown for 8 h using TEM [Figure 5 

(a)].  It was discovered that the “smooth” micron sized zeolite N crystals observed by 

SEM [Figure 2; 8 h sample] were in fact comprised of stacked, elongated rectangular 

prisms of nanometer dimensions.  Higher resolution images were conducted using an 

in-situ cooling holder to prevent beam damage of the zeolite N crystal (which was 

found to be problematic when conducted at ambient temperature [Figure S4]).  

Examination of the lattice structure in Figure 5 (b) by electron diffraction [Figure 5 (c)] 

was facilitated by comparison with the existing database of Christensen and Fjellvag in 

DiffracEVA, TEM software (GATAN GMS) and PDF4.  The measured distance between 

the centre and d110 of 6.728 Å, corresponded to the lattice parameter.  This was in 

good agreement with Christensen and Fjellvåg [17] who reported the crystal structure 

of zeolite N with a = 9.9041 Å, b = 9.8860 Å and c = 13.0900 Å for the unit cell with an 

orthorhombic crystal system in space group I2222.   

 

It was also found that the surface area decreased with increasing CEC value [Table 3].  

According to the investigations of Acara [39] zeolite N neither absorbed oxygen nor 

nitrogen.  Hence, it was inferred that the surface area recorded was a measure of 

external surface area of the sample and not internal area.   

      

 

 

 



Table 3: BET surface area values for various zeolite samples and relationship to cation 

exchange capacity  

Sample CEC [meq/100g] BET Surface area [m²/g] 

Zeolite N - 120 °C - 8 h 543 2.1 

Zeolite N - 120 °C - 10 h 535 4.9 

Zeolite N - 140 oC - 2 h 460 11.5 

Zeolite N - 80 oC - 4 h 302 18.7 

Zeolite N - 180 oC - 1 h 244 23.1 

 

 
(a) 

 

 
(b) 

 
 
 

(c) Lattice measurement (6.893 Å) 
 

100 nm 



Figure 5: TEM images for Zeolite N formed at 120 oC for 8 h: molar feed ratios of 4.3 

(total K2O/Al2O3), 2.4 (KOH/Al2O3), 3.7 (KCl/Al2O3) and 49.1 (H2O/Al2O3): (a) 

TEM image; (b) lattice fringes; (c) electron diffraction pattern 

 

Figure 6 also shows solid state MAS NMR data for silicon and aluminium in zeolite N 

made at 120 oC for 8 hours reaction time.    The chemical shifts observed were at -86.7 

ppm for Si and 60.3 ppm for Al.  Smaihi et al. [40] used solid state NMR to investigate 

the formation of zeolite LTA from gel precursors.  For crystalline zeolite LTA the Si 

signal was recorded at -89.5 ppm for Si which was attributed to the presence of 

Si(OAl)4 units.  Likewise, the Al signal was measured at ca. 58. 4 ppm and ascribed to 

tetrahedrally coordinated Al(OSi)4 units.  The precise chemical shift measured by solid 

state NMR for Si and Al in zeolite samples is known to differ based upon the zeolite 

type studied.  For example, Yue et al. [41] reported that the solid state NMR signal for 

Al was at a shift of 53 ppm for Beta zeolite synthesised from kaolin.  Consequently, the 

solid-state NMR data has confirmed that crystalline zeolite N was formed and revealed 

characteristic chemical shift values to identify zeolite N.      

 

 

Figure 6: 29Si and 27Al solid state MAS NMR spectra of zeolite N: 8 h; 120 oC 

- 86.7 60.3 



3.2 Impact of Reactant Composition upon Zeolite N Formation   

The influence of the composition of the starting mixture upon zeolite N formation was 

examined at a temperature of 100 oC and a synthesis period of 8 hours.   

 

3.2.1 Influence of Water Content 

The three tests in Figure 7 illustrated the impact of water content upon the formation 

of zeolite N.  Increasing the water content decreased the KOH molarity from 10.98 to 

5.49 and ultimately to 2.74 M.  It was evident that with the lowest molarity it was 

challenging to dissolve the kaolin to form the necessary secondary and composite 

building units required to make zeolite N.  Not only was the recorded CEC relatively 

low (280 meq NH4/100 g) but also the significant presence of unreacted kaolin was 

apparent (37.3 wt %).  

 

Doubling the molarity from 5.49 to 10.98 M increased the amount of crystalline 

material (53.8 to 85.5 wt %) and the CEC of the zeolite N product from 467 to 548 meq 

NH4/100 g.  An important aspect which has not been discussed in previous literature 

was the change in dispersion of the zeolite N product as a function of KOH molarity.  As 

indicated by Putra and Lee [42] the presence of zeolite clusters can reduce the 

sorption effectiveness for species such as ammonium ions in water.  Similarly, Seruga 

et al. [43] noted that smaller zeolite grains performed better than larger zeolite 

particles for water treatment applications.  Figure 7 revealed that as the molarity of 

the KOH increased not only the average zeolite cluster size decreased but also the 

zeolite dispersion significantly improved.   

 



(a)  $%.M��$%��$%.M��$.�"�%.K. 13���  

Composition of Synthesis Mixture 
(Molar Ratio’s) 

Total 
K2O/Al2O3 

KOH only 
K2O/Al2O3 

KCl/Al2O3 H2O/Al2O3 

4.3 2.4 3.7 24.6 

 
Properties of Zeolite Product 

CEC 
(meq/100g) 

Zeolite N 
(XRD) [wt%] 

Kaolin (XRD) 
[wt%] 

548 85.5 0.9 
 

 
(b)  $%��$%��$$.���I"�%.�. 11���   

 

Composition of Synthesis Mixture 
(Molar Ratio’s) 

Total 
K2O/Al2O3 

KOH only 
K2O/Al2O3 

KCl/Al2O3 H2O/Al2O3 

4.3 2.4 3.7 49.1 

 
Properties of Zeolite Product 

CEC 
(meq/100g) 

Zeolite N 
(XRD) [wt%] 

Kaolin (XRD) 
[wt%] 

467 53.8 6.5 
 

 
(c)  �.I��$%��$$.L��$"�%.J. 11���  

 

Composition of Synthesis Mixture 
(Molar Ratio’s) 

Total 
K2O/Al2O3 

KOH only 
K2O/Al2O3 

KCl/Al2O3 H2O/Al2O3 

4.3 2.4 3.7 98.2 

 
Properties of Zeolite Product 

CEC 
(meq/100g) 

Zeolite N 
(XRD) [wt%] 

Kaolin (XRD) 
[wt%] 

280 5.7 37.3 
 

 

Figure 7: Reactant molar ratios, product quality and SEM images for zeolite produced 

as a function of water content: Reaction time 8 h; Temperature 100 oC  

 

 



3.2.2 Importance of Potassium Hydroxide to Potassium Chloride Ratio (Fixed Ratio 

of K2O/Al2O3) 

Initial tests were conducted with a constant K2O/Al2O3 molar ratio of 4.3 [Figure 8].  

Increasing the KOH content at the expense of KCl promoted the formation of 

crystalline zeolite N (5.1 to 78.3 wt %).  Correspondingly, the CEC of zeolite N increased 

from 226 to 536 meq NH4
+/100 g.  However, when KCl was removed from the synthesis 

recipe the quantity of crystalline zeolite N reduced to 57.7 wt% and the CEC to 484 

meq NH4
+/100 g.  At this point it is pertinent to discuss zeolite nomenclature as 

inherently zeolite N contains non-structural chloride ions (which is not possible from a 

chloride free synthesis recipe).  Baerlocher and Barrer [44] reported that Zeolite N was 

actually the KCl bearing phase of zeolite F (K$I(OH)IAl$%Si$%O�%. 13H�O).  Regardless, 

both zeolites belong to the Edingtonite (EDI) structural type.  Zeolite F was patented by 

Breck [45] for the removal of ammonium ions from wastewater; wherein it showed 

exceptional capacity and selectivity compared with other zeolites such as zeolite X, 

zeolite Y, zeolite A, mordenite and clinoptilolite.  Notably, a large scale column system 

of zeolite F successfully treated 378 kL per day of wastewater comprising of secondary 

effluent from a municipal wastewater treatment plant (WWTP).  The regenerant 

solution was recommended to be a saturated solution of calcium hydroxide which also 

contained sodium chloride and calcium chloride.  Barth-Wirsching et al. [46] also 

confirmed the high capacity of zeolite F made from perlite, for ammonium uptake (390 

to 480 meq/100 g) to soil.   
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Composition of Synthesis Mixture 

(Molar Ratio’s) 
Total 

K2O/Al2O3 
KOH only 
K2O/Al2O3 

KCl/Al2O3 H2O/Al2O3 

4.3 1.2 6.1 49.1 

 
Properties of Zeolite Product 

CEC 
(meq/100g) 

Zeolite N 
(XRD) [wt%] 

Kaolin (XRD) 
[wt%] 

226 5.1 47.4 
 

 
(b)  $%��$%��$$.���I"�. 11���  

Composition of Synthesis Mixture 
(Molar Ratio’s) 

Total 
K2O/Al2O3 

KOH only 
K2O/Al2O3 

KCl/Al2O3 H2O/Al2O3 

4.3 2.4 3.7 49.1 

 
Properties of Zeolite Product 

CEC 
(meq/100g) 

Zeolite N 
(XRD) 
[wt%] 

Kaolin (XRD) 
[wt%] 

467 53.8 6.5 
 

 
(c)  $%.K��$%��$%.M���"�%.K. 13���  

Composition of Synthesis Mixture 
(Molar Ratio’s) 

Total 
K2O/Al2O3 

KOH only 
K2O/Al2O3 

KCl/Al2O3 H2O/Al2O3 

4.3 3.4 1.8 49.1 

 
Properties of Zeolite Product 

CEC 
(meq/100g) 

Zeolite N 
(XRD) [wt%] 

Kaolin (XRD) 
[wt%] 

536 78.3 2.4 
 

 
(d)  J.���$%��$$��$"�%.J. 9���  

Composition of Synthesis Mixture 
(Molar Ratio’s) 

Total 
K2O/Al2O3 

KOH only 
K2O/Al2O3 

KCl/Al2O3 H2O/Al2O3 

4.3 4.3 0.0 49.1 

 
Properties of Zeolite Product 

CEC 
(meq/100g) 

Zeolite N (F) 
(XRD) [wt%] 

Kaolin (XRD) 
[wt%] 

484 57.7 9.1 
 

 



Figure 8: SEM images of zeolite N at a fixed K2O/Al2O3 ratio a function of KOH/KCl ratio: 

Reaction time 8 h; Temperature 100 oC 

 

Yuan et al. [47] examined the use of zeolite F to deliver essential nutrients such as 

potassium to plants.  The release profile for potassium confirmed that these ions were 

slowly released over a period of weeks instead of in a rapid manner like conventional 

potash addition.  Notably, these authors indicated that to synthesise zeolite F with the 

greatest crystallinity a reaction time of at least 8 h was required and preferably 16 h.  

The molarity of the potassium hydroxide solution was suggested to be 4 M if zeolite F 

was to form, which was in accord with our findings.  SEM imaging revealed that the 

zeolite F crystals were “cross like in shape”, of average size approximately 2 microns 

and arranged in clusters.  Thus, zeolite F is also potentially a valuable product.        

 

3.2.3 Variation of Total K2O/Al2O3 Ratio upon Zeolite N Formation 

In this experiment the K2O/Al2O3 ratio was gradually increased from 2.1 to 6.4 by 

adjusting the amount of KOH & KCl in the starting synthesis recipe at a reaction 

temperature of 90 oC and reaction time of 8 h [Figure 9].  With a K2O/Al2O3 ratio of 2.1 

the formation of zeolite N was severely inhibited with only 5.8 wt% crystalline material 

present.  Increasing the K2O/Al2O3 ratio gradually up to 6.4 concomitantly promoted 

the CEC value to 482 meq/100 g.  The greater presence of crystalline product was 

evidenced in the accompanying SEM images [Figure 9].  At the lowest K2O/Al2O3 ratio 

the sample was mainly composed of kaolin and non-diffracting material.  Increasing 

the K2O/Al2O3 ratio to 3.2 marginally improved the quantity of zeolite N but did 



accelerate the formation of non-diffracting KAD from kaolin.  It was not until K2O/Al2O3 

ratio reached 4.3 that substantial formation of zeolite N was observed.   

 

3.3 Application of Zeolite N Synthesis Principles to 120°C and 8 h Reaction Time 

The knowledge gained in Sections 3.1 and 3.2 was applied to zeolite synthesis at 120 oC 

for 8 h to synthesise zeolite N with the highest cation exchange capacity.  Figure 10 

shows that when varying the KOH/KCl ratio at a constant value of K2O, high values of 

CEC were determined regardless of the recipe used (>537 meq/100 g).  As outlined 

above the size of zeolite cluster observed was diminished and dispersion of the zeolite 

crystals increased as the KOH molarity increased.     

 

 

 

 

 

 

 

 

 



 
(a)  �.I��$%��$$.L��%"�$.$. 10���  

Composition of Synthesis Mixture 
(Molar Ratio’s) 

Total 
K2O/Al2O3 

KOH only 
K2O/Al2O3 

KCl/Al2O3 H2O/Al2O3 

2.1 1.2 1.8 49.1 

 
Properties of Zeolite Product 

CEC 
(meq/100g) 

Zeolite N 
(XRD) [wt%] 

Kaolin (XRD) 
[wt%] 

231 5.8 47.8 
 

 
(b)  L.J��$%��$$.M���"�. 9.5���   

Composition of Synthesis Mixture 
(Molar Ratio’s) 

Total 
K2O/Al2O3 

KOH only 
K2O/Al2O3 

KCl/Al2O3 H2O/Al2O3 

3.2 1.8 2.8 49.1 

 
Properties of Zeolite Product 

CEC 
(meq/100g) 

Zeolite N 
(XRD) 
[wt%] 

Kaolin (XRD) 
[wt%] 

325 6.7 25.8 
 

 
(c)  $%��$%��$$.���I"�. 11���  

Composition of Synthesis Mixture 
(Molar Ratio’s) 

Total 
K2O/Al2O3 

KOH only 
K2O/Al2O3 

KCl/Al2O3 H2O/Al2O3 

4.3 2.4 3.7 49.1 

 
Properties of Zeolite Product 

CEC 
(meq/100g) 

Zeolite N 
(XRD) 
[wt%] 

Kaolin (XRD) 
[wt%] 

467 53.8 6.5 
 

 
(d)  $$��$%��$%.M���"�. 11���  

Composition of Synthesis Mixture 
(Molar Ratio’s) 

Total 
K2O/Al2O3 

KOH only 
K2O/Al2O3 

KCl/Al2O3 H2O/Al2O3 

6.4 3.7 5.5 49.1 

 
Properties of Zeolite Product 

CEC 
(meq/100g) 

Zeolite N 
(XRD) [wt%] 

Kaolin (XRD) 
[wt%] 

482 81.3 4.7 
 

Figure 9: SEM images of zeolite N as a function of the synthesis products at 100°C and 

8 h 
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Composition of Synthesis Mixture 
(Molar Ratio’s) 

Total 
K2O/Al2O3 

KOH only 
K2O/Al2O3 

KCl/Al2O3 H2O/Al2O3 

4.3 4.3 0.0 49.1 

 
Properties of Zeolite Product 

CEC 
(meq/100g) 

Zeolite N 
(F) (XRD) 

[wt%] 

Kaolin (XRD) 
[wt%] 

537 77.4 6.3 
 

 
(b)  $$��$%��$$���"�. 11���  

Composition of Synthesis Mixture 
(Molar Ratio’s) 

Total 
K2O/Al2O3 

KOH only 
K2O/Al2O3 

KCl/Al2O3 H2O/Al2O3 

4.3 3.4 1.8 49.1 

 
Properties of Zeolite Product 

CEC 
(meq/100g) 

Zeolite N 
(XRD) 
[wt%] 

Kaolin (XRD) 
[wt%] 

557 81.3 2.9 
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Composition of Synthesis Mixture 
(Molar Ratio’s) 

Total 
K2O/Al2O3 

KOH only 
K2O/Al2O3 

KCl/Al2O3 H2O/Al2O3 

4.3 2.4 3.7 49.1 

 
Properties of Zeolite Product 

CEC 
(meq/100g) 

Zeolite N 
(XRD) 
[wt%] 

Kaolin (XRD) 
[wt%] 

543 75.5 2.1 
 

 

Figure 10: SEM images of zeolite N at a fixed K2O/Al2O3 ratio as a function of KOH/KCl 

ratio: Temperature 120 °C; Reaction time 8 h 

 

Reduction of the water content or increase of the total K2O content also promoted the 

formation of high quality zeolite N for reaction occurring at 120 oC [Figure 11].  



Extensive layering of the zeolite crystals was noted, and significant dispersion of the 

zeolite material was maintained.  The CEC values recorded were greater than the 

previous literature values. 

 
(a) K$$.�Al$%Si$%.KO��Cl$.�. 14H�O   

 
Composition of Synthesis Mixture 

(Molar Ratio’s) 
Total 

K2O/Al2O3 
KOH only 
K2O/Al2O3 

KCl/Al2O3 H2O/Al2O3 

4.3 2.4 3.7 24.6 

 
Properties of Zeolite Product 

CEC 
(meq/100g) 

Zeolite N 
(XRD) 
[wt%] 

Kaolin (XRD) 
[wt%] 

551 85.3 2.3 
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Composition of Synthesis Mixture 

(Molar Ratio’s) 
Total 

K2O/Al2O3 
KOH only 
K2O/Al2O3 

KCl/Al2O3 H2O/Al2O3 

6.4 3.7 5.5 49.1 

 
Properties of Zeolite Product 

CEC 
(meq/100g) 

Zeolite N 
(XRD) 
[wt%] 

Kaolin (XRD) 
[wt%] 

563 85.9 2.4 
 

 

Figure 11: SEM micrograph images of zeolite N as a function of the synthesis products 

at 120°C and 8 h 

As outlined the synthesis of zeolite N has been improved compared to previous 

studies.  Interestingly, the synthesis of zeolite N from aluminosilicate gels has not been 

described yet.  It would be worthy of making zeolite N by this route and comparing to 

the results in this investigation to determine if the CEC can be increased, the zeolite 

made under milder conditions and if particle size can be more readily controlled.    



3.4 Zeolite N & F Performance for Ammonium Ion Uptake 

A study of the kinetics of ammonium ion exchange was completed in order to determine the impact of creating 

zeolite N/F which was not only layered but also comprised of highly dispersed crystals [Figure 12 

Figure 12].  It was evident that the capacity of the zeolite material and time taken to 

attain equilibrium uptake was dependent upon the zeolite tested. Both the lowest 

ammonium loading (188 meq/100 g), and slowest exchange kinetics (equilibrium ca. 

30 min) were observed for sample (a) which was the zeolite N material shown in Figure 

2 (8 hours).   Notably this sample was comprised of relatively large, cubical, and non-

layered zeolite crystals which would be expected to be influenced strongly by diffusion 

issues. 

 

In contrast, the highest ammonium loading (221 meq/100 g) and fastest exchange 

kinetics (equilibrium < 5 min) were recorded for the zeolite F sample [Figure 12 (c)] 

which exhibited the smallest zeolite particle size and the greatest dispersion of zeolite 

crystals [Figure 10 (a)].  The zeolite N material which comprised of “layered octahedra” 

[Figure 11 (b)] exhibited an intermediate ammonium capacity of 210 meq/100 g and 

an equilibration time of ca. 10 min.     

 

Therefore, it was inferred that zeolite N/F should be synthesised under conditions 

wherein the crystal size is minimized, and the dispersion is maximised to promote ion 

exchange.  Acceleration of diffusion of ions through the zeolite channels to the 

exchange site appears the major reason for the measured performance benefit.      
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Figure 12: Kinetics of ammonium exchange with zeolite N & F materials: Initial 

ammonium ion concentration = 735 mg/L; ambient temperature; zeolite mass 

0.5 g; compositions according to XRF analysis 

 

 

 

 

  



4. Conclusions 

This study has provided new insights into the synthesis of zeolite N which is primarily 

used to remove and recover ammonium ions from wastewater.     

 

In terms of the recommended feed composition, reaction time, and temperature the 

following outcomes were determined.  The reaction temperature was constrained by 

decreased reaction rate at relatively low temperature (<100 oC) and decomposition of 

zeolites at higher temperatures (ca. 180 oC).  Reaction time could be as short as 2 to 4 

hours when the temperature was in the range 120 to 140 oC.  Notably, aging was not 

required when making zeolite N in a “one pot” process.  Use of high molarity KOH 

solutions was a key factor to minimize formation of small zeolite crystals which were 

highly dispersed.  In addition, the shape of the zeolite crystals was also influenced by 

the KOH molarity, with layered “octahedral” crystals also observed for the first time in 

this system.  

 

The cation exchange capacity was elevated to 564 meq/100 g albeit, there is further 

opportunity to increase this value as the maximum theoretical cation exchange 

capacity is 620 meq/100 g.  Discovering a means to convert the residual non-diffracting 

material into zeolite N should be addressed.   

 

The zeolite crystal size and dispersion were strongly influenced by the K2O/Al2O3 ratio 

(based upon KOH presence) employed during hydrothermal synthesis.  Increasing the 

K2O/Al2O3 ratio decreased the agglomeration of zeolite crystals and diminished the 

average zeolite crystals size. No precise relationship between KCl presence in the 



synthesis mixture and zeolite size or dispersion was noted.  However, removal of KCl 

from the synthesis mixture produced zeolite F.       

 

Ion exchange performance of the prepared zeolites was apparently controlled mainly 

by diffusion limitations relating to zeolite crystal size and dispersion.  Accordingly, both 

the equilibrium uptake and exchanged kinetics were improved when changing from 

zeolite N/F clusters to highly dispersed, smaller zeolite crystals.      

 

Future research should focus on extending this chemistry evaluation of zeolite N 

synthesis to a process engineering perspective.  Engineering studies should investigate 

critical aspects such as process flow design, mass balance, recycling of mother liquor, 

washing stage optimization, operational costs, and how to present zeolite N in the 

form of an extrudate or bead including taking into consideration the physical 

characteristics for the beading process.  In addition, preparation of zeolite N via an 

aluminosilicate gel route would be beneficial in comparison to the clay route described 

herein.  
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Highlights 

• Enhanced the cation exchange capacity for zeolite N 

• Identified optimal synthesis conditions for zeolite N 

• Promoted the dispersion and reduced crystal size of zeolite N 

• Improved ion exchange kinetics for zeolite N & zeolite F 


