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ABSTRACT 

The South African economy relies heavily on mining. The residues of these activities contain 

harmful metals that are discharged into the environment as industrial wastes, contaminating 

the air, soil, surface and ground water. A lot of people who live in remote areas in South Africa 

rely on ground water to drink and cook. They also cultivate their own vegetables increasing the 

risk of metal toxicity. Some of these metals are very toxic and can cause adverse effects upon 

being ingested. 

Toxic metals are well known to be harmful to humans. Some of these metals are carcinogenic 

or nephrotoxic when a large amount is accumulated in the human body causing cancer and 

destroying tissues such as the kidneys. The detrimental health effects of these metals may take 

months to years before manifestation causing people to sideline them as hazards. One of the 

major toxic elements that are discharged into the environment is lead. 

A natural zeolite called clinoptilolite has been widely used as an adsorbent for toxic metals from 

contaminated water and from the human body because of its properties such as ion-exchange 

capacity and pore size. However, this natural zeolite clinoptilolite is not pure and may contain 

traces of toxic elements of which the nature and concentration depend on the origin of 

clinoptilolite. The structural stability of clinoptilolite in acidic or alkaline media is not well 

documented. The lack of documented information about the leachates of clinoptilolite and 

their long term effects on the human body may cause harm to people who ingest this zeolite. 

This has led to investigation of synthetic zeolites such as faujasite which has already been used 

for decontamination of sludge, industrial effluents and other waste water by removing toxic 

metals such as Pb, Cd, Cu, Zn and As. This study focuses on comparing the toxic metal removal 

efficiency of natural zeolite clinoptilolite (C), clinoptilolite-based faujasite (FAU3) and 

clinoptilolite-based ultrastable Y zeolite (USY3), from contaminated water and simulated gastric 

juice containing lead and cadmium and to evaluate the extent of leaching of other elements 

from these zeolites.  
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Clinoptilolite was used as a starting material for the synthesis of faujasite (FAU3) which was 

further treated with oxalic acid to get an ultrastable Y zeolite (USY3).  Various techniques were 

used to characterise the as-received clinoptilolite, faujasite zeolite and USY, namely XRD, SEM-

EDS, FTIR, solid state NMR (27Al and 29Si) and BET-N2. These characterisation techniques 

confirmed that clinoptilolite was successfully transformed into faujasite and that the treatment 

of faujasite with oxalic acid yielded USY3.  A comparative adsorption study was conducted using 

three zeolite samples: namely Clinoptilolite (C), clinoptilolite-based faujasite (FAU3) and 

ultrastable Y zeolite (USY3). ICP was used to characterise the liquid samples and it was 

concluded that zeolites were efficient in removing lead and cadmium from contaminated water 

samples as well as from simulated gastric juice. Some leachates from these zeolites were also 

observed. 

A contaminated water sample containing lead and cadmium was used as a medium where the 

removal capacity and percentage removal with C, FAU3 and USY3 was investigated. It was 

observed that the optimum dosage varied from one zeolite to the other and also from one 

metal to the other. The optimum dosage for C, FAU3 and USY3 for the uptake of lead was found 

to be 0.2 g, 0.2 g and 0.05 g respectively while for cadmium it was 0.4 g, 005 g and 0.1 g, 

respectively. It was also shown in this study that the removal capacity for lead and cadmium 

could be hindered by the Na content in FAU3 and USY3 due to the fact that these metals could 

be in an uptake competition with Na and other cations that leached out or exchanged from the 

zeolites. It was observed that the optimum metal concentration for lead uptake as well as for 

cadmium with few metals being released back into the solution was 0.1 mg/L. The optimum 

contact time for both lead and cadmium was 15 minutes. The factor that varied depending on 

the type of metal was pH, which was at its optimum at 3.5 for lead and at 5.5 for cadmium.  

A simulated gastric juice was contaminated with toxic metals (lead and cadmium) and the 

zeolites were used to treat the contaminated samples. It was shown that the removal capacity 

of these zeolites increased with the increase in initial concentration of the metal.  Time proved 

to be one factor that affected the behaviour of zeolites. The modification of the synthesised 
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faujasite into an ultrastable Y zeolite proved to have played a role in increasing the removal of 

toxic metals and in preventing the high leaching of some elements out of the zeolite. 
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CHAPTER 1 

1.1  Introduction 

This chapter highlights the background of toxic metals and their health effects on human beings. 

It also gives a brief summary of the different methods and measures used to detoxify the human 

body of these toxic metals, with specific interest on the use of zeolites as adsorbents. 

Furthermore, this chapter presents the problem statement, research approach, aim and objectives 

as well as the scope, and delimitations. Finally the structure of the thesis is presented at the end 

of this chapter. 

1.2  Background 

The South African economy is driven mainly by mining activities because of the high value 

obtained from the production of resources such as platinum, manganese, diamonds, gold, 

chromite, coal and vanadium. However, these mining activities serve as a source of 

environmental contamination through which toxic metal contaminants are introduced into the air 

and soil, as well as surface and ground water (Baker et al. 2010). Metal toxicity is one of the 

concerns globally because some metals are toxic even at low concentrations (Sabo et al. 2014). 

The term “toxic metals” is used to describe a group of metals or metalloids that have a high 

atomic number with a density of 4g/cm
3
 or that are 5 times or more denser than water. To 

properly regard a substance as a toxic metal though, its chemical properties should also be taken 

into consideration (Duruibe et al. 2007). 

Consequently most of the toxic metals emitted through mining activity are found in the 

environment as exchangeable ions which may adsorb onto the surface of clays, organic matter 

and are easily dispersed into the ecosystem. These toxic elements can then be transferred, and 

bio-accumulated in plants as well as in animals through which they are further distributed across 

the food chain to humans (Liu et al. 2005). Examples of such toxic metals include lead (Pb), 

cadmium (Cd), zinc (Zn), mercury (Hg), arsenic (As), silver (Ag) chromium (Cr), copper (Cu) 

iron (Fe), and the platinum group elements (Duruibe et al. 2007). Metal concentrations have been 

reported to consistently biomagnify from one trophic level to another, so animals higher in the 

food chain may accumulate more toxins than what their food contains (Gall et al. 2015). This 

causes a greater toxicity burden to humans as they are higher up in the food chain.  
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Toxic elements enter the body by ingestion and get transported through the gastrointestinal tract. 

The gut barrier treats these elements as a useful substance needed by the body due to the fact that 

they mimic nutrients.  Thus, as the metals are distributed in the body they get absorbed and 

accumulated in the body tissues where they reside for long periods of time and eventually cause 

serious damage to these tissues. Metal toxicity has been linked to many disorders and causes a 

heavy burden upon human health (Kyriakis et al. 2002). This has then led to the use of chelating 

agents for the removal of toxic metals from the body.   

Chelation has been used in recent years as a method of detoxifying the body of toxic metals. 

However, these chelating agents have been reported to have significant side effects (Kyriakis et 

al. 2002) . The side effects that have been reported include the depletion of electrolytes which in 

turn can cause cardiac complications and eventually death. Some chelating agents have been 

shown to be effective in removing toxic metals from blood and the tissue pool, but they have a 

potential of being deposited in the brain or in kidneys (Flora & Pachauri 2010). This has led to 

an interest in the use of a naturally occurring zeolite, clinoptilolite, as an alternative to these 

chelating agents for the removal of toxic metals from blood, tissue and adipose tissue (Lonky & 

Deitsch 2009). 

Zeolites are crystalline microporous aluminosilicates. Their building blocks consist of a structure 

that is made up of a three dimensional framework of SiO4 and AlO4 and these are linked to each 

other at the corners by sharing their oxygens, tetrahedrally (Weitkamp 1998; Mainganye 2012; 

Byrappa & Yoshimura 2001). There is a shift that happens between the silicon and aluminium 

where the Si (IV) is substituted by Al (III) in the tetrahedra, thus the +3 charge of the Al results 

in an overall negative framework charge. To keep the structure neutral then, there are extra 

framework cations that are associated with the structure of zeolites and these can be exchanged 

in the aqueous or solid phase, giving rise to the rich ion-exchange chemistry of zeolites. Zeolites 

are known as molecular sieves and are able to be reversibly hydrated. It is also possible to 

exchange their extra framework charge balancing cation with no change to their crystal structure. 

The other properties that make them useful for capturing toxins include versatile adsorptive as 

well as catalytic properties (Pavelic et al., 2003). 

Several studies have reported the use of zeolites in the removal of toxic metals from water. Baker 

et al. (2009) indicated that Cd
2+,

 Cu
2+

 , Pb
2+

 and Zn
2+

 were removed from drinking and waste 
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water using a Jordanian natural zeolite phillipsite and (Erdem et al. 2004) also used a natural 

zeolite, clinoptilolite, to remove Co
2+,

 Cu
2+,

 Zn
2+

 and Mn
2+

 from waste water.  The removal of 

Hg
2+

 from industrial effluents had been investigated by Chojnacki et al. (2004) also using 

clinoptilolite. According to (Ziyath, 2011) synthesised zeolites A, X and P can be used to remove 

toxic metals from waste water. Recent studies have also investigated the use of these zeolites to 

remove toxic metals from the human body (Demirel et al. 2011; Ivkovic 2004). 

Clinoptilolite as a natural zeolite has a surface area which is estimated to be between 10 to 300 

m
2
/g; it exerts a high cation exchange capacity, and it is also abundantly available. This has 

validated the use of clinoptilolite in the removal of metal ions from the soil and contaminated 

water. Several studies have shown the benefit of clinoptilolite to remove toxic metals from the 

blood and gastric juice. However, clinoptilolite contains toxic impurities of trace elements (such 

as Pb, Y, Rb, Sr, Zr) (Ndayambaje & Akinyeye 2011; Missengue 2012). Upon exposure of 

clinoptilolite to human blood and gastric juice, which is acidic, these impurities may leach out 

back into the body.  It is then necessary to investigate the efficiency of clinoptilolite and 

clinoptilolite-based ultra-stable zeolite Y (USY) in removing toxic metals (lead and cadmium) 

from simulated gastric juice and also to investigate the leaching of impurities from these zeolites. 

Invitro studies of removing toxic metals do not translate into invivo studies as zeolites cannot 

safely enter the bloodstream but can travel through the alimentary canal. 

1.3 Problem statement 

People who live in remote areas in South Africa rely enormously on ground water to drink, 

cultivate crops and cook. This then leads to an increased risk for metal toxicity. Some metals are 

known to be toxic even at low concentrations, so they cause adverse effects even when low 

amounts are ingested into the body.  The effects of metal toxicity may take months to years 

before manifesting a problem which is why human beings sideline them as serious hazards. 

Recent studies have shown how dangerous these toxins can be to the human body(Baker et al. 

2010). 

The harmful effects of toxic metals on human beings have been well-documented. It is well-

known that upon exposure to the human body these metals have a potential to cause cancer and 

can be destructive to the kidneys(Ali 2010). Some of the effects that toxic metals exert upon the 

body include the depletion of the body’s mineral stores, especially iron and vitamin C. Lack of 
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these nutrients can gradually cause impaired immunological defences, intra uterine growth 

retardation and malnutrition which can cause further disabilities (Iyengar & Nair, 2000).  

There are studies that have analysed the link between cancer and metal toxicity and they suggest 

that accumulation of toxic metals in the body causes chromosomal aberration and genetic 

abnormalities which are the root cause of cancer. To mention one, a study that was conducted in 

the Van region, Eastern Turkey indicated that the high concentration of lead in fruits and 

vegetables in that region was related to high upper gastrointestinal cancer rates (Islam et al. 

2007).  

The issue of metal toxicity should be regarded as a serious topic because in South Africa mining 

activities are a prominent anchor in the economy and it is during these mining activities that 

toxic metals are emitted into the environment. They then get distributed to humans where they 

impair their quality of life. The human body is able to defend itself from external pathogens 

through the gut barrier which regulates the nutrient absorption and the interaction between the 

gut microbiota and mucosal immune system. However, this gut barrier does not prevent metal 

toxicity (Holtmann & Talley 2014). The human gut barrier that is known to be involved in 

several functions such as protection from pathogens, regulation of nutrients, absorption of 

nutrients, interaction between gut microbiota and the mucosal immune system and many other 

functions, does not protect against metal toxicity (Holtmann & Talley 2014). It for this reason 

that measures for detoxifying the body from toxic metals are being investigated and the emphasis 

is on measures that will not lead to further damage to the body.  

In recent years a naturally occurring zeolite, clinoptilolite has been formulated and used as a 

digestive aid for the removal of toxic metals from the body. This zeolite showed a great deal of 

success in capturing these metals out of the digestive system (Lonky & Deitsch 2009; 

Karampahtsis 2012). Studies conducted on natural zeolites prove that these zeolites are impure. 

According to the data provided by Missengue (2012) and (Ndayambaje & Akinyeye 2011), the 

natural zeolite clinoptilolite contains other mineral phases and traces of toxic elements. 

Ndayambaje & Akinyeye (2011) has shown that extra-framework metals leach out from 

clinoptilolite. This information is not clearly stated in the studies that have been done when 

clinoptilolite is used for removal of toxic metals from the blood and human tissues and this raises 

a question of whether these leachates will not cause other adverse effects over the long term in 
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the body. This study will investigate an alternative way of removing toxic metals from a 

contaminated gastric juice using a pure clinoptilolite-based USY by comparing the chemical and 

physical properties of clinoptilolite and USY, and their effectiveness in the removal of lead and 

cadmium from a contaminated gastric juice. 

1.4 Research questions 

 Can faujasite zeolite be synthesised from natural clinoptilolite zeolite? 

 Can clinoptilolite-based faujasite be transformed into ultra-stable Y zeolite using oxalic 

acid?  

 Can clinoptilolite-based USY be used to remove toxic metals from the gastrointestinal 

tract instead of clinoptilolite with lower leaching? 

 What amount of clinoptilolite-based USY will be effective in getting rid of toxic metals 

from the gastrointestinal tract? 

 Is clinoptilolite-based USY safe to be used as a dietary supplement? 

1.5 Aims and objectives 

The aim of this study is to synthesise ultrastable zeolite Y (USY) from clinoptilolite feedstock 

and to compare its toxic metal removal efficiency from gastric juice that is contaminated with 

lead and cadmium to that of commercially available natural zeolite. This aim will be achieved 

through the following objectives: 

 Synthesising a pure phase faujasite from fused clinoptilolite and treating it with oxalic 

acid to get an ultra-stable Y zeolite (USY). 

 Comparing the physical and chemical properties of clinoptilolite, clinoptilolite-based 

faujasite and USY. 

 Optimising the removal of lead and cadmium from contaminated acidic water (pH= 3.5) 

using clinoptilolite, clinoptilolite-based faujasite and USY. 

 Simulating the contamination of gastric juice (pH=3.5) with lead and cadmium and 

investigating the detoxification of the contaminated model gastric juice using 

clinoptilolite, clinoptilolite-based faujasite and USY. 

 Investigating the leachates from clinoptilolite, clinoptilolite-based faujasite and USY into 

the acidic water and gastric juice. 
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1.6 Hypothesis 

Clinoptilolite-based USY is much more efficient and safer than natural clinoptilolite in the 

removal of lead and cadmium from contaminated gastric juice. 

1.7 Research approach 

A comprehensive research approach which involved the analysis of the feed stock material and 

the synthesis of faujasite as well as ultrastable Y zeolite (USY) was followed. It was then 

decided that the best synthesis protocol to follow includes the following steps: fusion, 

hydrothermal synthesis, and dealumination. Figure 1.1 gives a detailed illustration of the 

research approach that was carried out in the course of the study: 

 

Figure 1.1: A schematic flow of the research approach. 
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In an overview, the study was divided into two sections, which are as follows: 

1. Synthesis of Faujasite zeolite and dealumination 

 Clinoptilolite was characterised using XRD, FTIR, SEM-EDS, NMR and BET. 

 Clinoptilolite was fused with NaOH at 550 °C for 1.5 h. 

 Fused clinoptilolite was mixed with water at the ratio of 1:5. Thereafter, sodium 

aluminate was added to the supernatant. The mixture underwent aging and hydrothermal 

synthesis at 90 °C for 8 h. 

 The obtained product (faujasite) was washed until pH=11 and dried overnight at 70 °C. 

 The obtained faujasite was transformed into ultra-stable Y (USY) zeolite using oxalic 

acid solution at room temperature for 8, 12 or 16 h. 

 The natural clinoptilolite and the synthesised faujasite and USY were characterised using 

XRD, FTIR, SEM-EDS, NMR and BET. 

 The natural clinoptilolite and the synthesised faujasite and USY were digested using the 

method reported by Missengue et al., (2015). And the digestates were characterised using 

ICP in order to determine the elemental composition of clinoptilolite, clinoptilolite-based 

faujasite and USY. 

2.  Removal of toxic metals 

 The metal removal and leaching studies on acidic water (pH=3.5), contaminated with 

lead and cadmium was carried out using clinoptilolite, clinoptilolite-based faujasite and 

USY by varying parameters such as contact time, pH, dosage of zeolite and temperature 

of the liquid medium. 

 The metal removal and leaching studies on simulated gastric juice (pH=3.5), 

contaminated with lead and cadmium were carried out using clinoptilolite, clinoptilolite-

based faujasite and USY by varying parameters such as contact time, pH, dosage of 

zeolite and temperature of the liquid medium. 

1.8 Scope and delimitations 

This study will focus only on the synthesis of faujasite and USY using clinoptilolite as a 

feedstock. Even though zeolites have been shown to perform a variety of biological functions, 
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the purpose of this study is to compare only the detoxification potential of clinoptilolite, 

clinoptilolite-based faujasite and USY. Zeolites are reported to have an ability to expel a number 

of toxic metals from the gastrointestinal tract but this study will not focus on all the toxic metals 

that can be expelled, but only lead and cadmium are considered. The reason for this is that 

according to literature these two toxic metals have been shown to be the most hazardous ones 

upon contamination of the body and they exhibit a lot of unpleasant health effects in developing 

countries which then disrupts the quality of life. 

Although there are many other naturally occurring zeolites, this study is only focusing on 

clinoptilolite as this is the zeolite mostly used for detoxification purposes. Among the 

synthesised zeolites, only faujasite and USY will be compared to clinoptilolite because of their 

high BET surface area and cation exchange capacity. Moreover, USY is stable in acidic medium 

and may contain less leachable elements after treatment with oxalic acid. There are a number of 

methods that can be used to transform faujasite zeolite into USY, but this study will only focus 

on the use of oxalic acid to transform faujasite into USY. 

1.9 Thesis structure  

This thesis contains 6 chapters including this one and an outline of each chapter is given below. 

Chapter 2: Literature review 

This chapter gives an overview of the background of the study and presents general literature on 

zeolites, toxic metals, chelating agents and the gastrointestinal environment. It also presents 

applications and characteristics of natural zeolites, specifically clinoptilolite and synthetic 

zeolites, with more details on faujasite and USY. Problems related to the health effects of heavy 

metals as well as the lack of information about leaching of natural zeolite clinoptilolite in the 

acidic gastrointestinal environment are also highlighted in this chapter. Lastly the chapter will 

highlight a gap analysis showing the importance of using a zeolite that is much more stable than 

clinoptilolite in an acidic medium.   

Chapter 3: Methodology 

This chapter highlights the research design and gives details of materials and chemicals used. It 

details the methodological approach to synthesising clinoptilolite-based faujasite and USY, and 
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their characterisation using various characterisation tools including X-ray diffraction (XRD), 

scanning electron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), solid state 

nuclear magnetic resonance (NMR), N2 Brunauer-Emmett-Teller (N2 BET) and inductive 

coupled plasma (ICP). 

Chapter 4: Synthesis of clinoptilolite-based faujasite and USY zeolite 

This chapter focuses on the characterisation of the starting material, clinoptilolite and also the 

optimisation of the synthesis of clinoptilolite-based faujasite and its characteristics. It will also 

highlight the characterisation of the ultra-stable Y zeolite (USY). 

Chapter 5: Uptake of toxic metals 

In this chapter the results of the liquid products after the uptake of lead and cadmium from the 

contaminated acidic water and gastric juice, using clinoptilolite, clinoptilolite-based faujasite and 

USY are characterised using ICP in order to evaluate the amount of lead and cadmium removed 

as well as the elements that might leach from the zeolites under various applied conditions. 

Chapter 6: Conclusion and Recommendations 

This chapter draws the general conclusion of the thesis by summarising all the main points, 

highlights and makes future recommendations. It also recommends future research from the 

results obtained in this study. 
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CHAPTER 2 

2.1 Introduction 

This chapter gives a detailed occurrence of toxic metals in the environment and the medium of 

transport throughout the food chain until they find their way into human beings. It also describes 

the different types of toxic metals, particularly lead and cadmium. Furthermore, their detrimental 

effects on human health as well as the concentrations that are found to be the baseline limits for 

toxicity are highlighted. A review on the different chelating agents used for toxic metal removal 

as well as their setbacks is detailed in this chapter. The use of zeolites, particularly clinoptilolite, 

faujasite and ultrastable Y zeolite in absorption of heavy metals will be reviewed. 

2.2 Toxic metals 

Metals are solid materials which are typically hard, shiny, malleable and fusible with good 

electrical and thermal conductivity. Examples include iron, gold, silver, and aluminium, and 

alloys such as steel. In chemistry, a metal is defined as an element that is able to readily form 

positive ions (cations) and possesses metallic bonds. Some of these metals are useful in the 

environment as they have been shown to help in many chemical reactions particularly in plant 

growth and in other plant reactions that require the presence of the metals. However, some of 

these metals are classified as toxic since they have no use in the ecosystem and can consequently 

cause detrimental effects in living organisms. 

2.2.1 Occurrence of toxic metals in the environment 

Toxic metals occur naturally on the earth’s crust. They exist in rocks as their ores in different 

chemical forms such as sulphides (iron, arsenic, lead, lead-zinc, cobalt, gold, silver and nickel) 

and oxides (as aluminium, manganese, gold, selenium and antimony). However, some toxic 

metals exist as both sulphides and oxides; these include iron, copper and cobalt. Moreover, 

sulphides of lead and cadmium are found occurring together with iron and copper as minors 

(Duruibe et al. 2007). Toxic metals are scattered into the environment through natural and 

anthropogenic means. The major emissions of these toxic metals are attributed to anthropogenic 

sources specifically, mining activities (Duruibe et al. 2007).  

Cadmium is released into the environment as a by-product of zinc and sometimes through lead 

refining. Lead on the other hand is emitted as a result of mining and smelting activities as well as 
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from sources such as automobile exhausts (by combustion of petroleum fuels treated with 

tetraethyl lead antiknock). Mining activities are one of the major causes for toxic metal 

accumulation in the environment. It is also one of the anchors of the South African economy. 

The pollution of the environment with toxic metals is as a result of mining exploitation, 

concentration of ore, mining tailing, wastewaters and emission of dust (Sarpong et al. 2012). One 

of the major environmental problems associated with mining activities is the uncontrolled 

generation of mine water known as acid mine drainage (AMD) from abandoned mines (Banks et 

al., 1997; Pulles et al., 2005). It is the result of the exposure of pyrite (FeS
2+

) and other sulphide 

minerals to air and water that is populated with oxidising bacteria such as Thiobacillus 

ferrooxidans, which causes the production of  sulphate ions and leaching of toxics metals 

(Mirzaei et al. 2016). AMD is characterised by its low pH of 2.5, high salinity levels, elevated 

concentrations of sulphate, iron, aluminium and manganese, raised levels of toxic metals such as 

cadmium, cobalt, copper, molybdenum (Madzivire et al. 2015). Some metals are left behind as 

tailings during mining processes and scattered in the open or left in partially covered pits (Sabo 

et al. 2014). 

AMD is associated with surface and groundwater pollution as well as the degradation of soil 

quality, thereby allowing toxic metals to seep into the environment (Adler and Rascher, 2007). It 

has been reported that the toxic metals still persist in the environment long after mining activities 

have ceased. Environmental pollution has been found to be high in mining areas and decreases as 

the distance from the mining sites increases (Yahaya et al. 2010). 

2.2.2 Transport of heavy metals across the food chain 

Toxic metals are persistent environmental pollutants and they bio accumulate over time 

throughout the food chain (Sabo et al. 2014). Water bodies are predominantly polluted by toxic 

metals through mining activities. These mining activities generate waste which may drain into an 

adjoining natural water source such as streams, lakes, aquifers, wetlands, and oceans (Duruibe et 

al. 2007). These toxic metals are dissolved in water or moved as part of the suspended sediments 

when transported into rivers and streams. It has been shown however that dissolved species have 

a higher potential of causing the most harmful effects. Toxic metals are stored in river bed 

sediments or seep into the underground water which consequently contaminates the water 
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sources such as wells and dams. The extent of contamination depends on the distance between 

the mining site and that particular water source (Coelho et al. 2011). 

The contamination of surface and underground water sources with toxic metals leads to soil 

pollution, which increases as mined ores are dumped on the ground during the process of manual 

dressing (Duruibe et al. 2007). The dumping of these ores on the soil surfaces exposes the metals 

both to air and rain which causes an increase in pollution. Upon contamination of agricultural 

soils, the toxic metals are absorbed by plants and are then accumulated and stored in the plant 

tissues (Sarpong et al. 2012). During grazing, animals feed on contaminated plants as well as 

consume polluted water, thereby causing an accumulation of toxic metals in animals. On the 

other hand marine life also breeds in contaminated water (with toxic metals) which in turn leads 

to an accumulation of metals in their tissues (Duruibe et al. 2007). Subsequently, human beings 

directly consume these contaminated plants, fish and animals through which the metals are 

transferred into their organs and tissues. Consequently, living organisms are affected along their 

food chain since the toxic metals are introduced into the ecosystem from the soil/ water-plants-

animals as shown in Figure 2.1: 
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Figure 2.1: Toxic metal cycle from the contaminated environment to the human body through the 

food chain (www.lenntech.com). 
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2.2.3 Effects of toxic metals on human health  

Toxic metals are well known to be harmful to humans and accumulate in different tissues of the 

body including liver tissues, kidney tissues and musculoskeletal tissues. Some of these metals are 

carcinogenic and nephrotoxic. When a large amount is accumulated in the human body, this can 

lead to development of cancer and destruction of tissues such as the kidneys respectively (Ali 

2010). A great amount of toxic metals that are found in waste water include arsenic, cadmium, 

chromium, copper, lead, nickel, and zinc, all of which pose risks to the environment and 

subsequently to human health (Lambert & Leven 2000). However the toxic metals that are 

investigated in this study are lead and cadmium, which are among the most dangerous toxins that 

human beings are exposed to constantly. 
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Table 2.1:Major routes of entry, organs of accumulation and health effects of lead and cadmium 

(Hu 2002; Hutchinson et al; Kent C, 1998; Klaassen 1996.) . 

Toxic metals Lead Cadmium 

Major routes of entry Ingestion and inhalation Ingestion and inhalation 

Organs of accumulation Bone, kidney and liver Kidney and liver 

Acute clinical symptoms Children:  encephalopathy 

(brain disease), lethargy, 

vomiting, irritability, loss of 

appetite, and dizziness. 

 

Adults: high blood pressure, 

and adverse reproductive 

effects (lowered sperm count 

and sperm motility) 

Ingestion: nausea, vomiting 

and abdominal pain. 

 

Inhalation: pneumonia and 

fluid in the lung, irritation of 

the nose and throat, coughing, 

dizziness, weakness, chills, 

fever, chest pains, and 

laboured breathing 

Chronic clinical symptoms Long-term exposure may 

result in irreversible 

nephropathy. 

Chronic obstructive 

pulmonary disease, 

emphysema, and kidney 

disease. 
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2.2.4. Adverse effects of toxic metals 

2.2.4.1. Health effects of lead on human health 

Lead is a silver-grey toxic metal which is present in all phases of the inert environment including 

air, water and soil. This metal is stable and can also be found in most biological systems. In 

common with many other metals, lead is not found in its single elemental form but occurs with 

other metals in the form of compounds, complexes and alloys. It can also exist in organic or 

inorganic substance. The lead atom is bonded to carbon to form the organic lead molecules 

(examples include tetraethyl and tetramethyl lead), and these were used widely as gasoline 

additives to prevent engine knock. Inorganic lead salts on the other hand contain lead that is 

combined with elements other than carbon such as lead oxides, lead chromate, and lead nitrate. 

These forms of lead have been used in products like insecticides, pigments, paints, glassware and 

plastics (Tong et al. 2000). 

There are many routes in which lead can get into the human body. These include inhalation, 

ingestion and dermal (skin) contact. Ingestion is the primary route for the intake of lead by the 

general population but only small amounts come from foods (Goyer 2011). Upon being ingested 

through the gastrointestinal tract, lead gets absorbed into the bloodstream where it is distributed 

simultaneously between two processes (rapid and slow turnover). Firstly, the rapid turnover 

results in the distribution of lead among soft tissues such as liver, lungs, spleen and kidneys. On 

the other hand, the slow turn over transports lead to the skeletal system(Alkmim Filho et al. 

2014). Although lead is toxic, certain amounts are still tolerable and may not cause adverse 

effects in the body.  According to the Center for Disease Control (CDC) of the United States of 

America, the level of lead which is tolerable in the human body should be less than 10 μg/dL. 

Once this tolerance level is reached, CDC suggests that the initial action that should be taken is 

chelation. Also it is advised that the person be educated about ways of preventing toxic metal 

accumulation, and further testing should follow. However, clinical intervention is recommended 

at blood lead levels of 20 μg/dL ( Ross & Ponirovskaya. 2000) . 

The effects of lead toxicity have been extensively studied over the years and extensive review of 

literature reveals a number of effects including neurotoxicity, carcinogenicity, reproductive 

toxicity, and neurobehavioral/ developmental effects. Figure 2.2 shows the accumulation and 

distribution of lead in the body and effects that this toxic metal has on the different organs. 
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Figure 2.2: Symptom manifestations for lead toxicity in the body (Mikael Hägström. 2015). 

2.2.4.2. Health effects of cadmium on humans 

Humans may get exposed to cadmium primarily by inhalation and ingestion and can suffer from 

acute and chronic intoxications. 
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The mechanism of cadmium toxicity is not understood clearly but its effects on cells are known 

(Jaishankar et al. 2014). Cadmium concentration increases 3,000 fold when it binds to cystein-

rich protein such as metallothionein. In the liver, the cystein-metallothionein complex causes 

hepatotoxicity and then it circulates to the kidney and gets accumulated in the renal tissue 

causing nephrotoxicity. Cadmium has the capability to bind with cystein, glutamate, histidine 

and aspartate ligands and can lead to the deficiency of iron (Lulzim Zeneli 2010). Cadmium and 

zinc have the same oxidation states and hence cadmium can replace zinc present in 

metallothionein, thereby inhibiting it from acting as a free radical scavenger within the cell. 

The primary routes of exposure for cadmium into the body are gastrointestinal, pulmonary and 

dermal. Upon adsorption into the blood stream, cadmium gets bound to proteins such as albumin 

and metallothionein and is transported. The primary organ where it gets transported to is the liver 

where it encourages the production of metallothionein.  This causes hepatocyte necrosis and 

apoptosis and eventually the Cd-metallothionein complexes are washed into sinusoidal blood. 

The absorbed cadmium enters the entero-hepatical cycle by means of the secretion into the 

biliary tract in the form of cadmium-glutathione conjugates. Cadmium gets degraded by enzymes 

into cadmium-cysteine complexes and it re-enters the small intestines (Godt et al. 2006). The 

kidney is the main organ for long-term cadmium accumulation. Continuous exposure to 

cadmium leads to accumulation in the kidney which further causes tubulus cell necrosis. 

As reported by other researchers, over the timeframe between 1980 and 1985, the levels of 

cadmium intake have been relatively constant with an absorption rate of 5% from ingestion 

where the average person is believed to retain 0.5 to 1.0 µg of cadmium per day from food. 

These values are believed to be still tolerable by the body. In the early 1990s with more mining 

activities and higher demand for resources these values began to increase (OECD, 1994). 
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Figure 2.3: Organs where cadmium is accumulated (Godt et al. 2006). 

2.3 Chelating agents 

Chelation comes from Greek terminology “chele”, which means claw of a lobster. The word 

describes the concept of holding with a strong grip and it was first used in 1920 by Sir Gilbert T. 

Morgan and H.D.K Drew. 

2.3.1 Properties of chelating agents 

The concept of chelation has its basis on coordination therapy; however there is a need for 

chelating agents that can completely remove specific toxins from desired sites in the body.  The 

performance of these chelating agents depends on the formation of complexes within the site of 

chelation (Flora & Pachauri 2010). 

The stability of those complexes varies, yet the main factor that decides whether the chelation 

process will be effective depends on the properties of both the chelating agent and the chelated 

metal. Another decider for a good chelating agent is the pH at the site of chelation. It has been 

stated that some chelating agents are unstable at low pH, yet at high pH levels metals form 

insoluble complexes which then alter the ability of the chelator to access them. Therefore, the pH 

of the media from which the metal is taken should be controlled. For an optimal chelation to take 

place a combination of basic properties of the metal ions, chelating agents as well as the resulting 

metal complex needs to be taken into consideration. It has been reported that chelating agents 
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that give the greatest stability are those that accommodate more of the coordination positions of a 

metal ions.  Even though the chelating agent’s adsorption, distribution and ability to reach the 

metal ion for binding is determined by the net ionic charge of the chelator, the ionic charge of the 

formed complex also decides the metal’s elimination and excretion from the body (Flora & 

Pachauri 2010). Therefore, it is important for chelating agents to possess the factors that will 

allow them to:  

(a) Be able to pass though physiological barriers and reach the area where there is accumulation 

of the toxic metal. 

(b) Be able to form a stable complex with the target metal after removing it from its biological 

site of accumulation. 

 (c) Be able to form a chelation complex that exert properties that do not render it non-toxic and 

facilitate its excretion from the site of deposition as well as from the body.  

An ideal chelating agent should have high solubility in water, resistance to biotransformation, 

ability to reach the sites of metal storage, retain chelating ability at the pH of body fluids and the 

property of forming metal complexes that are less toxic than the free metal ion 

2.3.2. Necessity for using chelating agents in human body 

On a daily basis thousands of microorganisms and pathogens come into contact with the 

gastrointestinal tract. These organisms are not all safe for our systems but the body has a 

multifunctional system that balances these abnormalities. This gut barrier (the system that 

protects us from pathogens) is a complex and multitasking, it is involved in several functions 

such as protection from pathogens, regulation of absorption of nutrients, interaction between gut 

microbiota and the mucosal immune system and many other functions. The gut barrier is able to 

carry out these functions with ease when it is in its healthy state. It is organised to be a multi-

layer system which is made up of two components. The first one being the physical barrier 

surface, which is responsible for preventing bacteria from adhering to the walls of the intestine 

and it is also responsible for regulating paracellular diffusion to the host tissues. The second 

layer is the deep functional barrier, which classifies between pathogens and commensal 

microorganisms. It organises immune tolerance and immune response to pathogens. There are 

other protective mechanisms that are in place for antibacterial properties and also for absorption 
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of minerals from food. These include gastric juice and pancreatic enzymes that participate in the 

luminal integrity of the gut barrier (Viggiano et al. 2015). However this multifunctional system 

does not prevent against heavy metal toxicity which then lends credance to the use of chelating 

agents for the removal of heavy metals in the human body. A lot of chelating agents have been 

employed over the years to fight the issue of heavy metal toxicity.  

2.3.3 Types of chelating agents 

There are a number of chelating agents that have been used for the chelation of different toxic 

metals in the body. These include ethylenediamine tetraacetic acid (EDTA), calcium or zinc 

trisodium diethylenetriaminepentaacetate (CaNa3DTPA or ZnNa3DTPA respectively), trisodium 

diethylenetriaminepentaacetate and D-Penicillamine. They are used to remove toxins in the 

gastrointestinal tract. 

(a) Ethylenediamine tetraacetic acid (EDTA)EDTA 

Ethylenediamine tetraacetic acid (EDTA) is a synthetic polyamino-polycarboxylic acid from 

which derives the most commonly used chelating agent: calcium disodium ethylenediamine 

tetraacetic acid (CaNa2EDTA). It gained its popularity is the 1950s as a treatment of childhood 

lead poisoning. CaNa2EDTA can be valuable for the treatment of poisoning by metals that have 

higher affinity for the chelating agent than Ca
2+. 

The successful use of CaNa2EDTA in the 

treatment of lead poisoning is due, in part, to the capacity of lead to displace calcium from the 

chelate (Flora & Pachauri 2010). 

(b) Trisodium diethylenetriaminepentaacetate 

Another popular chelating agent used for the removal of plutonium and other transuranic 

elements like californium, americium, and curium, is calcium or zinc trisodium 

diethylenetriaminepentaacetate (CaNa3DTPA or ZnNa3DTPA respectively) (Spoor. 1977). It 

has been reported to be beneficial in the removal of acute cobalt and zinc poisoning. In the recent 

years, it has been shown to be effective also for the removal of cadmium from the body.   

(c) D-Penicillamine 

D-Penicillamine (DPA; β-β-dimethylcysteine or 3-mercapto-D-valine) is a derived product of 

penicillin, which contains sulfhydryl amino acid. It has two isomers but only the D-isomer is 
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used as chelating agent because the L-isomer can cause optic neuritis. DPA is used mainly as a 

chelating agent in lead, mercury and copper poisoning (Wilson’s disease) (Flora & Pachauri 

2010). 

2.3.4 Side effects of chelating agents 

Although the chelating agents have been shown to be effective in the removal of toxic metals 

from the body, they impose risks to human health. This is due to the fact that a lot of these 

chelating agents are not properly absorbed in the gastro intestinal tract.  The parenteral route is 

normally used to administer CaNa2EDTA because the drug is poorly absorbed through the oral 

route, causing a lot of pain on the site of injection, which can thus affect patient compliance and 

further limits the elimination of toxic metals from the body. The drug is distributed in the 

extracellular fluid that limits its ability to chelate metals that are found inside the cells. With the 

accumulation of the drug in extracellular fluids, there is also a risk of redistribution of the metal 

from other tissues to the brain thus imposing more harm.  The adverse effects that are associated 

with CaNa2EDTA include renal failures, arrhythmias, tetany, hypocalcaemia, hypotension, bone 

marrow depression, prolonged bleeding time, convulsions, respiratory arrest, etc. (Knudtson et 

al., 2002).  

On the other hand, CaNa3DTPA imposes a risk for the depletion of Zn from the system that may 

be overcome by supplementation or using the zinc salt of the drug. Despite this disadvantage, 

CaNa3DTPA is still preferred over the Zn form due to its higher efficacy. However, it is not 

recommended for prolonged therapy. CaNa3DTPA has been reported to have a few adverse 

effects yet the ones that are reported are very dangerous which include thrombocytopenia, 

leukocytopenia and aplastic anaemia (Grasedyck, 1988). The side effects and other detrimental 

effects caused by these chelating have led to investigating the use of zeolites for the removal of 

heavy metals from the body. 

2.4. Zeolites 

Zeolites are defined as crystalline microporous aluminosilicates with a structure made up of three 

dimensional framework of SiO4 and AlO4 tetrahedra linked to each other at the corners by 

sharing their oxygens. Zeolite is a term derived from two Greek words “zein” and “lithos”, 

which mean “boil” and “stone”; respectively. Therefore the word zeolite means boiling stone, as 

reported in literature by a Swedish mineralogist, A. F. Cronstedt (1956). The name zeolites was 
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given to a type of hydrated mineral that showed unique features when heated in a blowpipe 

flame, this was due to their porous nature (Productions 2005). The field of zeolite research 

became more attractive as many other studies began to make attempts to synthesise zeolites and 

further explore their properties. The synthesis of zeolites was attained through mimicking the 

zeolite’s natural geological conditions, yet mimicking the time spent for the zeolite to crystalize 

on earth was one of the difficult components (Sabo et al. 2014). 

Zeolites can be classified as natural or synthetic with the identification of 40 different types 

naturally occurring zeolites and about 150 different types of synthetic zeolites as reported by 

(Williams 2014). Natural zeolites are known to be formed from volcanic ash while the synthetic 

zeolites are formed in the laboratory. Each type has a unique mineral phase identity. 

2.4.1 Zeolite Formation 

Zeolites are among the most abundant mineral species on the earth. They can be classified as 

either natural or synthetic. Examples of natural zeolites are clinoptilolite, chabazite, ferrierite, 

heulandite, erionite, analcime, laumontite, mordenite and phillispsite, with clinoptilolite being 

the most abundant type (Mainganye 2012; Abd ElKarim & Ahmed 2013). The formation of 

these mineral species requires a few hundred up to ten millions of years, depending on the 

chemical environment. They are a result of the transformation of igneous, metamorphic or 

sedimentary rocks. They mainly form through hydrothermal processes over long time scales  

(Barbara & Barbara 1990). Synthetic zeolites on the other hand are formed by crystallisation of 

sodium aluminosilicate gels prepared from sodium aluminate, sodium silicate and sodium 

hydroxide solutions (Vadapalli et al. 2010; Madzivire et al. 2015). The first hydrothermal 

synthesis of a zeolite was reported in 1896 when St. Claire Deville reported the synthesis of 

Levynite. These synthesised zeolites were further investigated until the discovery done by 

Friedel (1896), who reported that the structure of hydrated zeolites exhibits open spongy 

frameworks. He made this claim after noticing that liquids like alcohol, benzene and chloroform 

had a tendency of being occluded by hydrated zeolites. Zeolites have also been synthesised from 

other sources of silicon and aluminium such as clays (Musyoka et al. 2014), natural clinoptilolite  

(Of & Lolte 1974),  blast furnace slag (Sugano et al. 2005) or fly ash (Musyoka 2012). 
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2.4.2 Zeolite properties 

Various authors have highlighted the properties of zeolites which include adsorption properties 

and reversible cation exchange and dehydration (Zheng et al. 2012). Grandjean reported in 1910 

that hydrated chabazite was able to absorb ammonia, air, and hydrogen. The first report on the 

properties of zeolites as molecular sieves was reported by Weigel and Steinho (1925). They 

reported this property after observing that dehydrated chabazite crystals were able to rapidly 

absorb water, ethyl alcohol and formic acid yet excluded acetone, benzene and ether (Melorose 

et al. 2015). Zeolites were described as molecular sieves by Mcbain (1932) since these porous 

solid materials were able to act as sieves on a molecular scale. 

Zeolites have the ability to lose and gain water reversibly and also to exchange charge balancing 

extra-framework cations with no change to the crystalline structure. This unique property among 

others is what make zeolites attractive as molecular sieves. They also have cation-exchanging, 

dehydrating-rehydrating, versatile adsorptive and catalytic properties which makes them suitable 

for other purposes as well. These properties promote the use of zeolites as agents to capture 

toxins (Laibow 1999). 

2.4.3 Zeolite Chemistry 

Zeolites are divided into high, middle, and low silica zeolites depending on Si/Al ratio, which 

determines their stability at different pH values (van Bekkum et al. 1991). 

The low silica zeolites are known to have a highly heterogeneous nature with a strongly 

hydrophilic surface selectivity compared to the high silica zeolites. The acidity of zeolites 

increases in strength with increasing Si/Al ratio until they reach values of Si/Al ratio of well 

above 6 to 7. Moreover, the ion-exchange capacity of zeolites decreases with the increase in 

Si/Al ratio. Low silica zeolites are known to have a high affinity towards calcium, whereas high 

silica zeolites have high affinity towards  potassium, sodium and magnesium.   The low silica 

zeolites include A and X zeolites. Their structures are formed mainly with 4, 6, 8 rings of SiO4 

and AlO4 tetrahedra.  The intermediate Si/Al zeolites consist of erionite, chabazite, clinoptilolite, 

mordenite and various synthetic zeolites; Y, mordenite, omega and L and they have 5 rings of 

SiO4 and AlO4 tetrahedra and are also hydrophilic. The high silica zeolites can be generated by 

either thermochemical framework modification of hydrophilic zeolites or by direct synthesis.  

There are again 5 rings of tetrahedra, but they are hydrophobic (Flanigen et al. 2010).  
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The acidity of zeolites which is related to the Si/Al content is also attributed to the presence of 

Brønsted acid sites, which are formed as a result of hydrogen ions which compensate the positive 

charge deficiency of tetrahedral aluminium. Therefore, the zeolite surface acts as a proton donor. 

It has been reported that after high temperature heat treatments Lewis acid sites may be present 

(Akpolat et al. 2004). 

Zeolites can be further classified according to pore size into wide-, middle- and narrow porosity. 

The free diameter of the pore channels is the basic factor that controls the entering of units from 

the outside. Zeolites have been classified as molecular sieves due to their selective adsorption 

behaviour, which is as a result of equivalent diameter of the zeolite pore to that of the molecule 

to be adsorbed (Kovatcheva-Ninova and Dimitrova 2002). 

2.4.4 Applications of Zeolites 

Zeolites are used for various applications including adsorbents, ion exchangers and catalysts in 

industry, agriculture, veterinary medicine, sanitation and environmental protection (Martin-

Kleiner, 2001). Over the past decades, the use of zeolites has been extensively investigated with 

a lot of emphases in petroleum refining and detergent industries (Kulprathipanja, 2010). Zeolites 

have gained recognition for their use in medicine in recent years. The main interest in the 

biological effects of zeolites concerns one or more of their physical and chemical properties, 

such as ion exchange capacity, adsorption and related molecular sieve properties. Because of its 

cage-like structure and negative charge, clinoptilolite has the ability to draw and trap within and 

on it positively charged metals and other toxic substances (Ivkovic 2004). 

The main applications of zeolites however are adsorption, catalysis and ion exchange. 

 Ion Exchange 

Zeolites possess loosely bound charge-balancing extra framework cations associated with the 

Bronsted acid sites that allows them to be readily exchanged by other types of cation when they 

are in aqueous solution (Kwakye-Awuah, 2008).The zeolite’s cation-exchange behaviour 

depends on the nature, size and the charge of the cation species, temperature and the 

concentration of the cationic species in the solution. It is also dependent on the anion associated 

with the cation in solution, the type of solvent and the structural characteristics of the particular 

zeolite (Szostak, 1989). Zeolites have also been reported to be useful for removal of heavy 
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metals and other water pollutants (Zorpas et al., 2000; Shevade and Ford, 2004; Rahmani and 

Mahvi, 2006). 

 Catalysis 

In catalysis, zeolites have been reported to be useful for reactions that involve organic molecules 

such as hydrocarbon synthesis, cracking and isomerisation (Szostak, 1989). They are known to 

have the ability to promote a diverse range of catalytic reactions mainly acid-base and metal 

induced reactions. They also can act as acid catalysts and are used to support active metals or 

reagents (Kwakye-Awuah, 2008). These catalytic reactions are known to take place inside the 

zeolite pores thus allowing a greater degree of product control (Szostak, 1989). 

 Adsorption 

Zeolites are well known for their ability to adsorb a variety of metals. They have been reported to 

work in applications such as drying, purification as well as separation. Recent studies have 

reported the environmentally driven applications of zeolites which have increased significantly 

in recent years. These applications have highlighted the hydrophobic molecular sieves, highly 

siliceous zeolites and silicate for the removal and the recovery of volatile organic compounds 

(VOCs). The porous structure of zeolites has attracted their use for selective separation of 

molecules based on their size (Hui et al., 2005). 

2.4.5 Zeolites studied in this work 

These sections will focus on the properties, chemistry and applications of zeolites that are used in 

this study. 

2.4.5.1 Clinoptilolite 

Clinoptilolite, a naturally occurring zeolite, possess an open structure with a total pore volume 

amounting to 35 %. It has a chemical formula of (K, Na, Ca, Mg).(AlSi43O8).5H2O. Its 

characteristic structure is that of large intersecting open pores or channels that consists of ten- 

and eight-member tetrahedral rings. The high internal surface area renders clinoptilolite capable 

of adsorbing and accumulating toxic metals. Clinoptilolite has been employed to trap toxic 

metals due to its crystalline structure, which has a neutral Si and the negative Al in the 

framework structure. This causes a change in the mineral’s lattice, causing it to be highly 
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negatively charged. Clinoptilolite contains charge compensating cations of Na, K, and/or Ca 

cations associated with each negative charge supplied by Al which are cations known to 

determine the neutrality of minerals. These cations then are able to be exchanged in solutions 

that contain metals like Pb, Cd, Hg, etc. (Beltcheva et al., 2011). 

Natural clinoptilolite contains some impurities and it contains non-zeolitic mineral phase 

impurities, which depend on the composition of the geology where the zeolite was mined. 

Missengue (2012) reported that there are some traces of elements such as Pb, Y, Rb, Sr, and Zr 

that are present in natural clinoptilolite from South Africa.  Erdem et al. (2004) also reported the 

presence of plagioclase, mica, quartz, smectite and K-feldsparchlorite in clinoptilolite. 

Clinoptilolite is one of the natural zeolite that is used in many industrial applications including 

water purification, improvement of soil, animal production as well as food supplementation. In 

recent years the use of clinoptilolite in biomedical applications has been thoroughly investigated. 

The applications of clinoptilolite include ion exchange, catalysis and adsorption, which makes it 

possible for clinoptilolite to be used in the pharmaceutical industry and medicine. Over the years 

clinoptilolite has been investigated for its use in many industrial applications (Mamba et al., 

2009). The earliest reports of the use of clinoptilolite dates back to 1960, when Ames 

demonstrated the use of clinoptilolite as a scavenger for the remediation of ammonium pollution 

then further investigated its ion selectivity (Petrik et al, 2012). 

2.4.5.2 Faujasite zeolite 

The unique properties of zeolites have prompted extensive attempts in the area of zeolite 

synthesis. In recent years, the use of low-cost feedstock materials for the synthesis of zeolites has 

opened a research area on their conversion into zeolitic materials. Many researchers have used 

natural clays as their starting materials for the synthesis of zeolites (Musyoka et al. 2014). To 

mention a few, minerals such as kaolinite, illite, montmorillonite, and interstratified illite-

smectite have extensively been used as aluminium and silicon sources during the synthesis of 

different types of zeolites. Faujasite type zeolites include both zeolite X and zeolite Y. These two 

types of zeolites differ from each other through their Si/Al ratio. It has been reported that the 

Si/Al ratio of X zeolite is between 2-3 while that of Y zeolite is 3 or higher.  
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Faujasite zeolites are synthesised through the sol-gel process by the addition of alumina and 

silica sources to an alkaline solution which then forms a gel. For the crystallisation process to 

take place this mixture is heated to 70-300°C with various selected crystallisation times. The 

formed product is the faujasite in a Na
+
 form. The properties of the formed product are 

dependent on the composition of the reaction mixture, source of aluminium and silica used, 

reaction time, the temperature and pressure used as well as the pH of the system. This in turn 

affects the properties of the formed zeolite (Ibrahim et al., 2008). 

The framework of the faujasite zeolite consists of sodalite cages that are connected through the 

hexagonal prisms. Faujasite pores are arranged such that they are perpendicular to each other. 

Faujasite has a pore diameter of 7.4 Å, which is formed by a 12-membered ring and the cavity 

inside possesses a 12 Å diameter that is surrounded by 10 sodalite cages. The faujasite zeolite 

has cubic unit cell; Pearson symbol cF576, lattice constant 24.7 Å, symmetry Fd3m, No.227. 

Zeolite Y has a void fraction of 48 %. It thermally decomposes at 793 °C (Verboekend et al., 

2016). 

The faujasite zeolites have found their use mainly as ion exchangers, adsorbents or catalysts in 

chemical, oil refining, gas industries and water softening and purification (Georgiev et al., 2013). 

2.4.5.3 Ultra-stable Y zeolite (USY)  

Post synthesis treatment of zeolites was first described in the 1960s. Later in the 1970s 

researchers McDaniel and Maher reported a method used to increase thermal stability of zeolite 

Y, which they referred to as ultra-stabilisation (Silaghi et al. 2014). Faujasite (X/Y) zeolite has 

been transformed into ultra-stable Y zeolite (USY) through dealumination and the synthesised 

USY has proved to be more thermally stable with higher catalytic stability that the parent 

faujasite (X/Y) zeolite (Calsavara et al., 2000).  

The dealumination of zeolites was first reported in literature by Barrer and Makk, (1964). 

Dealumination is a process where framework aluminium is removed from the zeolite structure. 

The dealumination of faujasite zeolite can be performed through steam or acid treatment. It 

affects the Si/Al ratio of zeolites which is an important factor for zeolite properties such as 

thermal or hydrothermal stability, catalytic activity and selectivity. 

http://etd.uwc.ac.za



29 
 

The dealuminated zeolites are referred to as being ultrastable and they are more hydrophobic 

than their faujasite parent. They have been reported to be useful in the adsorption of non-polar 

molecules. They are rendered suitable for selective adsorption due to the mono-dispersity of their 

pores (Breck, 1974).  

Table 2: Comparison of chemical and physical properties of clinoptilolite, faujasite zeolite and 

USY (Lutz. 2014) 

 Clinoptilolite Faujasite Ultrastable Y zeolite  

Si/Al 

Pore size 

4 

4.6 Å or 7.5 Å  

depending on the ring 

member 

1.5-2.2 

7.4 Å 

± 3.5 

7.4 Å 

 

2.5 Characterisation 

2.5.1 X-ray diffraction (XRD) 

Crystalline solids like zeolites, ceramics, metals, electronic materials, organics and polymers 

have characteristic diffraction patterns. These patterns are used for the identification of their 

exact mineral phase identity structure as well as the determination of the degree of their 

crystallinity. X-ray diffraction is used to identify the mineralogical composition of known and 

unknown materials. The XRD technique can also quantify materials of interest, determine the 

crystallographic structure of materials, determine texture as well as crystal size (Cullity & Stock, 

2001). 

Zeolites possess distinct diffraction patterns that are able to help in the identification of their 

structure and their degree of crystallinity. The diffractions generate a scattering pattern which 

then stipulates the periodic arrangement of the regular arrays of atoms or ions that are located 

inside the zeolitic structure. Each zeolite has its own specific pattern and this pattern is then used 

as a reference in the determination of mineral phases and fingerprint for each type of zeolite. 
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XRD is also able to differentiate between amorphous and crystalline phases of materials  (Tan et 

al., 2011). 

The equation that is used in the analysis of an X-ray powder pattern is the Braggs law, which 

states that: 

n λ = 2 dhkl sin θ 2.17  

Where n stands for the order of diffraction (n = 1, 2,…), λ is the wavelength of the incident X-

ray beam (λ = 1.54178 Å for Cu Kα). θ stands for Bragg angle between the incident X-ray beam 

and the crystal planes and dhkl is the interplanar distance on a set of planes nλ must be less than 

2 dhkl. The indices (hkl) of a plane in the crystal system are called Miller-Bravais indices 

(Cullity, 1956).  

2.5.2 Scanning electron microscopy – Energy Dispersive X-ray Spectroscopy (SEM-EDS) 

Scanning electron microscopy is a technique that is used to determine the morphology, crystal 

habit and particle size of powder samples. This information is given by the interaction between 

the primary beam and the specimen which gives rise to an array of signals (back scattered 

electrons, secondary electrons, X-rays, etc.). These signals are used to form an image of the 

surface of that particular material (Egerton, 2005). SEM is a preferred technique for 

morphological analysis since it requires less sample preparation. In the case of zeolites and clay 

materials, samples are coated with a film of gold or carbon to ensure that there is enough 

electrical conductivity on the samples, thus avoiding the build-up of a surface charge, which can 

distort the images. SEM is usually used in conjunction with Energy Dispersive X-ray 

Spectroscopy (EDS) that is used to determine the elemental composition of the material. 

2.5.3 Fourier transform infrared spectroscopy (FTIR) 

In zeolite chemistry and catalysis there are a number of techniques that are used for the 

evaluation of materials and IR spectroscopy is one of the most commonly used techniques. The 

various sampling techniques that are part of the IR spectroscopy include attenuation total 

reflection (ATR), diffuse reflectance, KBr wafer technique,  photo-acoustic Fourier transformed 

infrared (FTIR) and time-resolved FTIR.                
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The principle of the IR spectroscopy involves the production of IR vibrations that are specific for 

different components of the material. These IR vibrations are divided into three categories 

according to the information that they give as follows:  

(a) Near-IR (>3000 cm
-1

): this details information on adsorbed species such as water, organic 

molecules and small gas molecules, etc. in zeolite cavities or channels.  

(b) Mid-IR (4000 – 400 cm
-1

): this provides information on surface OH groups, adsorbed 

molecules and framework vibrations.  

(c) Far-IR (< 300 cm
-1

) which gives information on framework oxygen atoms and charge-

balancing cations in zeolite structures (Byrappa and Yoshimura, 2001). 

Different bonds will thus be represented at different IR vibrations. The framework vibrations for 

zeolites are classified to be in the ranges between 1400 and 300 cm
-1

 (Flanigen 1976).  Some 

factors have been identified that are believed to affect the zeolitic vibrational spectra; these 

include the degree of hydration of the Si/Al ratio as well as the nature of charge-balancing 

cations. There are normally shifts that happen in the bands and these are attributed to the increase 

and decrease in the aluminium content of zeolites. It has been reported that a shift to the lower 

wavenumbers is as a result of an increase in the aluminium content while a decrease in the 

aluminium content would in turn lead to a shift to higher wavenumbers (Shirazi et al. 2008). This 

is attributed to the Al-O bond that is longer when compared to the Si-O bond. Furthermore, the 

TO4 tetrahedral vibrations are categorised into internal and external vibrations, thereby 

representing the vibrations in the tetrahedral building units and between them (double rings and 

pore openings) (Auerbach et al., 2003). 

A lot of the zeolites applications are dependent on their structure; hence it is important to 

understand their structural behaviour during the synthesis and post synthesis procedures. 

Aluminosilicates that comprise of zeolites and clays have the same characteristic bonds and this 

corresponds to peaks around 1000 cm
-1

 and between 750 and 400 cm
-1 

(Schroeder, 2002 and 

Vadapalli et al., 2010).  
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2.5.4 Nuclear Magnetic Resonance (NMR) 

The discovery of nuclear magnetic resonance (NMR) dates back to 1946, which pioneered the 

development of NMR spectroscopy. Over the years, NMR gained attractiveness due to its ability 

to give unique information through the analysis of its spectra. NMR spectrum is used to obtain 

information about the atom’s surroundings (from the chemical shift as well as the number of 

equivalent nuclei from integral of the signal synthesis of USY thesis). NMR is divided into solid-

state NMR and liquid-state NMR. It complements other analytical techniques. Zeolites as solid 

materials are normally analysed using the solid-state NMR.  

2.5.4.1 29Si MAS NMR spectroscopy 

The fundamental units that make up the zeolites framework are TO4 (Q4) and they contain 

silicon atoms at the central T-positions. The SiO4 (Q4) is characterised by about five different 

environments denoted as Si(nAl) (with n=0, 1, 2, 3 and 4), which cause the chemical shifts of 

Si(nAl) (Figure 2.4), this happens upon the introduction of aluminium atoms to the second 

coordination sphere of the silicon atoms that are at the T-positions. There is also an introduction 

of Q3 (Si(3Si,1OH)) and Q2 (Si(2Si,2OH)) signals, which are caused by terminal hydroxyl 

groups that are bound to silicon. The formation of these signals depends on the number of OH 

groups bound to the silicon atom at T-position (Byrappa and Yoshimura, 2001). 
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Figure 2.4: 29Si chemical shift values of Si(nAl) units in zeolites (Byrappa and Yoshimura, 

2001). 

2.5.4.2 27Al NMR spectroscopy 

The Loewenstein’s rule stipulates that, there can never be an Al-O-Al bonding in the zeolite 

framework  (Zhao et al., 1997). This means that only Al(4Si) units exist. Furthermore, the 27Al 

NMR spectra of tetrahedrally coordinated framework aluminium (AlVI) in zeolites entail a 

single signal within the chemical shift range of 55-70 ppm. The extra-framework aluminium 

species in the hydrated zeolites are octahedrally coordinated (AlVI) which then causes the signal 

at 0 ppm to be narrow. There is broadening  of the quadrupolar line which may occur due to the 

distortions of the octahedral symmetry of the AlO6 units as well as broad 27Al MAS NMR 

signals at 30-50 ppm that may results owing to aluminium species in a disturbed tetrahedral 

coordination (AlIV’) or penta-coordinated species (Byrappa and Yoshimura, 2001). This takes 

place when the extra-framework aluminium species are in the form of polymeric aluminium 

oxide in zeolite cages or pores. Calcination of zeolites which is followed by rehydration as well 

as dealumination through steam causes the appearance of signals at 60 ppm and 0 ppm; this is 

attributed to tetrahedrally coordinated framework species (AlIV) and octahedrally coordinated 

framework species (AlVI) (Jiao et al., 2006). 

2.5.5 Inductively coupled plasma – mass spectrometry (ICP-MS) 

Inductively coupled plasma – mass spectrometry (ICP-MS) is an analytical technique that is used 

for the elemental analysis of samples. It was commercially introduced in 1983 and has been used 
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in many studies for elemental composition determinations. The use of ICP-MS was first adopted 

by geochemical analysis laboratories due to its superior detection capabilities. ICP-MS works by 

combining a high-temperature ICP source with a mass spectrometer. The function of this source 

is to convert the atoms of the elements that are in the sample to ions which are further separated 

and detected by the mass spectrometer. An aerosol is used to insert the sample into the ICP 

plasma: this is done by means of liquid aspiration or the dissolving of solid sample into a 

nebulizer. After the sample has been introduced to the ICP torch, it is separated and the elements 

in the aerosol are then converted into gaseous atoms and further ionized towards the end of the 

plasma. 

2.5.6 N2 Brunauer-Emmett-Teller (BET) 

The N2 Brunauer-Emmett-Teller (N2 BET) is a technique used to evaluate the surface area of 

porous materials. Its principle depends on the adsorption of nitrogen gas (N2). The adsorption of 

the gas helps for the probing of the entire surface including irregularities and pore interiors. The 

surface area of porous materials is an important parameter that helps in the optimisation of the 

use of these materials in various applications. As proposed by the International Union of Pure 

and Applied Chemistry (IUPAC), pores can be classified according to their pore width in the 

following manner: 

 Micropore: pores of internal width less than 2 nm; 

 Mesopore: pores of internal width between 2 and 50 nm; 

 Macropore: pores of internal width greater than 50 nm (Lowell et al., 2004). 

Macropores have been reported to have distinctive sorption behaviour from that of micro and 

mesopores. They are characterised by their nearly flat surfaces. The behaviour of micropores is 

controlled by the interactions between fluid molecules and the pore walls while the behaviour of 

mesopores is not restricted to the fluid-wall interaction but is also dependant on the interactions 

that take place between the fluid molecules (Lowell et al., 2004). 

The kinetic behaviour of the adsorption process was first reported by Langmuir, (1918) who 

explained that at equilibrium, the rate of adsorption and desorption are equal when the heat of 

adsorption is constant. It was later explained that the amount of gas adsorbed is dependent on the 
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strength between gas and solid, temperature and the relative pressure (Cejka et al., 2007). Six 

sorption isotherms have been described to define the type of pores that exist in the adsorbent. 

These are characterized as Type I , Type II. Type III, Type IV, Type V and Type VI as shown in 

Figure 2.5 below: Type I isotherm is known for its very fast reaction saturation as well as a high 

adsorption capacity. Type II is found in non-porous materials while type III are predominantly 

found in macroporous materials. It has been established that the adsorption isotherm for 

nonporous materials is able to achieve high adsorption capacity at low relative pressure pressure 

(P/Po), while having a moderate adsorption capacity at the middle and high adsorption capacity 

at P/Po in proximity to 1. Mesoporous materials are characterized by Type IV isotherm. Type V 

on the other hand can be seen following a stronger interaction of nitrogen molecules in 

comparison to interactions of nitrogen with solids. Furthermore, Type VI symbolizes nonporous 

materials that exhibit uniform surfaces (Ndayambaje & Akinyeye 2011).  
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Figure 2.5: Types of adsorption and desorption isotherms for microporous and mesoporous 

materials (Gregg and Sing, 1982). 

 

Prior to the analysis of the sample, it is necessary for samples to be degassed in order to remove 

any gases and vapours that may affect the surface area of the material. Care needs to be taken to 

preserve the material’s structure. The degassing is done by raising the temperature depending on 

the robustness of the material. 

 

http://etd.uwc.ac.za



37 
 

2.6 Chapter summary 

In summary, industrial activities that are source of air, water and soil contamination metal 

toxicity have caused metal toxicity to be among the concerning issues in the world. South 

African economy heavily depends on mining and a lot of metals are produced during these 

mining processes. The metals are then transported into the human gastrointestinal tract through 

ingestion of contaminated air, soil and ground water. It has been noted that these toxic metals are 

a course of a lot of adverse effects in the human body. There has been a lot of research that has 

been done on the use of conventional chelating agents to help the body rid itself of these toxic 

metals. It has been observed that these chelating agents cause adverse effects as they end up 

binding other important elements that are beneficial to the body. 

In recent years studies have been done on zeolites, to use them as an alternative way of 

detoxifying the body and getting rid of the toxic metals. This studies have shown to be 

successful, particularly the use of clinoptilolite which is a natural zeolite. Clinoptilolite has been 

found to potentially leak some elements back into a solution when it was used for water 

purification. That depending on parameters such as concentration as well as the pH of the 

solution, the contact time, concentration of metal and the amount of zeolite used. Hence the need 

for the synthesis of ultrastable Y zeolite and the conduction of leaching studies in comparison to 

clinoptilolite.  
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CHAPTER 3: METHODOLOGY 

3.1. Introduction 

This chapter highlights the sampling of the raw clinoptilolite and chemicals used in this study. It 

also presents the research design and the synthesis protocols followed to form the ultra-stable Y 

zeolite (USY). Furthermore, the experimental protocol of the removal of the toxic metals (Pb and 

Cd) from contaminated acidic water or gastric juice as well as the leaching of elements from the 

zeolites is presented. Lastly this chapter gives a detailed methodology for the various 

characterisation techniques used in this study such as X-ray diffraction (XRD), inductive coupled 

plasma (ICP), scanning electron microscopy (SEM), Fourier transform infrared spectroscopy 

(FTIR), 29Si and 27Al solid state nuclear magnetic resonance (NMR), Inductive Coupled Plasma 

(ICP) and N2 Brunauer-Emmett-Teller (BET).   

3.2 Materials and Chemicals 

The purity and supplier of the starting material (commercial clinoptilolite) as well as those of the 

chemicals used in this study are presented in Table 3.1 
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Table 3.1: List of chemicals  

Chemical Source Purity 

Sodium hydroxide Kimix chemicals 97% 

Aluminium hydroxide Kimix chemicals 96% 

Oxalic Acid Kimix chemicals 99% 

Lead chloride Kimix chemicals 100% 

Cadmium chloride Adrich chemicals 99% 

Boric acid Kimix chemicals 99.5% 

Hydrofluoric acid  Merck chemicals 48% 

Nitric acid  Merck chemicals 55% 

Hydrochloric acid 

Sodium chloride 

Sodium bicarbonate 

Potassium chloride 

Calcium chloride 

Pepsin 

Clinoptilolite 

Merck chemicals 

Sigma-Aldrich 

Sigma-Aldrich 

Sigma-Aldrich 

Sigma-Aldrich 

Sigma 

Wellness Warehouse (The real 

thing company) 

37% 

99% 

99% 

99% 

93% 

250 units/mg 

95-98% 

 

3.3 Synthesis of faujasite and ultra-stable Y zeolite (USY) from clinoptilolite 

The protocol used in the synthesis of faujasite and USY from clinoptilolite entailed the 

following: activation of raw clinoptilolite through fusion, hydrothermal synthesis of faujasite 
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zeolite from the fused clinoptilolite and transformation of clinoptilolite-based faujasite into USY 

through oxalic acid treatment. These will be explained in this section. 

3.3.1 Activation of the raw clinoptilolite 

Prior to the hydrothermal synthesis of faujasite, the raw clinoptilolite was fused as suggested by 

Musyoka et al. (2014). Clinoptilolite (50 g) was mixed with 60 g NaOH pearls (1:1.2 mass ratio). 

The mixture was then fused in a furnace at 550 °C for 1½ h. The obtained fused clinoptilolite 

was left to cool at room temperature, ground into a fine powder, weighed and stored until when 

needed for the synthesis of faujasite zeolite. 

3.3.2 Synthesis of faujasite zeolite from the fused clinoptilolite  

Fused clinoptilolite (20 g) was mixed with 100 mL deionised water. Thereafter, Al(OH)3  (0, 1.2 

or 1.8 g) was added (Table 3.2).  The obtained mixture was then aged at room temperature for 30 

minutes in a plastic bottle. Afterwards, the formed gel was subjected to hydrothermal synthesis at 

90°C for 8 hours. The synthesised product was washed with deionised water until the pH reached 

11 and then filtered. The resulting solid residue was dried in an oven at 70°C overnight. The 

synthesised product (FAU1, FAU2 or FAU3) was then ground, characterised using XRD, SEM 

and FTIR in order to choose the procedure resulting in pure faujasite zeolite phase. 

Table 3.2: Optimisation of the synthesis of clinoptilolite-based faujasite 

Code 

name 

 

Fixed parameters 

Variable parameter 

Al(OH)3 (g) Molar regime 

FAU 1 Fused clinoptilolite  

(20 g) 

H2O (100 mL) 

aging (room temperature, 30 min) 

hydrothermal synthesis (90 °C, 8 

h) 

0.0 Si(8) Al(1)Na(27) H2O(556) 

FAU 2 1.2 Si(3) Al(1)Na(11) H2O(222) 

FAU 3 1.8 Si(2) Al(1)Na(8) H2O(169) 
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3.3.3 Synthesis of the ultra-stable Y zeolite from the clinoptilolite-based faujasite zeolite. 

Only the clinoptilolite-based faujasite with a pure phase was transformed to USY following the 

method suggested by Musyoka et al., (2014). Clinoptilolite-based faujasite (15 g) was mixed 

with 300 mL of 1 M oxalic acid solution; the mixture was stirred at room temperature for 8, 12 

or 16 h under reflux conditions and then filtered. The obtained solid product namely USY1 (8 h), 

USY2 (12 h) or USY3 (18 h) was then left to dry overnight in an oven at 70 °C. The dried 

residue was calcined at 350 °C for 4 h with a ramping temperature of 3.7 °C/min. The calcined 

USY1, USY2 or USY3 was then left to cool down and analysed using XRD, ICP, SEM, FTIR, 

29Si and 27Al solid state NMR and N2 BET. 

3.3.4 Total acid digestion of the raw material clinoptilolite and synthesised zeolites 

The total acid digestion used in this study was adopted from Missengue et al., (2015). Each 

sample (0.25 g) was dissolved in a mixture of 5 mL aqua regia (HCl/HNO3 ratio 3:1) in a Teflon 

container and, then 2 mL of hydrofluoric acid was added. Afterwards the Teflon container was 

placed in an autoclave (or digestion vessel) and kept in an oven for 2 h at 250 °C. Thereafter, the 

digestion vessel was then left to cool overnight. A saturated boric acid solution (H3BO3) (25 mL) 

was added to the acid digested sample. The obtained solution was filtered through a 0.45 µm 

pore filter paper; and the filtrate was diluted to 50 mL with deionised water. The obtained sample 

was analysed for elemental composition using ICP. 

3.4 Uptake of lead and cadmium from an acidic water and simulated gastric juice using 

clinoptilolite and synthesised clinoptilolite-based zeolites 

This section details the design, materials and chemicals used in studying the uptake of lead and 

cadmium from contaminated acidic water and simulated gastric juice.  

3.4.1. Preparation of the acidic water and simulated gastric juice contaminated with lead or 

cadmium 

a. Preparation of acidic water contaminated with lead or cadmium 

The pH of deionised water was first adjusted as shown in Table 3.3, by adding dropwise 1 M of 

HCl or 1 M of NaOH. The obtained acidic water was used to prepare 0.05 mg/L of lead chloride 

(PbCl2) or cadmium chloride (CdCl2) solution. The obtained contaminated acidic water was kept 

at 4 °C until treatment and ICP analysis. 
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b. Preparation of a simulated gastric juice contaminated with lead or cadmium 

The preparation of the simulated gastric juice adopted in this study was proposed by Ziarno and 

Zareba (2015). The gastric juice was prepared by dissolving 4.8 g of NaCl, 1.56 g of NaHCO3, 

2.2 g of KCl and 0.22 g of CaCl2 in 1 L of deionised water. The pH of the solution was further 

adjusted using 1 M HCl/ 1 M NaOH to reach 3.5. The solution was sterilised by means of 

autoclaving for 15 minutes at 121 °C in 50 mL bottles. Thereafter, 1.25 mg of pepsin dissolved 

in 1 mL of deionised water was added in each 50 mL of the prepared solution. Afterwards, the 

obtained juice was used to prepare 0.5 mg/L of lead chloride (PbCl2) or cadmium chloride 

(CdCl2) solution. The obtained contaminated gastric juice was kept at 4 °C until treatment and 

ICP analysis. The pH was then adjusted according to the optimum conditions of toxic metal 

uptake from the acidic water. 

3.4.2. Uptake of lead or cadmium from acidic water or gastric juice 

A comparative adsorption study was conducted using three zeolite samples: namely clinoptilolite 

(C), clinoptilolite-based faujasite (FAU3) with the pure phase and the ultra-stable Y (USY3) 

zeolite with fewer impurities. For all the experiments 50 mL of the contaminated solution was 

used as a constant volume. The parameters that were varied in this study are zeolite dosage, pH 

of the solution, metal concentration, contact time and temperature of the solution (Table 3.3). 
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Table 3.3: Uptake of lead and cadmium from an acidic water and simulated gastric juice  

Fixed parameters Variable parameters 

Zeolite dosage (mg) pH Metal 

Concentration 

(mg/l) 

Contac

t Time 

(minut

es) 

Temperat

ure 

 

*Stock solution: 

 

Lead=0.5mg/L 

 

Cadmium=0.5mg

/L 

Contact time: 1h 

 

50 3.5 0.05 60 Room 

Temp 

100 3.5 0.05 60 Room 

Temp 

200 3.5 0.05 60 Room 

Temp 

400 3.5 0.05 60 Room 

Temp 

800 3.5 0.05 60 Room 

Temp 

Lead (C=0.2 g, FAU3=0.2 

g, USY3=0.05 g) 

Cadmium (C=0.25g, 

FAU3=0.05 g, USY3=0.1 

g) 

3.5  0.05 60 Room 

Temp 

Lead (C=0.2 g, FAU3=0.2 

g, USY3=0.05 g) 

Cadmium(C=0.25g,FAU3

=0.05 g, USY3=0.1 g) 

5.5 0.05 60 Room 

Temp 
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Lead (C=0.2 g, FAU3=0.2 

g, USY3=0.05 g) 

Cadmium (C=0.25g, 

FAU3=0.05 g, USY3=0.1 

g) 

7.5 0.05 60 Room 

Temp 

Lead (C=0.2 g, FAU3=0.2 

g, USY3=0.05 g) 

Cadmium (C=0.25g, 

FAU3=0.05 g, USY3=0.1 

g) 

Lead (3.5) 

Cadmium 

(5.5) 

0.025 60 Room 

Temp 

Lead (C=0.2 g, FAU3=0.2 

g, USY3=0.05 g) 

Cadmium (C=0.25g, 

FAU3=0.05 g, USY3=0.1 

g) 

Lead (3.5) 

Cadmium 

(5.5) 

0.05 60 Room 

Temp 

 

 

 

 

 

Lead (C=0.2 g, FAU3=0.2 

g, USY3=0.05 g) 

Cadmium (C=0.25g, 

FAU3=0.05 g, USY3=0.1 

g) 

Lead (3.5) 

Cadmium 

(5.5) 

0.1 60 Room 

Temp 

Lead (C=0.2 g, FAU3=0.2 

g, USY3=0.05 g) 

Cadmium (C=0.25g, 

FAU3=0.05 g, USY3=0.1 

g) 

Lead (3.5) 

Cadmium 

(5.5) 

Lead (0.1) 

Cadmium(0.1) 

15 Room 

Temp 
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Lead (C=0.2 g, FAU3=0.2 

g, USY3=0.05 g) 

Cadmium (C=0.25g, 

FAU3=0.05 g, USY3=0.1 

g) 

Lead (3.5) 

Cadmium 

(5.5) 

Lead (0.1) 

Cadmium(0.1) 

30 Room 

Temp 

Lead (C=0.2 g, FAU3=0.2 

g, USY3=0.05 g) 

Cadmium (C=0.25g, 

FAU3=0.05 g, USY3=0.1 

g) 

Lead (3.5) 

Cadmium 

(5.5) 

Lead (0.1) 

Cadmium(0.1) 

60 Room 

Temp 

Lead (C=0.2 g, FAU3=0.2 

g, USY3=0.05 g) 

Cadmium (C=0.25g, 

FAU3=0.05 g, USY3=0.1 

g) 

Lead (3.5) 

Cadmium 

(5.5) 

Lead (0.1) 

Cadmium(0.1) 

 

 

 

Room 

Temp 

 Lead (C=0.2 g, FAU3=0.2 

g, USY3=0.05 g) 

Cadmium (C=0.25g, 

FAU3=0.05 g, USY3=0.1 

g) 

Lead (3.5) 

Cadmium 

(5.5) 

Lead (0.1) 

Cadmium(0.1) 

Optim

um 

 

3.5 Characterisation techniques 

This section gives insight on the applied conditions for each of the characterisation techniques 

that were used in this study. 

3.5.1 X-ray diffraction 

The XRD analysis was used to determine the mineralogical phases of raw clinoptilolite, and the 

synthesised clinoptilolite-based faujasite as well as the ultra-stable Y zeolites. The samples were 
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ground to a fine powder and packed in a sample holder which was then placed into the X-ray 

diffraction (XRD) instrument. The analysis was performed between 4° and 60° 2Ɵ with a step 

count of 0.034 and dwell time of 96 s. 

3.5.2 Scanning electron microscopy – Energy dispersive spectroscopy 

The scanning electron microscopy (SEM) was used to analyse the morphological structure of 

clinoptilolite, and the synthesised clinoptilolite-based faujasite (FAU1, FAU2 and FAU3) and 

ultra-stable Y (USY1, USY2 and USY3) samples. The energy dispersive spectroscopy was used 

to investigate the qualitative elemental composition. Each sample was sprayed on a carbon 

adhesive tape and placed on an aluminium stub. The sample was then coated with carbon in an 

Emitech K950X carbon evaporator. Thereafter, the samples were transferred to a Hitachi X-650 

Scanning Electron Micro-analyser equipped with a CDU-lead detector at 25 kV and a tungsten 

filament. Afterwards, the image of each   sample was taken at various magnifications, and the 

qualitative elemental composition was determined. 

3.5.3 Fourier transform infrared 

The structural configuration of the raw clinoptilolite and the synthesised zeolites was 

investigated using Perkin Elmer spectrum 100 FT-IR. This was to find the effect of synthesis 

conditions and post-synthesis acid treatment on the synthesised zeolites. Approximately 0.05 mg 

of each dried sample was ground with approximately 0.2 mg of potassium bromide (KBr). The 

ground mixture was then pressed into a pellet. Afterwards, the pellet was inserted into the FTIR 

machine and IR spectra were collected within a range of 4000-400 cm
-1

. 

3.5.4 Solid state nuclear magnetic resonance (NMR) 

The Si and Al coordination of the zeolites was determined using solid state nuclear magnetic 

resonance (NMR). Each sample (50 mg) was compressed in a NMR rotor with an inner diameter 

of 7 mm.  After closing the rotor, it was injected into an UltraShield 600 MHz/54 mm 

spectrometer for analysis. 

3.5.5 Brunauer-Emmett-Teller (BET) 

To investigate the surface area of the starting material and the synthesised products, a 

Micromeritics ASAP 2020 instrument was used. The samples were dried overnight in an oven at 

90 °C prior to analysis. Each sample (of known mass ) was then put into a sample tube and 
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inserted in the BET instrument where the samples was first degassed for 2 h at 90 °C and then 

for 7 h at 250 °C. The analysis of the samples was then executed at 77.41 K with N2 as 

adsorptive using Micromeritics ASAP 2020 Surface Area and Porosity Analyser. 

3.5.6 Inductively coupled plasma-optical emission spectrometer (ICP) 

The ICP-OES analysis was used to determine the elemental composition of the digested zeolites 

as well as the acidic water and simulated gastric juice before and after the uptake of lead and 

cadmium. Deionised water was used as negative control. Each sample was diluted with 2 % 

HNO3 aqueous solution at the ratio of 1:100 and 1:1000. The analysis was carried out using 

Varian 70-ES ICP-OES instrument; the instrument was calibrated using standards for each 

targeted element. All the samples were prepared in triplicate. 

 

 

 

 

 

 

 

 

 

 

 

http://etd.uwc.ac.za



48 
 

CHAPTER 4: CHARACTERISATION OF ZEOLITES USED IN THIS STUDY 

4.1 Introduction 

The first part of the chapter presents the characterisation of the as-received clinoptilolite. The 

second part of the chapter unfolds the optimisation of the synthesis conditions of clinoptilolite-

based faujasite zeolite, while the last part compares the physical and chemical properties of the 

as-received clinoptilolite to those of faujasite in its optimum conditions as well as USY 

synthesised from the clinoptilolite-based clinoptilolite. The various techniques used to 

characterise the as-received clinoptilolite, faujasite zeolite and USY are namely XRD, SEM-

EDS, FTIR, solid-state NMR (
27

Al and 
29

Si) and N2 BET. 

4.2 Characterisation of the starting material (clinoptilolite) 

This section analyses and discusses the characteristics of the as-received clinoptilolite. The X-ray 

diffraction (XRD) analysis of the as-received clinoptilolite was executed to investigate the 

mineral phases of the starting material. Figure 4.1 presents the XRD pattern of clinoptilolite. 

Figure 4.1: XRD pattern of the as-received clinoptilolite (C=clinoptilolite). 

Figure 4.1 shows that the as-received clinoptilolite, used in this study, was made of a pure 

clinoptilolite phase as confirmed by the Joint Committee on Powder Diffraction Standards 

(JCPDS) data for zeolite materials and the collection of simulated XRD powder patterns for 

zeolites (Treacy 2001). 

SEM was performed to investigate the morphology of the starting material. Figure 4.2 shows the 

SEM image of the as-received clinoptilolite. 
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Figure 4.2: SEM image of the as-received clinoptilolite. 

The scanning electron micrograph of Figure 4.2 shows that the as-received clinoptilolite had a 

typical lamellar shape of its crystals as reported by Petrik et al. (2012), Missengue (2012) and 

Kowalczyk et al. (2006). 

To investigate the elemental composition of the as-received clinoptilolite, EDS was executed. 

Table 4.1 presents the elemental composition of the as-received clinoptilolite. 

Table 4.1: Elemental composition of the as-received clinoptilolite (n=6). 

Element  O Si Al K Ca Fe Na Si/Al 

Percentage 

(%) 

69.0±1.0 24.7±1.9 4.1±0.9 1.7±0.5 1.0±0.5 0.7±0.4 ND 6.05 

*ND= not detected 

Table 4.1 illustrates the major elements found in the as-received clinoptilolite. It can be observed 

that the Si/Al ratio was also calculated and is 6.05.   Missengue (2012) used clinoptilolite, which 

is mined in the Western Cape Province of South Africa, in the synthesis Ag-clinoptilolite 

nanocomposite. Moreover, clinoptilolite used by Missengue had a Si/Al of 4.5 because it was 
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mixed with other mineral phases such as quartz, plagioclase and muscovite, while the XRD 

pattern of clinoptilolite used in the current study showed that it was made of a pure clinoptilolite 

phase and the supplier stated that the as-received clinoptilolite contained 99 % of clinoptilolite. 

Therefore, the Si/Al ratio of clinoptilolite depends on its purity and it is important to ensure that 

the transformation of the as-received clinoptilolite into a pure faujasite phase will not be affected 

by any impurity.   

Figure 4.3 presents the FTIR spectrum of the as-received clinoptilolite. 

 

Figure 4.3: FTIR spectrum of the as-received clinoptilolite. 

The FTIR spectrum of clinoptilolite has vibrational bands at 456 cm
-1

 and 622 cm
-1

 that could be 

attributed to T-O bending mode [ T= Silicon (Si) or Aluminium (Al)] and stretching vibration of 

the Al-O-Si bonds  (Minceva et al., 2008 ), respectively. The band at 769 cm
-1

 could be assigned 

to symmetric stretching mode while the one at 1056 cm
-1

 and 1201 cm
-1

 could be attributed to 

internal and external asymmetric stretching mode, in that order (Li & Wu 2003). The vibrational 

band at 1641 and 3482 cm
-1

 could be attributed to H-O-H bending of water and H-O-H of 

absorbed water correspondingly (Saikia & Parthasarathy 2010). 
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Figure 4.4 presents the 
27

Al and 
29

Si NMR spectra of the as-received clinoptilolite. 

 

 

Figure 4.4: (A) 
27

Al NMR and (B) 
29

Si NMR spectra of the as-received clinoptilolite. 

(A) 

(B) 
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Figure 4.4 (A) shows that the 
27

Al NMR spectrum of the raw as supplied clinoptilolite (C) had a 

narrow and intense signal at 56 ppm and according to the literature data; this signal can be 

assigned to the aluminium atoms in tetrahedral coordination, which means that as supplied 

clinoptilolite had tetrahedrally coordinated framework aluminium and no octahedrally 

coordinated Al (no signal at 0 ppm). Figure 4.4(B) shows that the 
29

Si NMR spectrum of 

clinoptilolite has signals at -113 ppm; -105 ppm and -102 ppm that correspond to Si(0Al), 

Si(0Al) and Si(1Al) units respectively as reported by Byrappa & Yoshimura (2001). 

4.3 Optimisation of clinoptilolite-based faujasite 

This section discusses the different mineralogical, structural and morphological transformations 

induced during the synthesis of Na-faujasite from the as-received clinoptilolite. The synthesis 

conditions of clinoptilolite-based Na-faujasite as detailed in Chapter 3, Section 3.3.2 were 

adopted from the work reported by Musyoka et al., (2014), in which zeolite faujasite was 

synthesised from various South African clays. However, the synthesis conditions of zeolite 

faujasite from clinoptilolite still needed to be optimised as follows: 50 g of clinoptilolite was 

fused with 60 g of NaOH at 550 °C for 1.5 h. Thereafter, 20 g of fused clinoptilolite was mixed 

with 100 mL of deionised water. Afterward, various amounts of aluminium hydroxide (Al(OH)3) 

(0 g, 1.2 g and 1.8 g) were added to the mixture. The obtained mixtures were aged at room 

temperature for 30 min and underwent hydrothermal synthesis at 100 °C for 6 h. The synthesised 

clinoptilolite-based products, labelled Na-FAU1  (0 g of Al(OH)3), Na-FAU2  (1.2 g of Al(OH)3) 

and Na-FAU3   (1.8 g of Al(OH)3), were filtered, dried at 80 °C for 12 h, and characterised using 

XRD, SEM and FTIR, respectively. 

4.3.1 Mineralogical study of clinoptilolite-based na-faujasite 

Figure 4.5 compares the XRD pattern of the as-received clinoptilolite (C) to that of FAU1, FAU2 

and FAU3 that were synthesised as detailed Section 3.3.2. 
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Figure 4.5: XRD patterns of C, FAU1 (0 g of Al(OH)3), FAU2 (1.2 g of Al(OH)3) and FAU3 

(1.8 g of Al(OH)3) (C=clinoptilolite, P=P zeolite, A=A zeolite, F=faujasite and S=sodalite). 

Figure 4.5 shows that clinoptilolite (C) was almost completely transformed into other mineral 

phases after fusion, aging and hydrothermal synthesis. However, the XRD pattern of FAU1, that 

was obtained without addition of Al(OH)3 in the synthesis gel, was composed of faujasite, P-

zeolite, A-zeolite and sodalite. Furthermore, the XRD pattern of FAU2 showed that the addition 

of 1.2 g Al(OH)3 in the hydrothermal gel led to a decrease in intensity of P-zeolite A-zeolite and 

sodalite peaks. The XRD pattern of FAU3 that was synthesised by adding 1.8 g Al(OH)3 in the 

hydrothermal gel shows an almost complete transformation of the clinoptilolite (C) to faujasite 

phase with only minor traces of sodalite phase. Musyoka et al., (2014) reported in literature that 

the transformation of South African clays to faujasite required an addition of only 1.2 g 

aluminium hydroxide after synthesis for 8 h at 90 °C, while in the current study 1.8 g of 

aluminium hydroxide was required to transform clinoptilolite to faujasite after synthesis for 6 h 

at 100 °C. Even if the difference in synthesis conditions and type of starting materials does not 
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favour the comparison between the process followed by Musyoka and colleagues and that 

followed in the current study, it is noteworthy that the Si/Al ratio of the South African clays 

(4.60) that Musyoka and colleagues used as starting materials in the synthesis of faujasite was 

less than that of clinoptilolite (6.05) used in the current study, therefore it could be 

understandable that the process of the current study required more aluminium hydroxide than 

that used by Musyoka and colleagues in order to get a hydrothermal gel with a required Si/Al 

ratio of 3 for the synthesis of faujasite  (Barrer, (1978). However, Wang et al., (2008) reported 

the synthesis of faujasite zeolite from fused Chinese clinoptilolite (Si/Al~6) without any addition 

of aluminium source at 100 °C for 12 h.  These findings showed that the synthesis parameters 

other than addition of aluminium source could also influence the production of faujasite zeolite 

from clinoptilolite. 

4.3.2 Morphological study of clinoptilolite-based faujasite 

Figure 4.6 shows the SEM images of the as-received clinoptilolite and final products FAU1, 

FAU2 and FAU3 synthesised by mixing 0.0 g, 1.2 g and 1.8 g of Al(OH)3 respectively with 20 g 

of fused clinoptilolite and 100 mL of deionised water as described in Chapter 3, Section 3.3.2. 
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Figure 4.6: SEM images of the as-received clinoptilolite C, FAU1 (0 g of Al(OH)3), FAU2 (1.2 g 

of Al(OH)3) and FAU3 (1.8 g of Al(OH)3). 

The morphology of the as-received clinoptilolite was described in Section 4.2, Figure 4.2. 

Figure 4.6 shows that the layered crystalline structure of clinoptilolite (C) was transformed into 

typical octahedral crystals which are characteristic of faujasite zeolite (FAU1, FAU2 and FAU3). 

However, it can be seen in FAU1, which was synthesised without addition of aluminium 

hydroxide, that the octahedral crystals were mixed with amorphous materials. The addition of 1.2 

g aluminium hydroxide in the hydrothermal gel reduced the amorphous materials in the final 

product (FAU2). Well-defined octahedral crystals without amorphous materials (FAU3) were 

formed when 1.8 g of aluminium hydroxide was added into the hydrothermal gel. The variation 

in the amount of extra Al(OH)3 added during the synthesis process affected the type of material 

formed. This was expected as it had been reported that during zeolite synthesis subtle changes in 

the preparation conditions as well as in chemical composition of the starting material are known 

Clinoptilolite 

FAU 3 FAU 2 

FAU 1 
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to influence the type of zeolite phases that crystallise from the synthesis mixture (Martinez and 

Perez-Pariente, 2011). This was also reported by a study that was conducted by Basaldella et al. 

(1997) who reported that aluminium concentration in the synthesis mixture influences the 

nucleation rate as well as the size and morphology of the zeolite crystals formed. Musyoka et al., 

(2014), Wang et al., (2008) and Pfenninger, (1999) also reported the transformation of lamellar 

shaped aluminosilicate materials into octahedral crystals during the synthesis of faujasite zeolite. 

4.3.3 Structural study of clinoptilolite-based faujasite 

Figure 4.7 presents the FTIR spectra of clinoptilolite (C), clinoptilolite-based faujasite with no 

aluminium hydroxide added in the synthesis mixture (FAU1), clinoptilolite-based faujasite with 

1.2 g of aluminium hydroxide added in the synthesis mixture (FAU2) and clinoptilolite-based 

faujasite with 1.8 g of aluminium hydroxide added in the synthesis mixture (FAU3). 

 

 

Figure 4.7: FTIR spectra of the as-received clinoptilolite (C), FAU1 (0 g of Al(OH)3), FAU2 (1.2 

g of Al(OH)3) and FAU3 (1.8 g of Al(OH)3). 
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The FTIR spectrum of clinoptilolite was described in Section 4.2, Figure 4.3. Figure 4.7 shows 

that the FTIR spectra of the synthesised faujasite zeolite samples (FAU1, FAU2 and FAU3) have 

a similar vibrational band to that of clinoptilolite at 456 cm
-1

 that corresponds to T-O bending 

mode [T= Silicon(Si) or Aluminium (Al)]. A band at 566 cm
-1

 corresponds to double 6-

membered rings of faujasite zeolite. The vibrational bands at 693 and 769 cm
-1

 can be assigned 

to internal and external symmetric stretches respectively (Auerbach et al., 2003). There is a band 

that corresponds to an internal asymmetric stretch that can be observed at 990 cm
-1

 (FAU1 and 

FAU2) and 890 cm
-1

 (FAU3). There is a band in FAU3 spectrum at 1296 cm
-1

 that corresponds 

to an external asymmetric stretch (Tao and Kanoh, 2006; Auerbach et al., 2003). The band at 

1485 cm
-1

 can be assigned to a C-H stretching, while those that appear at 1644 and 3468 cm
-1

 

can be attributed to H-O-H bending of water and H-O-H of absorbed water correspondingly 

(Saikia and Parthasarathy, 2010). Moreover, there is a shift of the internal asymmetric stretch 

band from 1056 cm
-1

 in the spectrum of clinoptilolite (C) to 990 cm
-1

 in the spectra of FAU1 and 

FAU2 and to 890 cm
-1

 in the spectrum of FAU3 as a result of the incorporation of aluminium 

into the zeolitic framework, as stated by Shirazi et al. (2008).  

The comparison of the XRD patterns and SEM images of FAU1, FAU2 and FAU3 showed that 

only FAU3 was made of a pure faujasite phase. Hence, it was used as precursor in the synthesis 

of ultrastable Y zeolite (USY) and Section 4.4 (below) compares the characteristics of 

clinoptilolite and FAU3 to those of the synthesised ultrastable Y zeolite samples (USY1, USY2 

and USY3). 

4.4 Characterisation of clinoptilolite-based ultrastable y zeolite 

After the successful synthesis of FAU3, it was further treated with oxalic acid at different times.  

The idea for this was to synthesise a much more stable zeolite and create more pores inside the 

zeolite framework to create larger surface area for adsorption purposes. This section compares 

the characteristics of the as-received clinoptilolite, FAU3, USY1, USY2 and USY3. FAU3 was 

synthesised from the mixture of 20 g of fused clinoptilolite, 1.8 g of Al(OH)3 and 100 mL of 

deionised water as described Chapter 3, Section 3.3.2, while USY1, USY2 and USY3 were 

obtained by treating FAU3 with 1 M of oxalic acid solution  for 8, 12 and 16 h, followed by 

calcination at 350 °C for 4 h as described in Chapter 3, Section 3.3.3 
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4.4.1 Mineralogical study of ultrastable y zeolite 

Figure 4.8 compares the XRD patterns of the as-received clinoptilolite (C), FAU3, USY1, USY2 

and USY3. 

 

 

Figure 4.8: XRD patterns of the as-received clinoptilolite (C), FAU3, USY1, USY2 and USY3. 

The XRD patterns of the as-received clinoptilolite and FAU3 are discussed in Section 4.2 and 

Section 4.3.1. After the treatment of the synthesised faujasite with oxalic acid, it can be noted 

that the intensities of peaks increased in the range between 4-30 2Ɵ of the XRD patterns as more 

time was spent on treatment with oxalic acid. The XRD patterns of the USY1 (8 h), USY2 (12 h) 

and USY (16 h) are typical of faujasite zeolite. 
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The crystallinity of the faujasite zeolite increased after the treatment with oxalic acid. It can be 

observed that the more time spent in treating the zeolite, the greater the intensity of the peaks. 

This can be attributed to some impurities being washed away as dealumination with oxalic acid 

occurs.  

4.4.2 Elemental composition study of ultrastable y zeolite 

Figure 4.9 compares the elemental composition (in mass %) of the as-received clinoptilolite (C), 

FAU3, USY1, USY2 and USY3. 

 

Figure 4.9: Qualitative elemental composition of the as-received clinoptilolite (C), FAU3, USY1, 

USY2 and USY3 (n=6). 

The qualitative elemental composition of the synthesised products was investigated using EDS. 

The major elements as shown by EDS are O, Si, Al, Na, K, Ca and Fe. Faujasite zeolite (FAU3) 

shows an increase in the amount of aluminium compared to the as-received clinoptilolite, this 

O Si Al Na K Ca Fe

C (Si/Al=6.05) 69.0 24.7 4.1 0.0 1.7 1.0 0.7

FAU3 (Si/Al=1.46) 59.5 15.5 10.6 12.0 0.8 0.9 1.0

USY1 (Si/Al=1.61) 62.5 16.2 10.0 7.8 0.8 1.6 0.9

USY2 (Si/Al=1.60) 62.3 16.1 10.0 8.2 0.8 1.6 0.7

USY3 (Si/Al=1.62) 61.8 16.7 10.3 7.6 0.9 2.0 0.8
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can be attributed to the addition of aluminium hydroxide during the synthesis process. The 

percentage of Na went from 0.0±0.0 % in the as-received clinoptilolite to 12.0±1.3 % in FAU3; 

this was due to the treatment of clinoptilolite with NaOH during the fusion step. It can be 

observed that the percentage of Si and Ca increased slightly after treatment of FAU3 with oxalic 

acid, while the percentage of Al and Na decreased slightly. Therefore, it can be concluded that 

oxalic acid is a good chelating agent for Al and Na but not for Ca, but very little difference was 

observed for longer oxalic acid treatment times 8 versus 12 or 16 hours. 

Figure 4.9 showed that the Si/Al ratio was 6.05 for clinoptilolite, 1.46 for FAU3, 1.61 for USY1, 

1.60 for USY2 and 1.62 for USY1, USY2 and USY3, respectively. The significant decrease in  

Si/Al ratio from the starting clinoptilolite to the synthesised FAU3 was due to the addition of 

Al(OH)3 in the synthesis mixture; this explained the shift of the internal asymmetric stretch band 

from 1056 cm
-1

 for the clinoptilolite FTIR spectrum to 890 cm
-1

 for FAU3 FTIR spectrum 

(Figure 4.7) and a slight increase of the Si/Al ratio from FAU3 to USY1, USY2 and USY3 

which followed the treatment of FAU3 with oxalic acid, gave evidence of slight dealumination 

of FAU3. With a Si/Al ratio of 1.46, FAU3 can be classified as X zeolite, as it has been reported 

by Jha and Singh (2011)  that a faujasite zeolite with a Si/Al ratio below 2 is X zeolite. FAU3 

(Si/Al=1.46) framework did not collapse after being treated with 1 M of oxalic acid at room 

temperature  (Figure 4.8); however, Yan et al., (2003)  reported that the structure of faujasite 

zeolite (Si/Al=2.5) collapsed when treated with 0.25 M of oxalic acid at room temperature. Even 

if the treatment of FAU3 with 1 M of oxalic acid did not destroy its structure, the conditions used 

were not enough to extract an important amount of Al in the synthesis of USY1, USY2 and 

USY3 (Figure 4.9). 

4.4.3 Morphological study of ultrastable y zeolite 

Figure 4.10 presents the morphology of the as-received clinoptilolite, FAU3, USY1, USY2 and 

USY3. 
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Figure 4.10: SEM images of the as-received clinoptilolite, FAU3, USY1, USY2 and USY3. 
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The morphology of the as-received clinoptilolite was described in Section 4.2, Figure 4.2 and it 

was further explained in Figure 4.6 that the layered crystalline structure of clinoptilolite (C) was 

transformed into typical octahedral crystals which are characteristic of faujasite zeolite FAU3. 

Figure 4.10 shows that USY1, USY2 and USY3 had similar octahedral crystals as FAU3. 

4.4.4 Structural study of ultrastable y zeolite 

4.4.4. Figure 4.11 compares the FTIR spectra of the as-received clinoptilolite, FAU3, USY1, 

USY2 and USY3 

 

 

Figure 4.11: FTIR spectra of the as-received clinoptilolite (C), FAU3, USY1, USY2 and USY3. 

The FTIR spectra of the as-received clinoptilolite and FAU3 were discussed in Section 4.2 and 

Section 4.3.3. Figure 4.11 shows that the spectrum of FAU3 was similar to that of USY1, USY2 

and USY3. However, it was noteworthy that the internal asymmetric stretching vibration shifted 

from 890 cm
-1

 to 933 cm
-1

 in USY1, 990 cm
-1

 in USY2 and 1000 cm
-1

 in USY3. This is due to 
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the extraction of Al from FAU3 structure. Similar results were reported by Miessner et al., 

(1993), who observed the shift of the internal asymmetric stretch towards higher wavenumbers 

after hydrothermal treatment of faujasite zeolite followed by aluminium extraction with SiCl4. 

4.4.5 Silicon and aluminium coordination study of ultrastable y zeolite 

Figure 4.12 compares the 
27

Al solid state NMR spectra of clinoptilolite and faujasite to those of 

ultrastable Y zeolite samples that were synthesised from clinoptilolite-based faujasite through 

treatment with oxalic acid as detailed in section 3.3.1.3. 

 

 

Figure 4.12: 
27

Al NMR spectra of clinoptilolite (C), clinoptilolite-based faujasite (FAU3) and 

ultrastable Y zeolite samples (USY1, USY2 and USY3). 

 

The 
27

Al NMR spectrum of clinoptilolite has a narrow and intense signal at 56 ppm, as shown in 

Section 4.2, Figure 4.4, which corresponds to tetrahedrally coordinated framework aluminium. 
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The 
27

Al NMR spectrum of FAU3 has an intense signal at 62 ppm and a minor signal at around 

12 ppm that corresponds to tetrahedrally coordinated framework aluminium and octahedrally 

coordinated extra-framework aluminium respectively. The 
27

Al NMR of USY1, USY2 and 

USY3 also shows an intense signal at 62 ppm that corresponds to tetrahedrally coordinated 

framework aluminium.   The shift of the tetrahedrally coordinated framework aluminium from 

56 ppm in the clinoptilolite spectrum to 62 ppm in the spectrum of FAU3 can be attributed to the 

addition of aluminium during the synthesis process of FAU3 using fused    clinoptilolite. The 

minor signal at 12 ppm of the spectrum of FAU3 can be an indication that the aluminium added 

during the synthesis was not completely involved in the synthesis of FAU3. The minor signal 

does not appear in the 
27

Al NMR spectra of USY1, USY2 and USY3, which can be due the 

treatment of FAU3 with oxalic acid that removed the extra-framework aluminium. The chemical 

shift of the framework aluminium signal is related to the Si/Al ratio of C (6.05), FAU3 (1.46), 

USY1 (1.61), USY2 (1.60) and USY3 (1.62) (Figure 4.9).  However, the slight difference of 

Si/Al ratios between FAU3, USY1, USY2 and USY3 did not cause any chemical shift of the 

framework aluminium signal. Freude and Behrens (1981) also reported that the Si/Al ratio of 

zeolites influenced the chemical shift of the framework aluminium signal within their 
27

Al NMR 

spectrum. 

Figure 4.13 compares the 
29

Si NMR spectra of clinoptilolite, clinoptilolite-based faujasite and 

ultrastable Y zeolite obtained by treating faujasite zeolite with oxalic acid solution. 
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Figure 4.13: 
29

Si NMR spectra of clinoptilolite (C), clinoptilolite-based faujasite (FAU3) and 

ultrastable Y zeolite samples (USY1, USY2 and USY3). 

Table 4.2 presents 
29

Si chemical shift values of Si(nAl) units of clinoptilolite, clinoptilolite-based 

faujasite, USY1, USY2 and USY3. 
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Table 4.2: 
29

Si chemical shift values of Si(nAl) units of clinoptilolite (C), clinoptilolite-based 

faujasite (FAU3), USY1, USY2 and USY3. 

Sample Chemical shift (ppm) Si(nAl) corresponding unit 

C -113 

-105 

-102 

Si(0Al) 

Si(0Al) 

Si(1Al) 

FAU3 -102 

-98 

-96 

-89 

-85 

Si(1Al) 

Si(1Al) 

Si(2Al) 

Si(3Al) 

Si(4Al) 

USY1 -98 

-92 

-89 

-85 

Si(1Al) 

Si(2Al) 

Si(3Al) 

Si(4Al) 

USY2                                       -98                                            Si (1Al) 

                                                 -94                                            Si (2Al) 

                                                 -89                                            Si (3Al) 

                                                 -85                                            Si (4Al) 

 USY3                                      -94                                            Si (2Al) 

                                                 -89                                            Si (3Al) 

                                                 -85                                            Si (4Al) 
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It can be noted that after the transformation of clinoptilolite (C) to faujasite (FAU3), there is a 

shift towards higher chemical shift values that correspond to much more condensed units 

Si(2Al), Si(3Al)) and Si(4Al) (Figure 4.13 and Table 4.2). The intensity of the signal that 

appears at -102 corresponding to Si(1Al) significantly decreases from the spectrum of C to that 

of FAU3. This can be attributed to the addition of aluminium during the synthesis process of 

FAU3, which led to the incorporation of Al into the zeolite framework and decreased the 

percentage of less condensed units (Si(1Al)).  The treatment with oxalic acid was accompanied 

by the removal of less condensed units (Si(1Al))), which can be noted by the decrease of the 

intensity of the signal that appears at -102 ppm in the spectrum of USY1 and USY2, and 

disappears in the spectrum of USY3. This means that the treatment with oxalic acid washed 

away Si(nAl) units that are not well-attached to the structure when removing aluminium. 

The 
27

Al and 
29

Si NMR spectra confirm what was observed in the FTIR spectra (Figure 4.11), 

where there was a noticeable shift of the internal asymmetric stretching band to lower 

wavelengths when clinoptilolite (Si/Al= 6.05) was used to synthesise faujasite (Si/Al=1.46). This 

shift is due to the incorporation of aluminium into the faujasite framework and can be attributed 

to the synthesis conditions as detailed in Chapter 3, Section 3.3.2. Furthermore, there is a 

correlation between the removal of less condensed Si(nAl) units and Si(1Al) in the 
29

Si NMR 

spectra (Figure 4.13) and the shift of the internal asymmetric stretching to higher wavelengths 

(Figure4.11) after the treatment with oxalic acid to obtain USY1, USY2 and USY3, which shows 

that slight dealumination accompanied the treatment of faujasite with oxalic acid. The objective 

of the oxalic acid treatment was to remove any extra framework aluminium from the synthesised 

faujasite which appears to have taken place as shown in Figure 4.12. 

4.4.6 Surface area analysis/study of ultrastable Y zeolite 

Brunauer - Emmett – Teller (N2-BET) analysis was carried out by N2 adsorption-desorption 

measurements performed at 77.41 K as described in Chapter 3 section 3.5.5, in order to 

determine the surface area of the as-received clinoptilolite (C), clinoptilolite-based faujasite 

(FAU3) and clinoptilolite-based ultrastable Y zeolite (USY1, USY2 and USY3) samples. The 

BET surface area of as-received clinoptilolite (C), synthesised clinoptilolite-based faujasite 

(FAU3) and ultrastable Y zeolite samples (USY1, USY2, and USY3) were compared. Faujasite 

(FAU3) was synthesised as follows: 50 g of clinoptilolite was fused with 60 g of NaOH at 550 
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°C for 1.5 h. Thereafter, 20 g of fused clinoptilolite was mixed with 100 mL of deionised water. 

Afterward, 1.8 g of Al(OH)3 was added to the mixture. The obtained mixture was aged at room 

temperature for 30 min and underwent hydrothermal synthesis at 100 °C for 6 h. Thereafter, the 

obtained FAU3 was treated with 1 M of oxalic acid solution for 8, 12 and 16 h, followed by 

calcination at 350 °C for 4 h to obtain USY1, USY2 and USY3 respectively as described in 

Chapter 3, Section 3.3.3.  Figure 4.15 presents the sorption isotherms and BET surface area of C, 

FAU3, USY1, USY2 and USY3. All BET was done on Na form zeolites. 
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Figure 4.15: Sorption isotherms and BET surface area of (A) clinoptilolite, (B) faujasite (FAU3), 

(C) USY1, (D) USY2 and (E) USY3. 

 

Figure 4.15 showed that the N2 adsorption-desorption isotherms of clinoptilolite (C), faujasite 

(FAU3), USY1,  USY2 and USY3 were all that of type IV, with the presence of a hysteresis loop 

; which is characteristic of mesoporous materials as reported by Lowell et al., (2004). It can be 
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observed that the quantity of N2 adsorbed in the micropore area increases from clinoptilolite 

sorption isotherm (5 cm
3
/g) to that of FAU3 (60 cm

3
/g), USY1 (60 cm

3
/g), USY2 (75 cm

3
/g) and 

USY3 (100 cm
3
/g).This shows that the synthesis of FAU3 and further treatment with oxalic acid 

solution of FAU3 increased the volume of the micropore area 

Furthermore, the BET surface area of the as-received clinoptilolite, FAU3, USY1, USY2 and 

USY3 faujasite was found to be 130.74 m
2
/g, 289.74 m

2
/g, 308.55 m

2
/g, 267.11 m

2
/g and 384.57 

m
2
/g respectively, showing that the synthesis and treatment with oxalic acid increased the BET 

surface area of the zeolites. However, it was observed that the BET surface area of USY2 is 

lower that FAU3, which can be attributed to the sample preparation prior to the BET analysis or 

could be due to pore blockage caused by partial dealumination during insufficient oxalic acid 

treatment which can be seen in NMR. The increase in the micropore surface area and BET 

surface area from the as-received clinoptilolite to USY3 can lead to USYs having a higher 

uptake capacity towards Pb and Cd compared to the as-received clinoptilolite and FAU3. 

4.5 Chapter summary 

This chapter dealt with the characterisation of the as-received clinoptilolite, which was used as a 

feedstock material for the synthesis of faujasite (FAU1, FAU2 and FAU3). Furthermore, this 

chapter discussed the characterisation of the zeolites (USY1, USY2 and USY3) obtained after 

treating FAU3 with 1 M of oxalic acid solution for various times. 

The XRD analysis showed that clinoptilolite was successfully transformed into faujasite zeolite; 

and the purity of the zeolite increased with the amount of Al(OH)3 added in the synthesis 

mixture. The SEM images showed that the layered crystalline structure of clinoptilolite was 

transformed into typical octahedral crystals of faujasite zeolite. FTIR analysis showed a shift of 

the internal asymmetric stretch band towards lower wavenumbers confirming the incorporation 

of Al(OH)3 in  building of the faujasite framework. FAU3, which was synthesised in the 

optimum conditions (1.8 g of Al(OH)3), was treated with oxalic acid solution for various times of 

8, 12 and 16 hours to obtain USY1, USY2 and USY3.  

It was noted that the intensities of peaks increased as more time was spent on treatment of FAU3 

with oxalic acid. Yet the XRD patterns of the USY1 (8 h), USY2 (12 h) and USY3 (16 h) were 

typical of faujasite zeolite. This gave a conclusion that some impurities were washed out of pores 
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during the oxalic acid treatment as the SEM images showed less amorphous phase for the oxalic 

acid treated samples. Moreover, the EDS analysis showed that the oxalic acid treatment led to 

the removal of Al, Na and Fe, and increased the Si/Al ratio from 1.46 for FAU3 to 1.61 for 

USY1, 1.60 for USY2 and 1.62 for USY3. It could then be concluded that FAU3 was X zeolite 

as its Si/Al ratio was lower than 1.5 and that USY1, USY2 and USY3 were not ultra-stable Y 

zeolite as their Si/Al ratio was lower than 4. 

FTIR spectra and NMR of FAU3, compared with USY1, USY2 and USY3 confirmed the 

removal of Al during the oxalic acid treatment; with the shift of internal asymmetric stretch band 

towards higher wavenumbers for the FTIR spectra, which was supported by the disappearance of 

the extra-framework aluminium signal for the 27Al NMR spectra and disappearance of 

Si(1Al)units for the 29Si NMR spectra.   

The N2 BET adsorption-desorption measurements performed at 77.41 K showed that the BET 

surface area increased after the synthesis and treatment with oxalic acid. Moreover, USY3 

presented better chemical and physical properties than USY1 and USY2. Therefore the metal 

uptake capacity of the as-received clinoptilolite (C), the optimum faujasite zeolite (FAU3) and 

the optimum oxalic acid treated FAU3 (USY3) was tested using simulated acid solution followed 

by a simulated gastric juice contaminated with Pb and Cd.   
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CHAPTER 5: REMOVAL OF LEAD AND CADMIUM FROM CONTAMINATED 

WATER USING CLINOPTILOLITE-BASED USY 

5.1 Introduction  

This chapter is divided into two sections. The first section (section 5.2) presents and discusses 

the removal of lead and cadmium from contaminated water using as received clinoptilolite, 

synthesised clinoptilolite-based faujasite (FAU3) and synthesised clinoptilolite based ultrastable 

Y zeolite (USY). 

The second section (section 5.3) illustrates the results of the adsorption studies of lead and 

cadmium on as received clinoptilolite, synthesised clinoptilolite-based faujasite and synthesised 

clinoptilolite based ultrastable Y zeolite (USY). In both sections, the adsorption parameters were 

investigated in order to determine their optimum values for the adsorption of both lead and 

cadmium. 

5.2. Effect of zeolite dosages on the removal of lead and cadmium from contaminated water 

This section presents the comparative study between the zeolites used in this study, mainly 

clinoptilolite, faujasite and ultrastable y zeolite in the uptake of heavy metals (lead and 

cadmium) from contaminated acidic water. Furthermore, the effect of dosage and other 

parameters such as the pH of the solution, time, and concentration of the metal and temperature 

of the solution was investigated. 

5.2.1 Comparative study of zeolite dosages 

Adsorption parameters applied in this experiment were 50 mL of about 50 mg/L NH4
+
 at pH of 

3.5 and room temperature treated with 0.5 g, 0.1 g, 0.2 g, 1.4 g and 0.8 g of  C, FAU3 and USY3 

over a contact time of 1 hour. 

This section will detail the results of the various zeolite dosages that were used to remove lead 

and cadmium from contaminated acidic water. The zeolites that were used are the as-received 

clinoptilolite (C), synthesised clinoptilolite-based faujasite (FAU3) and the treated ultrastable Y 

zeolite (USY3). Faujasite was synthesised by hydrothermal synthesis as detailed in Chapter 3 

Section 3.3.2. Various amounts of aluminum were used during synthesis to investigate the 

amount that would give a pure phase of faujasite. FAU3 was then chosen as the best out of the 3 

faujasite samples that were synthesised. This is attributed to its purity. To get the ultrastable Y 
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zeolite, FAU3 was further treated with oxalic under various time frames, this was done to 

dealuminate faujasite and to get a zeolite that will be stable in acidic environments. The 

treatment conditions are detailed in Chapter 3, Section 3.3.3. USY3, which is a sample that was 

chosen as the best USY out of the 3 prepared samples of USY zeolites because it has the highest 

surface area as detailed in figure 4.15. 

The adsorption study was carried out by preparing contaminated acidic water with lead and 

cadmium, respectively. The pH of the solution was fixed at 3.5. Parameters such as time (15 , 30 

and 60 minutes), concentration of the metal (0.025 (g/L), 0.05 (g/L) and 0.1(g/L)), temperature ( 

room temperature and 36 °Celsius ) and volume (50 mL) were kept constant with only the 

dosage of the zeolite varied as detailed in Chapter 3, Section 3.4.2. The various zeolite dosages 

that were used are 0.05 g, 0.1 g, 0.2 g, 0.4 g and 0.8 g. This was conducted to investigate the 

optimum dosage that will be able to remove the most metals from acidic water. 

Figure 5.1 illustrates the percentage removal of lead and cadmium using clinoptilolite (C), 

clinoptilolite-based faujasite (FAU3) and clinoptilolite-based ultrastable Y zeolite (USY3). 
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Figure 5.1: (A) Percentage removal of lead using C, FAU3 and USY3 at various zeolite dosages. 

(B) Percentage removal of cadmium using C, FAU3 and USY3 at various dosages (Fixed 

parameters: volume=50 mL, contact time=60 min, pH=3.5, metal concentration=0.5mg/L). 

Figure 5.1 (A) compares the percentage removal of lead using the 3 zeolites under various 

dosages. It can be seen on the figure that at lower dosages clinoptilolite (C) is able to remove low 

amounts of lead and as the dosage increases the amount of lead taken by the adsorbent also 
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increases. The optimum dosage for the uptake of lead using clinoptilolite is 0.2 g, the percentage 

uptake then decreases probably due to competitive readsorption of cations. A similar pattern can 

be observed with FAU3 as well, with the optimum dosage being 0.2 g. The percentage removal 

fluctuated with higher dosage of faujasite used. USY is able to remove the highest amount of 

lead at lowest dosage of 0.05g. Of the 3 zeolites used in this study it can be seen then that USY3 

is consistently able to take up as much lead as C and FAU3 even at lower dosages, therefore only 

low dosages of USY3 are needed to remove as much lead as higher dosage C and FAU 3. This is 

ascribed to its higher void volume and surface area as well as lower amount of Na cation. 

Figure 5.1 (B) presents the removal of cadmium using the 3 zeolites under various dosages. As 

the dosage of clinoptilolite (C) increased the percentage removal also increased, with the highest 

amount removed when 0.4 g C was used.  FAU3 did not remove high amounts of cadmium, with 

the highest amount removed being 42%, and that at the lowest dosage which is 0.05 g. USY3 

consistently removed the highest amount of cadmium from the solution. Even at the lowest 

dosage, USY3 removes the highest amount of cadmium compared to the other 2 zeolites. The 

optimum dosage for USY3 is 0.1 g, whereby it was able to remove up to 98% of the metal from 

the solution. High Al content zeolites have high sorption capacity (Ziyath 2011) but the 

dealumination of FAU3 to the USY form was beneficial and enhanced adsorption according to 

the results given in Figure 5.1. FAU3 had more Na and Fe in its pores which would compete for 

the available sorption sites whereas oxalic acid removed the cation to some extent. 

Several studies have reported the use of zeolites in the removal of toxic metals from water. 

Erdem et al. (2004) used a natural zeolite clinoptilolite to remove Co
2+

, Cu
2+

, Zn
2+

 and Mn
2+

 

from waste water. Ziyath et al. (2011) reported that synthesised zeolites A, X and P were also 

used to remove toxic metals from waste water. This is due to their ion exchange capacity and 

pore size. Zeolites are aluminosilicate porous materials with a three-dimensional network of SiO
4
 

and AlO
4 

tetrahedral structures.  

However, in the current study, the percentage removal of the two metals was not related to the 

BET surface area of C, FAU3 and USY3 that was 130.74 m
2
/g, 289.74 m

2
/g and 384.57 m

2
/g 

respectively (Figure 4.15) nor their aluminium content that was 4.1 %, 10.6 % and 10.3 % 

respectively (Figure 4.9). The removal of lead and cadmium using FAU3 and USY3 could be 

hindered by the Na content of 12.0 % and 7.6 % respectively as these cations need to migrate out 
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of the zeolite matrix but this happened fairly quickly. Pb and Cd could be in competition with 

Na
+
 and other cations that leached out from the zeolites and were re-adsorbed again with time. 

Furthermore, in acidic medium H3O
+
 can compete with metal ions that should be absorbed and 

could hinder their uptake rate (Hui et al., 2005). Moreover, the percentage removal of Pb and Cd 

can also be affected by their high hydrated ionic diameters of 0.802 and 0.850 nm respectively, 

which might prevent the metals from reaching all the sorption sites available in the zeolite 

structure as stated by Ziyath et al., (2011). 

Missengue (2012) and Ndayambaje (2011) proved that the natural zeolite clinoptilolite contains 

other mineral phases and traces of toxic elements.  Ndayambaje (2011) further showed that 

extra-framework alkali earth and other metals leach from the Zeolite and can be found after 

water has been purified with clinoptilolite. This information has not been well investigated in 

literature which is why figure 5.2 and 5.3 will discuss the leaching of charge balancing elements 

out of the zeolites when different zeolites were used to remove lead and cadmium from 

contaminated water. 

Figure 5.2 presents the leaching of elements from the zeolite into the solution as C, FAU3 and 

USY3 were used to remove lead from contaminated water. The experimental work for these 

results is detailed in chapter 3, Section 3.4.2. The optimum dosage for each zeolite (C=0.2 g, 

FAU3=0.2 g and USY3=0.05 g) was used to treat contaminated water. The parameters used in 

the experiments were as follows: Solution volume=50 mL, contact time=60 min, pH=3.5, 

concentration of the solution=0.05mg/L). 
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Figure 5.2:  Metals leached when zeolites were used to remove lead from contaminated water at 

various dosages using (A) C, (B) FAU3 and (C) USY3. (Fixed parameters: volume=50 mL, 

contact time=60 min, pH=3.5, concentration=0.5mg/L). 
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Figure 5.2 shows that several cations and metals exchanged or leached out from C, FAU3 and 

USY3 during the removal of lead from the contaminated acidic water. K, Ca, Al, Fe, Mg and Si  

leached out from the as-received clinoptilolite (C) and their concentration in the leachates 

increased with the increase of zeolite dosage (Figure 5.2(A)). However, the leaching of these 

metals did not increase much from dosages of 0.05 g to 0.2 g. Therefore, there was less cation 

competition when 0.2 g of C was used to remove Pb from the contaminated acidic water, hence 

that dosage gave the highest percentage removal of Pb. However, K, Ca, Fe, Mg and Na are ion 

exchanged as was reported by Missengue (2012) and Ndayambaje (2011) during the uptake of 

silver and ammonium ions respectively. The leaching of Al and Si from C could lead to the 

conclusion that the contaminated acidic water was destroying the clinoptilolite structure during 

the course of the experiment as Al and Si are part of the framework of the zeolite. 

Figure 5.2 (B) showed that the concentration of K
+
, Si and Na

+
 leaching or exchanging from 

FAU3 increased as compared to that leached from C, and their concentration increased with the 

increase of FAU3 dosage. The ion exchanging of Na is much higher from FAU3 than from C. 

This can be attributed to the addition of sodium hydroxide during the synthesis process to 

provide the charge balancing cations as detailed in chapter 3, Section 3.2. The increase of K ion 

exchange from clinoptilolite to FAU3 could be explained by the fact that K+ in the clinoptilolite 

was made available to incorporate into the zeolite that was used.  The high ion exchange of K 

and Na would lead to a cation competition during the removal of Pb from the contaminated 

acidic water. The affinity order of metals being absorbed and those that are being exchanged 

from the zeolite structure should be governed by their dehydration energy, hydration radii and 

mobility as stated by Cozmuta et al., (2012). Moreover, the high Si leaching could lead to the 

conclusion that the structure of FAU3 was affected during the removal of lead from the 

contaminated acidic water. The other explanation for this high Si content could be the presence 

of soluble Si species in the zeolite product due to incomplete hydrothermal conversion. 

Figure 5.2 (C) showed that the ion exchange of K, Ca, Mg and Na and leaching of Fe or Si was 

lower for USY3 than for FAU3 (Figure 5.2 (C)). This could be because of the treatment of FAU3 

with oxalic acid to form USY3, which already removed a certain amount of these metals, 

especially Na. Therefore, it could be concluded that there were fewer cations available for ion 

exchange with USY3 than with C and FAU3. However, the concentration of Al that leached out 
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from USY3 was higher than that of FAU3. Moreover, the leaching of Si from FAU3 and USY3 

during the removal of Pb from the contaminated acidic solution corroborated the change of their 

29Si chemical shift values (Figure 4.13 and Table 4.2), where Si(1Al) units of FAU3 were easily 

removed during the treatment with oxalic acid to form USY3 showing that Si species were 

present that were not fully condensed into the framework structure, and would become soluble 

during contact with an acidic aqueous environment. Furthermore, the high Al leaching from 

USY3 during the removal of Pb from the contaminated acidic water could be due to the presence 

of the non-framework Al in USY3 after treatment of FAU3 with oxalic acid also indicating the 

presence of soluble species.  

This leaching study had shown that low levels of various toxic metals such as As, Cr, Cu, Ti and 

Co (ranging between 0.001 and 2 ppm as shown in Figure 5.2 above) leached out of C, FAU3 

and USY3 at the dosages that had their highest percentage removal, which were 0.2 g, 0.2 g and 

0.05 g respectively (Figure 5.1(A)). 

Figure 5.3 presents the leaching of elements when C, FAU3 and USY3 were used to remove 

cadmium from contaminated water. The optimum dosage for each zeolite (C=0.4 g, FAU3=0.05 

g and USY3=0.1 g) was used to treat contaminated water. The parameters used in the 

experiments were as follows: volume of the solution=50 mL, contact time=60 min,pH=3.5, 

concentration of the solution=0.05 mg/L). 
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Figure 5.3:  Metals leached when zeolites were used to remove cadmium using (A) C, (B) FAU3 

and (C) USY3 from contaminated water at various dosages. (Fixed parameters: volume of the 

solution=50 mL, contact time=60 min, pH=3.5, concentration of the solution=0.5mg/L). 
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Figure 5.3 showed a similar tends to that of Figure 5.2, during the removal of Cd from a 

contaminated acidic water with the ion exchange of K, Ca, Mg and Na and leaching of Al, Fe 

and Si. It could be observed that as more clinoptilolite was used to remove cadmium, more 

elements were leaching into the solution. The leaching of these elements followed the same trend 

as during the removal of Pb by clinoptilolite. However, these metals did not leach to a similar 

extent when 0.4 g of C (dosage with highest percentage removal of Cd) was used (Figure 

5.3(A)). It was noteworthy that as the dosage of clinoptilolite increased the concentration of Si in 

the leachates also began to increase. At the dosage of 0.4 g which is the optimum dosage for the 

removal of cadmium using clinoptilolite, there are many toxic elements leaching into the solution 

but at low concentrations below 10 ppm. 

Figure 5.3(B) showed that there was a lot of Na ion exchanged out from FAU3, which came 

from NaOH used in the synthesis procedure as Na is a charge balancing cation as explained 

above. Other elements that could be observed in the leachates of FAU3 included Al, Fe, K and 

Si, and their concentration also followed the same trend as Na, the more FAU3 used during 

adsorption, the more the elements leached into the solution. It was noteworthy that the lowest 

concentration of these metals was observed when the dosage of FAU3 (of 0.05 g) that gave the 

highest percentage removal was used. It could be seen that the concentration of Si, Ca, K and Na 

was lower when USY3 was used than when FAU3, while the concentration of Al and Fe 

followed the opposite trend. These results showed that only exchangeable cations leached out 

from the natural zeolite clinoptilolite while framework cations (Al and Si) leached out from the 

synthesised zeolites (FAU3 and USY3). The leaching of Al and Si could be explained by 

amorphous framework silicate and aluminate due to incomplete condensation of Si and Al 

feedstock. Moreover, at the optimum zeolite dosage of 0.1g for the removal of cadmium, the 

concentration of the toxic elements leaching into the solution is the lowest as compared to the 

other dosages. 

This section showed that the dosage of C, FAU3 and USY3, with the highest percentage removal 

and acceptable metal leaching rate, was 0.2 g, 0.2 g and 0.05 g respectively during the removal 

of Pb from the contaminated acidic water, and 0.4 g, 0.05 g and 0.1 g respectively during the 

removal of Cd from the contaminated acidic water. It is noted that apart from Na that ion 

exchanges, the amount of other toxic elements that leached out during the uptake of lead were 
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relatively low. These zeolite dosages were used as optimum dosages when the effect of other 

parameters such as pH, concentration of metal and contact time were optimised. However, the 

removal capacity of each zeolite will be discussed separately in the sections below because they 

do not have the same optimum dosage. 

5.3 Optimisation for the uptake of lead from acidic water using C, FAU3 and USY3 

This section details the optimisation of the uptake of lead and cadmium from acidic water, using 

the commercial clinoptilolite, synthesised clinoptilolite-based (FAU3) faujasite and synthesised 

clinoptilolite based ultrastable y zeolite (USY3). 

Lead was adsorbed from an acidic water solution. In this study, only certain adsorption 

parameters were considered for optimisation during the batch adsorption experiments, including 

pH, concentration of lead and contact time. The variation of these parameters made it possible to 

determine the optimum value of each adsorption parameter for the adsorption of lead. 

5.3.1 Effect of pH, concentration of metal and contact time on the removal of lead (Pb) and 

cadmium (Cd) using clinoptilolite (C) 

This section investigates the effect of pH, concentration of metal and, contact time on the uptake 

of lead and cadmium from contaminated water and their effect on the leaching of other metals 

from the as-received clinoptilolite (C). 

The removal capacity was given by the formula below: 

  (Vijayakumar et al., 2012) 

Where, Qi is the removal capacity (mg/g), C0 is the initial concentration of the metal in the 

solution (mg/L), Ci is the final concentration of the metal in the solution, V is the volume of the 

solution (L) and M is the mass of the zeolite used (g). 

5.3.1.1 Effect of pH, concentration of metal and contact time on the removal of lead (Pb) 

using clinoptilolite (C) 

This section details the optimisation of the uptake of lead from contaminated water using the 

commercial clinoptilolite, synthesised clinoptilolite-based (FAU3) faujasite and synthesised 

clinoptilolite based ultrastable y zeolite (USY3), results are presented in Figure 5.4. 
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Lead was adsorbed from an acidic water solution. In this study only certain adsorption 

parameters were considered for optimisation during the batch adsorption experiments including 

pH, concentration of lead and contact time. The variation of these parameters made it possible to 

determine the optimum value of each adsorption parameter for the adsorption of lead. 

5.3.1.1 Effect of pH on the removal of lead (pb) using clinoptilolite (c). 

The effect of pH on the uptake of lead was investigated by varying the pH from 3.5 to 7.5 while 

other parameters were kept constant as detailed in Chapter 3, Table 3.3. Figure 5.4 illustrates the 

removal capacity, percentage removal and the leaching of elements when C was used to removal 

lead from contaminated water. 
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Figure 5.4: (A) The capacity and percentage removal of C for the removal of lead from 

contaminated water at various solution pH (B) Concentration of metals leached out from C 

during the removal of lead from contaminated water. (Fixed parameters: volume of the 

solution=50 mL, contact time=60 min, concentration of the solution=0.5mg/L, dosage 0.2 g). 

Figure 5.4 (A) compares the effect of pH on the removal capacity of the C for lead at its 

optimum dosages (0.2 g) when it was used to remove lead from contaminated water. It can be 

seen that at a lower pH value (3.5), the removal capacity of C for lead was higher compared to 

the uptake of lead at higher pH values. The pH is an important factor to consider during the 

uptake of metal ions from waste water as some metal ions can form various metal complexes 
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depending on the pH of the solution; hence their uptake will be reduced if the pH of solution is 

favourable to form anionic metal complexes (Ziyath et al., 2011). 

Figure 5.4 (B) showed that the pH was influencing the leaching of metals from C. In general, 

metals such as Al and Fe leached out easily in low pH solution (pH=3.5), while Si leached out 

easily in higher pH solution (pH=7.5). As shown in the figure, the elements that were released 

from C at pH 3.5 included Al, Ca, Fe, K, Na and Si. As the pH of the solution increased the ion 

exchange of elements such as Mg and the leaching Ti also increased. Ca and K were the main 

elements that exchanged at pH 7.5. These results showed that the pH affected the ion exchange 

capacity of Na, Ca, K, Mg and the leaching of Fe. 

5.3.1.2 Effect of concentration of metal on the removal of lead (Pb) using clinoptilolite (C) 

The results showing the effect of lead concentration on its uptake from contaminated water using 

C as absorbent are detailed in Figure 5.5 with the experimental conditions given in Chapter 3, 

Table 3.3. This section also focuses on the effect of the initial concentration of lead on the 

leaching of other metals from C. The concentration of lead was varied as follows: 0.025; 0.05 or 

0.1 mg/L, while all the other parameters were kept constant depending on the optimisation that 

was done above. Figure 5.5 presents the effect of the initial concentration of lead on the removal 

capacity and percentage removal of C. The leaching of other elements from C was also 

determined. 
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Figure 5.5: (A) Effect of the initial lead concentration on the removal capacity of C for its uptake 

from contaminated water. (B) Effect of the lead initial concentration on the leaching of metals 

from C during the removal of lead from contaminated water. (Fixed parameters: volume of the 

solution=50 mL, contact time=60 min, pH=3.5, dosage 0.2 g). 

Figure 5.5 (A) showed that the removal capacity of the lead was influenced when its initial 

concentration was changed. It could be observed that the removal capacity for lead by C ranged 

from 0.016 mg/g of zeolite C when a concentration of 0.025 mg/L of lead was initially used to 

0.139 mg/g of zeolite C when a concentration 0.1 mg/L of lead was initially used.  The optimum 

http://etd.uwc.ac.za



87 
 

initial lead concentration was then 0.1 mg/L. These results agreed with the prediction made about 

the correlation between the metal uptake and the BET surface area and binding sites (related to 

the percentage of Al in the zeolite) as well as the competition with metals such as Na (Figure 4.9 

and Figure 4.15). Ziyath et al., (2011) reported that there were contradictory observations 

regarding the effect of initial metal concentration in the removal of heavy metals. These 

contradictory observations could be explained by the difference in the properties of the zeolites 

used. However, the results of the current study corroborated one of the observations reported by 

Ziyath et al., (2011) who stated that the increase in the initial metal concentration led to the 

increase in the uptake of the metal onto the available exchange sites of zeolites up to certain 

initial metal concentration and thereafter only a slight increase in sorption was observed where 

saturation of all the sorption sites occurred. Besides the removal capacity, the effect of the initial 

lead concentration on the leaching of other metals from C was also investigated (Figure 5.5 B). It 

was noteworthy the concentration of the elements (Al, Ca, Fe, K, Na and Si) that ion exchanged 

or leached from C did not exceed 5 ppm. Figure 5.5(B) did not show any correlation between the 

increase in the initial concentration of lead and the leaching of metals from C. 

5.3.1.3 Effect of contact time on the removal of lead (Pb) using clinoptilolite (C) 

The effect of contact time on the uptake of lead from contaminated water and leaching of other 

metals from C is discussed in this section. The experimental set up was detailed in Chapter 3, 

Table 3.3. The contact time was varied over 15 min, 30 min or 60 min; while other parameters 

were kept constant: zeolite (0.2g), pH (3.5) and lead initial concentration (0.1 mg/L). Figure 5.6 

presents the effect of contact time on the removal capacity, percentage removal and leaching of 

elements when C was used for the uptake of lead from contaminated water.    
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Figure 5.6: (A) Effect of contact time on the removal capacity of C for the uptake of lead from 

contaminated water. (B) Effect of contact time on the leaching of metals from C during the 

removal of lead from contaminated water. (Fixed parameters: solution volume=50 mL, pH=3.5, 

concentration of the solution=0.1mg/L). 

Figure 5.6 (A) showed that the time did not affect the removal capacity of C and that even after 

15 minutes all the lead was removed. However, Mohit et al., (2015) reported that the percentage 

removal of metal increased with the increase in contact time until reaching an equilibrium. 

Pandey et al., (2009) also stated that the removal rate on adsorption of metals was rapid initially 
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but it gradually decreased with time until it reached an equilibrium. It could then be concluded in 

this current study that from 15 min the equilibrium was already reached and the optimum 

removal capacity could be reached with lesser time. The effect of contact time on the leaching of 

metals from C during the removal of lead from contaminated water was also investigated in 

Figure 5.6 (B). It showed that the concentration of Al, Ca, K, Mg and Fe decreased with the 

increase in time, which indicates that they are reabsorbed, while the concentration of Si in 

solution increased with the increase in contact time. 

5.3.2 Effect of pH, concentration of metal and contact time on the removal of cadmium 

(Cd) using clinoptilolite (C) 

The effect of pH, concentration of metal and contact time on the removal capacity and 

percentage removal of C and leaching of metals during the removal of cadmium from 

contaminated water is investigated in this section. 

5.3.2.1 Effect of pH on the removal of cadmium (Cd) using clinoptilolite (C) 

The procedure of investigating the effect of pH on the uptake of cadmium from contaminated 

water was detailed in Chapter 3, Table 3.3. The dosage of this zeolite was fixed according to the 

optimum dosages that were reported in Figure 5.1(B) where it was reported to be 0.4 g. The only 

parameter that was varied in this section was the pH, to investigate the behaviour of the zeolites 

in various mediums. The contact time was kept constant at 60 minutes and the volume of the 

solution at 50 mL per experiment. The concentration was 0.05 mg/L. Figure 5.7 illustrates the 

effect of pH on the removal capacity of C. 
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Figure 5.7: (A) Effect of pH on the removal capacity and percentage removal of C for the uptake 

of cadmium from contaminated water. (B) Effect of the pH on the leaching of metals from C 

during the removal of cadmium from contaminated water. (Fixed parameters: volume=50 mL, 

contact time=60 min, dosage 0.4 g, concentration 0.05 mg/ L). 

Figure 5.7 (A) showed that the removal capacity of C was higher at pH 5.5 compared to pH 3.5 

or 7.5. These results showed that the pH influenced the removal of lead and cadmium differently, 

as the optimum pH for the removal of lead was 3.5 (Figure 5.4A) while the above results shows 

that the optimum pH for cadmium removal was 5.5. 
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Figure 5.7(B) presents the effect of pH on the leaching of metals from C and it showed that 

elements released at pH 3.5 when C was used to remove cadmium from contaminated water 

included Al, Ca, Cu, Fe, K, Mg, Na and Si. The concentration of Al, Ca, Cu, Fe, K and Mg in the 

leachate decreased with the increase in pH of the solution; while the concentration of Si and Na 

increased with the increase in pH. Several studies have shown that Si easily dissolves in high pH 

solution (Guth et al., 1999; Musyoka, 2012; Moreno et al., 2002 ). 

5.3.2.2 Effect of concentration of metal on the removal of cadmium (Cd) using clinoptilolite 

(C) 

This section investigates the effect of the initial concentration of cadmium on its uptake and 

leaching of other elements from C. The procedure was detailed in Chapter 3, Table 3.3. The 

dosage of the zeolite C was fixed according to the optimum dosages that were reported in Figure 

5.1(B) (C=0.4g,). The pH was 5.5 and the initial concentration of Cd was 0.025 mg/L, 0.05 mg/L 

or 0.1 mg/L. Contact time was kept constant at 60 minutes as well as the volume at 50 mL for 

each experiment. Figure 5.12 presents the effect of the initial concentration on the removal 

capacity and percentage removal of C as well as the elements that leached out. 
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Figure 5.8: (A) Effect of the initial concentration of Cd on the removal capacity and percentage 

removal of C for Cd uptake from contaminated water. (B) Effect of the initial concentration of 

Cd on the leaching of metals from C during its uptake from contaminated water. (Fixed 

parameters: volume of the solution=50 mL, contact time=60 min, dosage 0.4 g, pH=5.5). 

Figure 5.8 (A) showed a trend about the removal capacity of C.  It could be noted that the 

removal capacity of C increased from a Cd concentration of 0.025 mg/L to 0.05 mg/L, thereafter 

only slowly increased from a Cd concentration of 0.05 mg/L to 0.1 mg/L of Cd. The optimum Cd 

initial concentration was found to be 0.1 mg/L for this zeolite dosage (0.4 g). Figure 5.8(B) 

showed that there was no correlation between the concentration of Cd used and the concentration 
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of the elements that leached or ion exchanged from C during the removal of Cd from 

contaminated water. As shown in Figure 5.8(B), the elements that leached out from C at the 

lowest concentration of Cd (0.025 mg/l) include Al, Fe, and Si. Elements that ion exchanged 

include Ca, K, Mg and Na. As the initial concentration of Cd in the solution increased 0.05 

mg/L, the concentration of elements leaching in the solution increased, and then decreased at 0.1 

mg/L of Cd. 

5.3.2.3 Effect of contact time on the removal of cadmium (Cd) using clinoptilolite (C) 

This section presents the effect of contact time on the uptake of cadmium from contaminated 

water and leaching of other metals from C (Figure 5.9). In the experimental procedure, the 

amount of zeolite used was that presented in Figure 5.1(B) which was 0.05 g. The pH and initial 

concentration of Cd were 5.5 and 0.1 mg/L respectively. The contact time was 15 min, 30 min or 

60 min. Figure 5.9 presents the effect of contact time on the removal capacity, the percentage 

removal and the leaching of elements from C during the uptake of cadmium from contaminated 

water. 
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Figure 5.9: (A) Effect of contact time on the removal capacity of C for the uptake of cadmium 

from contaminated water. (B) Effect of the contact time on the leaching of metals from C during 

the uptake of cadmium from contaminated water. (Fixed parameters: volume of the solution=50 

mL, dosage 0.4 g, pH=5.5, concentration of the solution=0.1 mg/ L). 

Figure 5.9 (A) showed that the contact time did not affect the removal capacity of C for 

cadmium, unlike the investigation of the effect of the contact time on the uptake of lead from a 

contaminated water using C (Figure 5.6). Therefore, it could also be concluded that the optimum 

removal capacity could be reached in less than 15 min. Mohit et al., (2015) and Pandey et al., 
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(2009) stated that before reaching the equilibrium the removal capacity increased with time, 

therefore it could be concluded that the amount of Cd in the solution was very low in this study 

and the capacity of C was high therefore removal was complete in the first few minutes. 15 min 

could still be considered as optimum time for the removal of Cd in the current study. The effect 

of the contact time on the leaching of metals from C during the uptake of cadmium from Cd 

contaminated water at different contact time was also investigated and presented in Figure 5.9 

(B). It is evident that the concentration of the elements (Na, Al, Ca, Fe, K, Mg) released into the 

solution from C increased as the contact time increased. Moreover, Si could leach out only after 

60 min of mixing the Cd solution with C. 

5.4 Effect of pH, concentration of metal and contact time on the removal of lead (Pb) and 

cadmium (Cd) using faujasite (FAU3). 

This section investigates the effect of pH, concentration of metal and contact time of the solution 

on the uptake of lead and cadmium from contaminated water and leaching of other metals from 

the clinoptilolite-based faujasite (FAU3).  

The removal of lead and cadmium from contaminated water using FAU3 was investigated 

through its removal capacity, given by the formula below: 

(Vijayakumar et al., 2012) 

Where, Qi is the removal capacity (mg/g), C0 is the initial concentration of the metal in the 

solution (mg/L), Ci is the final concentration of the metal in the solution, V is the volume of the 

solution (L) and M is the mass of the zeolite used (g). 

5.4.1 Effect of pH, concentration of metal and contact time on the removal of lead (Pb) 

using faujasite (FAU3). 

This section will investigate the removal of lead using synthesised faujasite (FAU3). Effects of 

the parameters such as pH, concentration of the metal and contact time will be explored. 

5.4.1.1 Effect of pH on the removal of lead using faujasite (FAU3) 

The effect of pH on the uptake of lead was investigated by varying the pH from 3.5 to 7.5 while 

other parameters were kept constant as detailed in Chapter 3, Table 3.3. Figure 5.10 illustrates 
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the removal capacity, percentage removal and leaching of elements of FAU3 when it was used to 

remove Pb from contaminated water. 

 

Figure 5.10: (A) Effect of pH on the removal capacity of FAU3 for the uptake of lead from 

contaminated water. (B) Concentration of metals leached out from FAU3 during the removal of 

lead from contaminated water. (Fixed parameters: volume of the solution=50 mL, dosage 0.2 g, 

metal concentration=0.05 mg/ L, contact time=60 minutes). 

Figure 5.10 shows the effect of pH on the lead removal capacity and percentage removal using 

FAU 3 at the optimum dosage (FAU3=0.2 g) when it was used to remove lead from 
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contaminated water. The contact time was kept constant at 1 hour and the initial lead 

concentration at 0.05 g/L. The volume for each experiment was kept at 50 mL. It can be seen that 

at a lower pH value (3.5), the removal capacity of FAU3 for lead was higher compared to the 

uptake of lead at higher pH values. However, Kabwadza-Corner et al., (2015) compared the 

effect of pH (3, 4 and 5) on the removal of lead from wastewater and reported that the highest 

lead removal was achieved at pH 5. In this study the highest uptake of lead was found to be at 

pH 3.5. Therefore, pH is an important factor to consider during the uptake of metal ions from 

waste water as some metal ions can form various metal complexes depending on the pH of 

solution, hence their uptake will be reduced if the pH of solution is favourable to form anionic 

metal complexes (Ziyath et al., 2011). 

The effect of pH on the leaching of metals from FAU3 during the removal of lead from 

contaminated water was investigated and presented in Figure 5.10 (B) which showed that the pH 

influenced the leaching of metals from FAU3. In general, metals such as Al and Fe leached out 

easily in low pH solution (pH=3.5), while Si leached out easily in higher pH solution (pH=7.5) 

and cations such Ca, K and Na were easily ion exchanged regardless of pH of the solution. 

Figure 5.10(B) showed that the elements which leached out or were exchanged from FAU3 at pH 

3.5 included Ca, Fe, K, Si and Na, with Na and K having the highest concentration in the 

leachate, while Al and Si leached out from the zeolite framework. The high leaching 

concentration of Na could be attributed to the ion-exchange mechanism and to the fact that 

NaOH was added during the synthesis process of FAU3. It was noteworthy that the 

concentration of Si released into the solution increased with the increase in the pH of the 

solution. 

5.4.1.2 Effect of concentration of metal on the removal of lead using faujasite (FAU3) 

The results showing the effect of lead concentration on its uptake from a contaminated water 

using FAU3 as absorbent are detailed here with the experimental procedure detailed in Chapter 

3, Table 3.3. This section also focuses on the effect of the initial concentration of lead on the 

leaching of other metals from FAU3. The concentration of lead was varied as follows: 0.025; 

0.05 or 0.1 mg/L, while parameters such as dosage (0.2 g), pH (3.5), contact time (60 min) and 

volume (50 mL) were kept constant. The FAU3 and USY3 were synthesised from C as explained 
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in Chapter 3, Section 3.2. Figure 5.11 presents the effect of the initial lead concentration on the 

removal capacity of FAU3 for its uptake from contaminated water. 

 

Figure 5.11(A) Effect of the initial lead concentration on the removal capacity and percentage 

removal of FAU3 for its uptake from contaminated water. (B) Effect of the initial lead 

concentration on the leaching of metals from FAU3 during the removal of lead from 

contaminated water. (Fixed parameters: volume of the solution=50 mL, zeolite dosage 0.2 g, 

pH=3.5, contact time=60 minutes). 

Figure 5.11(A) showed that the removal capacity of lead when its initial concentration was 

changed did not change much, so that even the highest concentration of lead was rapidly 
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removed. The variation of the lead initial concentration did not influence much the removal 

capacity of FAU3; however, its highest removal capacity was 0.142 mg/g of zeolite when a 

concentration of 0.1 mg/L of lead was initially used. It is noteworthy that FAU3 had a higher 

removal capacity for lead (0.142 mg/g), compared to that of C (which was 0.139 mg/g). These 

results agreed with the prediction made about the correlation between the metal uptake and the 

BET surface area and binding sites (related to the percentage of Al in the zeolite) as well as the 

competition with metals such as Na (Figure 4.9 and Figure 4.15). Ziyath et al., (2011) reported 

that there were contradictory observations regarding the effect of initial metal concentration in 

the removal of heavy metals. These contradictory observations could be explained by the 

difference in the properties of the zeolites used. However, the results of the current study 

corroborated one of the observations reported by Ziyath et al., (2011) that stated: the increase in 

the initial metal concentration led to the increase in sorption capacities of zeolites up to certain 

initial metal concentration and thereafter only a slight increase in sorption was observed. 

Besides, the removal capacity, the effect of the lead initial concentration on the leaching of other 

metals from FAU3 was also investigated and presented in Figure 5.11(B). 

Figure 5.11(B) did not show any correlation between the increase in lead initial concentration 

and the leaching of metals from FAU3. Figure 5.11(B) showed that FAU3 had the highest 

leaching of various elements. Na ion exchanged up to 160 ppm followed by leaching of Si (11.5 

ppm) which was not very high and K ion exchanged up to 8 ppm. When the solution was treated 

with clinoptilolite (C), the concentration of elements leached out from C into the solution was 

lower than in the case of FAU3. This can be attributed to the synthesis of FAU3 where NaOH 

was added to C, the addition of NaOH and synthesis conditions of FAU3 from C led to a high 

concentration of Na. Therefore, the lead initial concentration of 0.1 mg/L was the optimum, 

considering its uptake and leaching of other metals, with FAU3 being the better absorbent of the 

two zeolites for lead. 

5.4.1.3 Effect of contact time on the removal of lead (pb) using faujasite (fau3) 

The effect of contact time on the uptake of lead from contaminated water and leaching of other 

metals from FAU3 is discussed in this section. The experimental set up was detailed in Chapter 

3, Table 3.3. The contact time was 15 min, 30 min or 60 min; while other parameters were kept 

constant: zeolite (FAU3=0.2 g), pH (3.5) and lead initial concentration (0.1 mg/L). Figure 5.8 
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presents the effect of contact time on the removal capacity, percentage removal and leaching of 

elements of FAU3 for the uptake of lead from contaminated water.   

 

Figure 5.12: (A) Effect of contact time on the removal capacity and percentage removal of FAU3 

for the uptake of lead from contaminated water. (B) Effect of contact time on the leaching of 

metals from FAU3 during the removal of lead from contaminated water. (Fixed parameters: 

volume of the solution=50 mL, zeolite dosage 0.2g, pH=3.5, concentration of the solution=0.1 

mg/L). 
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Figure 5.12(A) showed the effect of contact time. The removal capacity of FAU3 was similar 

over time. In comparison to when C was used to remove lead from contaminated water, FAU3 

performs well over time. This can be attributed to the fact that FAU3 has a much greater surface 

area which means that it has greater micro-porosity, therefore lead absorbs and displaces Na 

rapidly as evident in the figure above showing that most lead was absorbed before 15 minutes. 

Mohit et al., (2015) also reported that the percentage removal of metal increased with the 

increase in contact time until reaching an equilibrium. Pandey et al., (2009) also stated that the 

removal rate of adsorption of metals was rapid initially, but it gradually decreased with time until 

it reached an equilibrium. It could then be concluded in this current study that by 15 min, the 

equilibrium was already reached and the optimum removal capacity could be reached rapidly. 

The effect of contact time on the leaching of metals from the FAU3 zeolite during the removal of 

lead from contaminated water was also investigated and presented in Figure 5.12(B). Figure 

5.12(B) showed a different trend compared to when C was used with the concentration of Al, Ca, 

K, Mg and Fe fluctuating with time. However, the concentration of Si that leached out from 

FAU3 also increased with the increase in contact time as observed witnthe Si that leached out 

from C (Figure 5.6(A). It was noteworthy that the concentration of Na that leached out from 

FAU3 was significantly higher than that leached out from C, and this was because of the addition 

of NaOH during the synthesis of FAU3 from C. 

5.4.2 Effect of pH, concentration of metal and contact time on the removal of cadmium 

(Cd) using faujasite (FAU3) 

The effect of pH, concentration of metal and contact time on the cadmium removal capacity of 

FAU3 and leaching of metals during the removal of cadmium from contaminated water is 

investigated in this section. 

5.4.2.1 Effect of pH on the removal of cadmium (Cd) using faujasite (FAU3) 

The procedure of investigating the effect of pH on the uptake of cadmium from contaminated 

water was detailed in Chapter 3, Table 3.3. The dosage of this zeolite FAU3 was fixed according 

to the optimum dosages that were reported in Figure 5.1(B). The only parameter that varied in 

this section was the pH, to investigate the behaviour of the zeolite in various mediums. Figure 

5.13 illustrates the effect of pH on the removal capacity of cadmium by FAU3. Other parameters 
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were fixed as follows volume=50 mL, dosage 0.05 g, contact time=60 minutes, 

concentration=0.05 mg/L. 

 

Figure 5.13: (A) Effect of pH on the removal capacity and percentage removal of FAU3 for the 

uptake of cadmium from contaminated water. (B) Effect of the pH on the leaching of metals 

from FAU3 during the removal of cadmium from contaminated water. (Fixed parameters: 

volume of the solution=50 mL, zeolite dosage=0.05 g, contact time=60 minutes, metal 

concentration=0.05 mg/L). 
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Figure 5.13(A) showed that the removal capacity of FAU3 was high at pH 5.5 compared to at 

both pH 3.5 and 7.5. These results showed that the pH and the type of zeolite influenced the 

removal of lead and cadmium, as the optimum pH for the removal of lead was 3.5 for C, which is 

presented in Figure 5.4. Figure 5.13(B) presents the effect of pH on the leaching of metals from 

FAU3. Figure 5.11(B) showed that the elements that leached out or ion exchanged from FAU3 at 

pH 3.5 included Al, Ca, Fe, K, Si and Na. It was noteworthy that the concentration of Al, Ca, Fe 

and K that was released at pH 3.5 was lower for FAU3 than for C, but the concentration of Na 

and Si that leached out at pH 3.5 was higher for FAU3 than for C. Moreover, Figure 5.11(B) 

showed that the concentration of Al, Fe, K and Na in solution after lead adsorption decreased 

with the increase in pH, while the concentration of Si increased with the increase in pH. The 

increase in Na leaching from C compared to FAU3 could be attributed to the addition of sodium 

to C during the synthesis of FAU3. 

5.4.2.2 Effect of concentration of metal on the removal of cadmium (Cd) using faujasite 

(FAU3) 

This section investigates the effect of the initial concentration of cadmium on its uptake and 

leaching of other elements from FAU3. The procedure was detailed in Chapter 3, Table 3.3. The 

dosages of these zeolites were fixed according to the optimum dosages that were reported in 

Figure 5.1(B) (FAU3=0.05 g). The pH was 5.5 and the initial concentration of Cd was 0.025 

mg/L, 0.05 mg/L or 0.1 mg/L and contact time was 60 minutes. Figure 5.14 presents the effect of 

the initial cadmium concentration on the removal capacity of FAU3. 
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Figure 5.14: (A) Effect of the initial concentration of Cd on the removal capacity and percentage 

removal of FAU3 for its uptake from contaminated water. (B) Effect of the initial concentration 

of Cd on the leaching of metals from FAU3 during the uptake of Cd from contaminated water. 

(Fixed parameters: volume of the solution=50 mL, zeolite dosage 0.05 g, contact time=60 

minutes, pH=5.5). 

In Figure 5.14(A) it is shown that the removal capacity of FAU3 slowly increased from a Cd 

concentration of 0.025 mg/L to 0.05 mg/L. After that, it rapidly increased from 0.05 mg/L of Cd 
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to 0.1 mg/L. FAU3 had a higher removal capacity of Cd (0.22 mg/g of zeolite) compared to C 

(0.05 mg/g). Therefore, the respective removal capacity of Cd could be related to the lower 

surface area of C (130.74 m
2
/g) compared to the higher surface area of FAU3 (289.74 m

2
/g). 

However, Si/Al ratio of C (6.05) or FAU3 (1.46) could be another reason why FAU3 had a 

higher removal capacity of Cd as FAU3 may have more binding sites. 

The effect of the initial concentration of Cd on the leaching of other metals from FAU3 was also 

investigated and the correlation between the initial concentration of Cd and the concentration of 

the elements that leached out from FAU3 during the removal of Cd from a contaminated water is 

presented in Figure 5.14(B). Figure 5.14(B) showed that the concentration of Na leaching into 

the solution was significantly higher than that noticeable when clinoptilolite (C) was used. This 

can be attributed to the addition of NaOH during the synthesis of FAU3 from clinoptilolite. 

Moreover, the concentration of Na and Si in the solution increased significantly from 0.025 mg/L 

to 0.05 mg/L then decreased at 0.1 mg/L of Cd which might be due to reabsorption of these 

metals. 

5.4.2.3 Effect of contact time on the removal of cadmium (Cd) using faujasite (FAU3) 

This section presents the effect of contact time on the uptake of cadmium from contaminated 

water and leaching of other metals from FAU3. In the experimental procedure, the amount of 

zeolite used as presented in Figure 5.1(B) was 0.05g. The pH and initial concentration of Cd 

were 5.5 and 0.1 mg/L respectively. The contact time was 15 min, 30 min or 60 min. Figure 5.15 

presents the effect of contact time on the removal capacity of FAU3 for the uptake of cadmium 

from contaminated water. 
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Figure 5.15: (A) Effect of contact time on the removal capacity and percentage removal of FAU3 

for the uptake of cadmium from contaminated water. (B) Effect of the contact time on the 

leaching of metals from FAU3 during the uptake of cadmium from contaminated water. (Fixed 

parameters: volume of the solution=50 mL, zeolite dosage 0.05g, metal concentration=0.1 mg/L, 

pH=5.5). 

Figure 5.15(A) showed that the contact time did not affect the cadmium removal capacity of 

FAU3, similar to the investigation of the effect of the contact time on the uptake of lead from a 

contaminated water using FAU3 (Figure 5.12). Therefore, it could also be concluded that the 

optimum removal capacity could be reached before 15 min contact time. However, Mohit et al., 

(2015) and Pandey et al., (2009) stated that before reaching the equilibrium the removal capacity 
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increased over time. However 15 min could still be considered as the optimum time for the 

current study. The effect of the contact time on the leaching or ion exchange of metals from 

FAU3 during the uptake of cadmium from contaminated water at the different time was also 

investigated and presented in Figure 5.15(B).  It could be noted that lower leaching was observed 

at the optimum contact time of 15 min. Moreover, the concentration of Na that leached out of 

FAU3 during the uptake of cadmium was lower than that leaching out of FAU3 during the 

uptake of lead in all the cases studied, despite the high Na content of FAU3, except when the pH 

of solution was 3.5 (Figure 5.11). Therefore, a short contact time at the pH of 5.5 minimised the 

release of Na whilst achieving a good Cd removal. 

5.5 Effect of pH, concentration of metal and contact time on the removal of lead (Pb) and 

cadmium (Cd) using ultra-stable y zeolite (USY3). 

This section investigates the effect of pH, concentration of metal, contact time and temperature 

of the solution on the uptake of lead from contaminated water and leaching of other metals from 

clinoptilolite based ultra-stable Y zeolite (USY3).  

The removal of lead from contaminated water using USY3 was investigated through their 

removal capacity, given by the formula below: 

 (Vijayakumar et al.,2012) 

Where, Qi is the removal capacity (mg/g), C0 is the initial concentration of the metal in the 

solution (mg/L), Ci is the final concentration of the metal in the solution, V is the volume of the 

solution (L) and M is the mass of the zeolite used (g). 

5.5.1 Effect of pH, concentration of metal and contact time on the removal of lead (Pb) 

using ultra-stable y zeolite (USY3) 

In each of the following subsections the effect of the parameters such as pH, concentration or 

contact time of the lead uptake on USY3 will be considered. 

5.5.1.1 Effect of pH on the removal of lead (Pb) using ultra-stable y zeolite (USY3) 

The effect of pH on the uptake of lead was investigated by varying the pH from 3.5 to 7.5 while 

parameters such as lead concentration (0.05 mg/L), contact time (60 minutes) and volume (50 
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mL) of the solution were kept constant as detailed in Chapter 3, Table 3.3. Figure 5.16 illustrates 

the removal capacity of USY3. 

 

Figure 5.16: (A) Effect of pH on the removal capacity of USY3 for the uptake of lead from 

contaminated water. (B) Concentration of metals leached out from USY3 during the removal of 

lead from contaminated water. (Fixed parameters: volume of the solution=50 mL, zeolite dosage 

0.05 g, metal concentration=0.05 mg/L, time=60 minutes). 
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Figure 5.16 (A) compares the effect of pH on the removal capacity of USY3 at its optimum 

dosage (USY=0.05 g) when used to remove lead from contaminated water. It can be seen that at 

a lower pH value (3.5), the removal capacity of USY3 is much higher compared to the higher pH 

values. Compared to the other zeolites that were investigated in this study (C and FAU3), USY3 

had a much higher removal capacity which might be due to the modification with oxalic acid that 

was done to this zeolite and that might have opened more pores for the removal of metal as could 

be seen by the high BET value. Therefore, USY3 appeared to have the best Pb removal capacity, 

at the optimum pH of 3.5. However, Kabwadza-Corner et al., (2015) compared the effect of pH 

(3, 4 and 5) on the removal of lead from wastewater and reported that the highest lead removal 

was achieved at pH 5. The pH is an important factor to consider during the uptake of metal ions 

from waste water as some metal ions can form various metal complexes depending on the pH of 

solution, hence their uptake will be reduced if pH of solution is favourable to form anionic metal 

complexes (Ziyath et al., 2011). 

Figure 5.16(B) shows the effect of pH on the leaching of metals from USY3 during the removal 

of lead from contaminated water. Figure 5.16(B) showed that the pH was influencing the 

leaching of metals from USY3. In general, metals such as Al and Fe leached out easily in low pH 

solution (pH=3.5), while Si leached out easily in higher pH solution (pH=7.5) and metals such 

Ca, K and Na exchanged out easily regardless of pH of the solution, this was the case also with 

the C and FAU3. When USY3 was used to remove lead the concentration of Na, Al and Fe 

decreased with the increase in pH of the solution, while the concentration of Si increased with 

the increase of pH of the solution, and the concentration Ca and K that leached out from USY3 

was approximately the same regardless of the pH of the solution. However, it could be noted that 

the concentration of elements that leached out from USY3 was lower overall than that of the 

elements that leached out from FAU3. 

This study showed that cations ion-exchanged to differing extent from the zeolite structure 

depending on their individual properties and the treatment modification that the zeolite 

underwent. The leaching of other elements from zeolites while removing problem elements is not 

well documented, hence the importance of this study. However, Ziyath et al., (2011) stated that 

zeolite framework structures are vulnerable to basic and acidic environments. An acidic 

environment leads to dealumination, whereas a basic environment leads to desilication. This 
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corroborates the leaching results that are presented in Figure 5.5, where the highest aluminium 

leaching is observed in low pH solutions and the highest silicon leaching is observed in high pH 

solutions. 

This section showed that the highest uptake of Pb with an acceptable leaching of other metals 

from the zeolite framework was obtain at pH 3.5, which will be considered as optimum for the 

uptake of Pb from contaminated water using USY3. 

5.5.1.2 Effect of concentration of metal on the removal of lead (Pb) using ultra-stable y 

zeolite (USY3) 

The results showing the effect of lead concentration on its uptake from a contaminated water 

using USY3 as absorbent are detailed this section. Furthermore, the experimental conditions are 

detailed in Chapter 3, Table 3.3. This section also focuses on the effect of the initial 

concentration of lead on the leaching of other metals from USY3. The concentration of lead was 

varied as follows: 0.025; 0.05 or 0.1 mg/L, while all the other parameters such as volume of the 

solution (50 mL), zeolite dosage (0.05 g), contact time (60 minutes) and pH (3.5) were kept 

constant depending on the optimisation that was done above. The USY3 after oxalic treatment of 

FAU3 which was synthesised from C as explained in Chapter 3, Section 3.2. Figure 5.17 

presents the effect of the initial lead concentration on the removal capacity and percentage 

removal of lead by USY3. 
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Figure 5.17: Effect of the initial lead concentration on the removal capacity and percentage 

removal of USY3 for its uptake from contaminated water. (B) Effect of the initial lead 

concentration on the leaching of metals from USY3 during the removal of lead from 

contaminated water. (Fixed parameters: volume of the solution=50 mL, zeolite dosage=0.05 g, 

contact time=60 minutes, pH=3.5). 

Figure 5.17 showed that the removal capacity of USY3 went from 0.061 mg/g of zeolite when 

0.025 mg/L of lead was initially used to 0.568 mg/g of zeolite when a concentration of 0.1 mg/L 

of lead was used. It can be observed that the increase of the initial lead concentration resulted in 
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higher removal capacity of USY3 when it was used to remove lead from contaminated water. 

The optimum initial lead concentration was then taken as 0.1 mg/L and it was noteworthy that 

USY3 had the highest lead removal capacity of 0.568 mg/g, followed by FAU3 (0.142 mg/g) and 

C (0.139 mg/g). These results agreed with the prediction made about the correlation between the 

metal uptake and the BET surface area and binding sites (related to the percentage of Al in the 

zeolite) as well as the competition with metals such as Na (Figure 4.9 and Figure 4.15). Ziyath et 

al., (2011) reported that there were contradictory observations regarding the effect of initial 

metal concentration in the removal of heavy metals. These contradictory observations could be 

explained by the difference in the properties of the zeolites used. However, the results of the 

current study corroborated one of the observations reported by Ziyath et al., (2011) who stated 

that the increase in the initial metal concentration led to the increase in the uptake of metals onto 

the available exchange sites of zeolites up to certain initial metal concentration and thereafter 

only a slight increase in sorption was observed where after saturation of all the available sorption 

sites occurred. Besides, the removal capacity, the effect of the initial lead concentration on the 

leaching of other metals from USY3 was also investigated and presented in Figure 5.17(B). 

Figure 5.17(B) showed that when USY3 was used to absorb lead, the concentration of cations 

such as K, Ca and Si in the solution decreased when initial lead concentration increased and the 

concentration of Na in solution increased with the increase in initial lead concentration due to ion 

exchange. It was noteworthy that the concentration of the elements (Al, Ca, Fe, K, Na and Si) 

that leached from C did not exceed 5 ppm.  In comparison to other zeolites, FAU3 had the 

highest leaching concentration of metals in solution with Na that was released up to 160 ppm 

followed by Si (11.5 ppm) and K (8 ppm). In comparison to when the solution was treated with 

clinoptilolite (C) and USY 3, the concentration of elements leached out from FAU3 into the 

solution was higher. Therefore, the addition of Na and synthesis conditions of FAU3 from C led 

to a high leaching concentration of metals. On the other hand, the treatment of FAU3 with oxalic 

acid was beneficial in minimising the leaching of metals from the zeolite as it could be observed 

that the leaching concentration of metals considerably decreased from FAU3 to USY3. In 

conclusion, the initial lead concentration of 0.1 mg/L was the optimum, considering its good 

uptake and low leaching of other metals; with USY3 being the best absorbent of the three 

zeolites. 
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5.5.1.3 Effect of contact time on the removal of lead (Pb) using ultra-stable Y zeolite 

(USY3) 

The effect of contact time on the uptake of lead from contaminated water and leaching of other 

metals from USY3 is discussed in this section. The experimental setup was detailed in Chapter 3, 

Table 3.3. The contact time was 15 min, 30 min or 60 min; while other parameters ( volume of 

the solution=50 mL, zeolite dosage 0.05g, pH=3.5, metal concentration=0.1 mg/L) were kept 

constant. Figure 5.18 presents the effect of contact time on the removal capacity of USY3 for the 

uptake of lead from contaminated water.    
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Figure 5.18: (A) Effect of contact time on the removal capacity of USY3 for the uptake of lead 

from contaminated water. (B) Effect of contact time on the leaching of metals from USY3 during 

the removal of lead from contaminated water. (Fixed parameters: volume of the solution=50 mL, 

zeolite dosage 0.05 g, metal concentration=0.1 mg/L, pH=3.5). 

Figure 5.18(A) showed that the contact time did not affect the removal capacity of USY3 and it 

could be seen that USY3 had the highest removal capacity than C and FAU3 even at the shortest 

contact time. However, Mohit et al., (2015) reported that the percentage removal of metal 

increased with the increase in contact time until reaching an equilibrium. Pandey et al., (2009) 

also stated that the removal rate of adsorption of metals was rapid initially but it gradually 
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decreased with time until it reached an equilibrium. It could then be concluded in this current 

study that by 15 min contact time the equilibrium was already reached.  

The effect of contact time on the leaching of metals from USY3 during the removal of lead from 

contaminated water was also investigated in this section and presented in Figure 5.18(B). 

Figure 5.18(B) showed that the concentration of Al, Ca, K, Mg and Fe were fluctuating with 

time. This was a different trend from that of C where time did not affect the concentration of 

metals leaching out from the zeolite. However, the concentration of Si that leached out from 

USY 3 also increased with the increase in contact time as was observed for that leached out from 

C (Figure 5.9(A). It could also be noted that the concentration of Na that leached into the 

solution decreased from FAU3 to USY3 and this can be attributed to the treatment FAU3 with 

oxalic acid during the modification process used to prepare USY3. 

5.5.2 Effect of pH, concentration of metal and contact time on the removal of cadmium 

(Cd) using ultra-stable Y zeolite (USY3) 

The effect of pH, concentration of metal and contact time on the removal capacity, percentage 

removal of USY3 and leaching of metals during the removal of cadmium from contaminated 

water is investigated in this section. 

5.5.2.1 Effect of pH on the removal of cadmium (Cd) using ultra-stable Y zeolite (USY3) 

The procedure of investigating the effect of pH on the uptake of cadmium from contaminated 

water was detailed in Chapter 3, Table 3.3. The dosage of the zeolites was fixed at 0.1 g 

according to the optimum dosages that were reported in figure 5.1(B). Other parameters such as 

(volume of the solution=50 mL, metal concentration=0.05 mg/L, time 60 minutes) were also 

fixed. The only parameter that varied in this section was the pH, to investigate the behaviour of 

the zeolites in various pH levels. Figure 5.19 illustrates the effect of pH on the removal capacity 

and percentage removal of USY3 as well as the concentration of metals that leached out during 

its use as an adsorbent for the removal of cadmium from contaminated water. 
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Figure 5.19: (A) Effect of pH on the removal capacity and percentage removal of USY3 for the 

uptake of cadmium from contaminated water. (B) Effect of the pH on the leaching of metals 

from USY3 during the removal of cadmium from contaminated water. (Fixed parameters: 

volume of the solution=50 mL, zeolite dosage 0.1g, metal concentration=0.1 mg/L, contact 

time=60 minutes). 

Figure 5.19(A) showed that the cadmium removal capacity of USY3 was high (0.087 mg/g) at 

pH 5.5 compared to at both pH 3.5 (0.046 mg/g) and 7.5 (0.068 mg/g). Compared to the other 

two zeolites (C and FAU3) in this study, at pH 5.5 the removal capacity of C, FAU3 was lower 
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than that of USY3. These results showed that the pH influenced the removal of lead and 

cadmium, as the optimum pH for the removal of lead was 3.5 and USY3 presented the highest 

removal capacity (Figure 5.4). At pH 3.5 USY3 removal capacity for lead was 0.45 mg/g so 

USY3 had a much greater selectivity for lead than cadmium at lower pH levels. 

Figure 5.19(B) presents the effect of pH on the leaching of metals from USY3. It shows that the 

concentration of Al, Ca, K, Fe and Si were increasing in solution from pH 3.5 to pH 5.5 and then 

decreased at pH of 7.5, while the concentration of Na decreased with the increase in the pH. In 

general, the concentration of elements that leached out was lower for USY3 than for C and 

FAU3. Moreover, an acceptable (below 32 ppm) concentration of elements leached out at pH 

5.5, which was the optimum pH for the removal of Cd from contaminated water using USY3. 
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5.5.2.2 Effect of concentration of metal on the removal of cadmium (Cd) using ultrastable 

Y zeolite (USY3) 

 

Figure 5.20: (A) Effect of the initial concentration of Cd on the removal capacity and percentage 

removal of USY3 for its uptake from contaminated water. (B) Effect of the initial concentration 

of Cd on the leaching of metals from USY3 during its use as an adsorbent to remove cadmium 

from contaminated water. (Fixed parameters: volume of the solution=50 mL, zeolite dosage 0.1g, 

pH=5.5, contact time=60 minutes). 

Figure 5.20 (A) showed the removal capacity of USY3 increased proportionally with the increase 

in the initial concentration of Cd. The optimum Cd initial concentration was found to be 0.1 
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mg/L. However, contrary to the removal of lead, FAU3 had the highest removal capacity of Cd 

(0.22 mg/g of zeolite) among the 3 zeolites. There are three different trends of the effect of the 

removal capacity of C, FAU3 and USY3.  It could be noted that the removal capacity of C 

rapidly increased from 0.025 mg/L of Cd to 0.05 mg/L, thereafter slowly increased from 0.05 

mg/L of Cd to 0.1 mg/L of Cd. While the removal capacity of FAU3 slowly increased from 

0.025 mg/L to 0.05 mg/L. After that, it rapidly increased from 0.05 mg/L of Cd to 0.1 mg/L. 

Therefore, the removal capacity of Cd could be related to the surface area of C (130.74 m
2
/g), 

FAU3 (289.74 m2/g) or USY3 (384.57 m2/g). However, Si/Al ratio of C (6.05), FAU3 (1.46) or 

USY3 (1.62) could be the reason why FAU3 showed the highest removal capacity of Cd. 

The effect of the initial concentration of Cd on the leaching of other metals from C, FAU3 and 

USY3 was also investigated and presented in Figure 5.20(B).  It shows that there was no 

correlation between the initial concentration of Cd and the concentration of the elements that 

leached out from USY3 during the removal Cd from contaminated water. The concentration of 

the elements that were leaching from USY3 was lower than that of the elements that leached out 

from FAU3, except for K and Na when 0.1 mg/L of Cd was used in the initial solution. 

5.5.2.3 Effect of contact time on the removal of cadmium (Cd) using ultrastable Y zeolite 

(USY3). 

This section presents the effect of contact time on the uptake of cadmium from contaminated 

water and leaching of other metals from USY3. In the experimental procedure, the amount of 

zeolite used was that presented in Figure 5.1B as 0.1g. The pH and initial concentration of Cd 

were 5.5 and 0.1 mg/L respectively. The contact time was 15 min, 30 min or 60 min. Figure 5.21 

presents the effect of contact time on the removal capacity of USY3 for the uptake of cadmium 

from contaminated water. The volume for each experiment was fixed at 50 mL and concentration 

at 0.1g.  
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Figure 5.21: (A) Effect of contact time on the removal capacity of USY3 for the uptake of 

cadmium from contaminated water. (B) Effect of the contact time on the leaching of metals from 

USY3 during the uptake of cadmium from contaminated water. (Fixed parameters: volume of the 

solution=50 mL, zeolite dosage 0.1g, pH=5.5, metal concentration 0.1 mg/L). 

Figure 5.21(A) showed that the contact time did not affect the Cd removal capacity of USY3, 

similar to the investigation of the effect of the contact time on the uptake of lead from a 

contaminated water using USY3 (Figure 5.16). Therefore, it could also be concluded that the 

optimum removal capacity for Cd could be reached before 15 min. Mohit et al., (2015) and 

Pandey et al., (2009) stated that before reaching the equilibrium the removal capacity increased 
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with time. Therefore 15 min could still be considered as the optimum time for USY3 used in the 

current study. The effect of the contact time on the leaching of metals from USY3 during the 

uptake of cadmium from contaminated water at different time was also investigated and 

presented in Figure 5.19(B). 

Figure 5.21(B) showed that the concentration of the elements (Na, Al, Ca, Fe, K, Mg) ion 

exchanging or leaching into the solution out from USY3 increased as the contact time increased. 

Moreover, Si could leach out only after 60 min of mixing the Cd solution with USY3. It could be 

noted that lower leaching was observed at the optimum contact time of 15 min. 

5.4 Chapter summary 

This chapter illustrated the removal capacity and adsorption of lead and cadmium from 

contaminated water using as received clinoptilolite (C), synthesised clinoptilolite-based faujasite 

(FAU3) and synthesised clinoptilolite based ultrastable y zeolite (USY3), as well as the leaching 

of other metals from the used zeolites. The effect of zeolite dosage was investigated prior to the 

effect of pH, cadmium or lead concentration and contact time.  

It was observed that the optimum dosage varied from one zeolite to another one, and the lowest 

dosage of C, FAU3 and USY3 with the highest percentage removal was 0.2 g, 0.2 g and 0.05 g 

respectively. It was also shown in this chapter that the removal capacity of lead and cadmium 

could be hindered by the Na content in FAU3 and USY3; this was due to the fact that these 

metals could be in an uptake competition with Na and other cations that leached out from the 

zeolites. It was also evident that in the acidic medium H3O+ could compete with metal ions for 

the adsorption sites induced by the presence of aluminium within the zeolite framework and 

hinder their uptake. Furthermore, the removal capacity was not always directly related to the 

BET surface area of C, FAU3 and USY3 nor to their aluminium content.  It was further shown 

that the percentage removal of Pb and Cd was affected by their high hydrated ionic diameters, 

these might prevent the metal reaching all the zeolite binding sites. 

The leaching studies for the three (3) zeolites showed that the type and amount of metal ions that 

leached out differed from one zeolite to the other. This was the case especially for K, Si, and Na. 

The high leaching of Na ions FAU3 and USY3 into the solution could be attributed to the 

addition of NaOH during the fusion process of clinoptilolite, which was detailed in Chapter 3, 
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Section 3.2. The cations could be leaching because they are weakly bound to the zeolite 

framework, which could increase the uptake competition with the targeted metals when they 

were re-adsorbed. The high Si leaching from FAU3 could be attributed to some damage of the 

FAU3 structure during the removal of toxic metals from contaminated acidic water; but it could 

also be due to the presence of fewer condensed units (Si(1Al)), as it decreased in the case of 

USY3 because the treatment of FAU3 with oxalic acid already removed the less condensed units 

(Si(1Al)). 
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CHAPTER 6: UPTAKE OF LEAD AND CADMIUM FROM SIMULATED GASTRIC 

JUICE USING C, FAU3 AND USY3 

6.1 Introduction 

This chapter details the uptake of lead and cadmium from simulated gastric juice using 

clinoptilolite (C), faujasite (FAU3) or ultrastable Y zeolite (USY3). The temperature and pH of 

the juice was 36 °C and 3.5, like in the gastric track. The optimum conditions that were 

established in section 5.2 for dosage will be applied. The metal uptake was a function of lead and 

cadmium concentration and contact time. 

6.2 Effect of metal concentration and contact time on the removal of lead (Pb) and 

cadmium (Cd) using clinoptilolite (C) 

This section investigates the effect of concentration of metal and contact time on the uptake of 

lead and cadmium from simulated gastric juice using the as-received clinoptilolite (C) and their 

effect on the leaching of other metals. 

The removal capacity was given by the formula below: 

 (Vijayakumar et al., 2012) 

Where, Qi is the removal capacity (mg/g), Co and Ci are initial and final concentration of the 

metal in the solution (mg/L) respectively, V is the volume of the solution (L) and M is the mass 

of the zeolite used (g). 

6.2.1. Effect of metal concentration and contact time on the removal of lead (Pb) using 

clinoptilolite (C) 

This section details the effect that the concentration of metal and the contact time have on the 

removal of lead from a simulated gastric juice using the as-received clinoptilolite, in the 

conditions detailed individually in Chapter 3, Section 3.4.2.  

6.2.1.1. Effect of lead (Pb) concentration on its removal using clinoptilolite (C) 

The results showing the effect of lead concentration on its uptake from simulated gastric juice 

using clinoptilolite (C) as absorbent are detailed here with the experimental conditions given in 

Chapter 3, Table 3.3. This section also focuses on the effect of the initial concentration of lead on 
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the leaching of other metals from C. The concentration of lead was varied as follows: 0.025; 0.05 

or 0.1 mg/L, while all the other parameters were kept constant depending on the optimisation 

obtained in Chapter 5. Figure 6.1 presents the effect of the initial lead concentration on the 

removal capacity of C and leaching of other metals into the simulated gastric juice. 

 

Figure 6.1 Removal capacity of C in the removal of lead from gastric juice at various metal 

concentrations. (Fixed parameters: volume of the solution=50 mL, pH=3.5, temperature of the 

solution=36°C, zeolite dosage=0.2 g, Contact time=60 min). 

Figure 6.1(A) shows the removal capacity and percentage removal of clinoptilolite as function of 

initial concentration of lead in the simulated gastric juice. It could be noted that the removal 

capacity of C was higher when the initial concentration of lead in the gastric juice was 0.1 mg/L, 
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while the highest percentage removal was obtained at 0.05 mg/L of lead concentration. The 

removal capacity presented the adsorption characteristics of the adsorbent (clinoptilolite) better 

than the percentage removal, because it was not only function of the zeolite mass and lead 

concentration, but also that of the volume of the solution. Moreover, it was noteworthy that the 

adsorption behaviour of clinoptilolite decreased from that obtained in contaminated water, with 

the highest removal capacity of 0.13 mg/g (Figure 5.5) to a contaminated gastric juice, with the 

highest removal capacity of 0.043 mg/g (Figure 6.1). This could be attributed to the presence of 

metal ions such as Ca
2+,

 Na
+
 and K

+
 in the gastric juice, which increased the metal uptake 

competition and reduced the adsorption behaviour of clinoptilolite. 

Figure 6.1(B) presents the elements leaching from C into the gastric juice. It could be observed 

that besides Na, K and Ca that were in the gastric juice before adsorption, Mg was the most 

abundant metal in the solution, followed by Si and Ti. However, Na, K and Ca could also leach 

from clinoptilolite as Figure 5.5 showed a high leaching of these metals when clinoptilolite was 

used to remove lead from contaminated water. The leaching of Si could be caused by the effect 

of the acid on the zeolite structure. If the leaching of metals into the gastric juice is not currently 

highly topical, it has an importance in medicine because of human ingestion of zeolites as a 

metal decontamination method. 

6.2.1.2. Effect of contact time on the removal of lead (Pb) using clinoptilolite (C) 

The optimum contact time on the removal of lead from the simulated gastric juice using 

clinoptilolite (C) was investigated as detailed in Chapter 3, Section 3.3.2. The dosage of this 

zeolite was fixed according to the optimum conditions that were established when each zeolite 

was used to treat contaminated water. The pH of the solution as well as the temperature was 

fixed at 3.5 and 36°C respectively according to the conditions of the stomach. The only 

parameter that varied was the contact time to investigate the behaviour of the zeolites it various 

time intervals. The removal time was 15 min, 30 min or 60 min. 
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Figure 6.2: Removal capacity of C in the removal of lead from gastric juice at different contact 

time. (Fixed parameters: Volume of the solution=50 mL, pH=3.5, temperature of the 

solution=36°C, zeolite dosage=0.2 g, metal concentration 0.1 mg/L). 

Figure 6.2(A) showed that the removal capacity and percentage removal had a similar trend. The 

removal of lead increased from 15 min to 30 min and decreased slightly from 30 min to 60 min, 

making 30 min the optimum contact time. Lead thus leached back into the gastric juice after a 

certain time. It was noteworthy that the removal capacity and percentage removal of lead from 

the simulated gastric juice was different from those of contaminated water (Section 5.3.1.3). The 

http://etd.uwc.ac.za



127 
 

optimum removal capacity from the simulated gastric juice or contaminated water was 0.052 

mg/g (Figure 6.2) and 0.118 mg/g (Figure 5.6), respectively. The lower removal capacity from 

the simulated gastric juice was due to the high background Na, K and Ca content, which 

hindered lead removal. This again shows that the competitive adsorption plays a large role in 

metal removal. 

Figure 6.2(B) showed besides Na, K and Ca that were already in the gastric juice, Mg, Al, Fe, P 

and Si leached out from clinoptilolite. The same trend in metal leaching was observed when 

clinoptilolite was used to remove lead from contaminated water (Figure 5.6). 

6.2.2. Effect of concentration of metal and contact time on the removal of cadmium (cd) 

using clinoptilolite (c) 

This section discusses the effect of cadmium concentration and the effect of solution-zeolite 

contact time on the removal of cadmium from contaminated simulated gastric juice using 

clinoptilolite. 

6.2.2.1. Effect of cadmium (Cd) concentration on its removal using clinoptilolite (C) 

Figure 6.3 details the removal capacity of C in its optimum dosage (C=0.4g) when it is used to 

remove cadmium from simulated gastric juice. The dosage of this zeolite was fixed as well as the 

pH; the only parameter that varied was the metal concentration to investigate the behaviour of 

the zeolites in various mediums. 
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Figure 6.3: Removal capacity of C in the removal of cadmium from simulated gastric juice. 

(Fixed parameters: Volume of the solution=50 mL, pH=3.5, temperature of the solution=36°C, 

zeolite dosage=0.4 g, contact time=60 min). 

It could be noted in Figure 6.3(A) that removal capacity of clinoptilolite increased with an 

increase of initial concentration of metal (cadmium), with the optimum of 0.013 mg/g (Figure 

6.3). Moreover, clinoptilolite removed more lead (0.043 mg/g) (Figure 6.1) than cadmium (0.013 

mg/g) (Figure 6.3) from the simulated gastric juice. This corroborated the report of Erdem et al., 

(2004), who stated that clinoptilolite had a higher selectivity for lead than cadmium.  
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Clinoptilolite also removed less cadmium from the gastric juice (0.013 mg/g) (Figure 6.3) than 

from the contaminated water (0.044 mg/g) (Figure 5.8), which was caused by the competitive 

adsorption induced by the presence of Na, Ca and K in the simulated gastric juice. 

Figure 6.3(B) showed a similar trend of metal leaching as in Figure 6.2(B), elements that leached 

into the solution at the lowest concentration (0.025mg/L) included Al, Fe, Mg, P, Si, Zn, Ca, K 

and Na. The elements leached differently in all the mediums, there was not a common trend 

among them. Mg increased with the increase of cadmium initial concentration then it decreased 

at 0.1 mg/L. Na on the other hand decreased at 0.05 mg/L then increases again at 0.1 mg/L. Ca 

remained constant throughout the different concentrations. Si decreased at 0.05 mg/L then it 

increased again at 0.1 mg/L. Fe decreased with the increase in the initial cadmium concentration. 

6.2.2.2. Effect of contact time on the removal of cadmium (Cd) using clinoptilolite (C) 

Figure 6.4 details the removal capacity of C when it was used to remove cadmium from 

simulated gastric juice at different contact times. The dosage of this zeolite was fixed at 0.4 g 

according to the optimum conditions that were established when each zeolite was used to treat 

contaminated water. The pH of the solution as well as the temperature was fixed at 3.5 and 36°C 

respectively, according to the conditions on the stomach. The only parameter that varied was the 

contact time (15, 30 and 60 min) to investigate the behaviour of the zeolite in the simulated 

gastric juice.   
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Figure 6.4: The effect of contact time on the removal capacity of C for cadmium removal from 

gastric juice under various time intervals. (Fixed parameters: Volume of the solution=50 mL, 

pH=3.5, temperature of the solution=36°C, zeolite dosage=0.4 g, metal concentration 0.1 mg/L). 

It could be seen in Figure 6.4(A) that the removal capacity and percentage removal slightly 

increased with time, which was different from the trend observed for the contact time for lead 

(Figure 6.2.A). Moreover, at the same conditions, clinoptilolite had higher lead removal (0.052 

mg/g) (Figure 6.2.A) than cadmium removal (0.013 mg/g), which confirmed that clinoptilolite 

was more selective towards lead than cadmium as observed by Erdem et al., (2004). 
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Figure 6.4(B) showed the elements leaching into the solution when C was used to remove 

cadmium from simulated gastric juice at different contact times. A similar trend of leaching was 

observed in Figures 6.1(B), 6.2(B) and 6.3(B). However, the amount of Na leaching into the 

solution increases as the time spent treating the solution increased while elements such as Al, Fe, 

Mg, K and Si increases at 30 minutes then they decrease again at 60 minutes, showing 

readsorption. 

6.2.3. Effect of concentration of metal and contact time on the removal of lead (Pb) and 

cadmium (Cd) using clinoptilolite (C) 

This section details the effect of lead and cadmium concentration as well as the effect of 

solution-zeolite contact time on the removal of lead and cadmium from contaminated simulated 

gastric juice using clinoptilolite. 

6.2.3.1. Effect of concentration of lead (Pb) and cadmium (Cd) on their removal using 

clinoptilolite (C) 

Figure 6.5 compares the competitive removal capacity of C zeolite at its optimum dosage (C=0.4 

g) when it was used to remove both lead and cadmium from simulated gastric juice. To get this 

dosage, the average from the results of the optimum dosages of these zeolites when each metal 

was removed were taken and fixed. The pH was fixed at 3.5 according to the pH of the 

gastrointestinal environment and the only parameter that was varied was the metal concentration 

to investigate the behaviour of the zeolites in various mediums.   
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Figure 6.5: The effect of Pb or Cd concentration on the removal capacity of C in the 

simultaneous removal of lead and cadmium from simulated gastric juice. (Fixed parameters: 

Volume of the solution=50 mL, pH=3.5, temperature of the solution=36°C, zeolite dosage=Pb-

0.2 g and Cd-0.4 g), contact time=60 min) 

It could be noted in Figure 6.5(A) that as the concentration of both metals increased in the 

solution, the removal capacity of clinoptilolite towards Cd decreased while that towards Pb 

increased. The inclusion of Pb or Cd or both metals together in the gastric juice led to different 

removal capacity trend and values. When 0.1 mg/L of Pb was initially used, the removal capacity 
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was 0.045 mg/g (Figure 6.1(A)); when 0.1 mg/L of Cd was initially used, the removal capacity 

was 0.013 mg/g (Figure 6.3(A)); and when 0.1 mg/L of both Pb and Cd was initially used, the 

removal capacity towards Pb was 0.025 mg/g and that towards Cd was 0.01 mg/g showing 

competitive adsorption(Figure 6.5(A)). Hence, the removal capacity of Pb was reduced in the 

presence of another metal. Moreover, Figure 6.5(A) corroborated the statement made by Erdem 

et al., (2004) concerning clinoptilolite selectivity towards Pb and Cd only at high concentration, 

as the removal capacity of Cd was higher than that of Pb when their initial concentration was 

0.025 mg/L. 

Figure 6.5(B) presented the leaching elements into the solution as C was used to remove lead and 

cadmium from simulated gastric juice at different metal concentrations. The elements that leach 

into the solution at 0.025 mg/L included Al, Fe, Mg, P, Si, Zn, Ca, K and Na. The amount of 

these elements decreases at 0.05 mg/L with a significant increase in the amount of Zn then all the 

elements increased again at 0.1mg/L. 

6.2.3.2. Effect of contact time on the removal of lead (Pb) and cadmium (Cd) using 

clinoptilolite (C) 

Figure 6.7 details the removal capacity of C when it is used to remove lead and cadmium from 

simulated gastric juice. The dosages of this zeolite was fixed (Pb=0.2 g and Cd=0.4 g) according 

to the optimum conditions that were established when the zeolite was used to treat contaminated 

water and the average was taken to conduct this study. The pH of the solution as well as the 

temperature was fixed according to the conditions on the stomach. The only parameter that 

varied was the contact time to investigate the behaviour of the zeolites in various mediums.   
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Figure 6.7: The effect of contact time on the removal capacity of FAU3 in the removal of lead 

and cadmium from simulated gastric juice. (Fixed parameters: Volume of the solution=50 mL, 

pH=3.5, temperature of the solution=36°C, zeolite dosage=Pb-0.2 g and Cd-0.4 g, metal 

concentration 0.1 mg/L). 

It could be seen in Figure 6.7(A) that the removal capacity of FAU3 towards lead and cadmium 

had the same trend, with 30 min being the optimum contact time. Moreover, lead selectivity was 

still higher than cadmium selectivity as shown in previous sections.  
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Figure 6.7(B) showed a similar leaching trend as in previous sections. There was no significant 

change in the amount of metals leaching in the different time intervals. It was noteworthy that Si 

and Al did not leach much into the gastric juice; therefore, clinoptilolite could be stable in the 

acidic environment of gastric juice. This corroborated the findings of Jung et al. (2010) who 

reported that clinoptilolite appears to be stable in the gastrointestinal tract. 

6.3 Effect of concentration of metal and contact time on the removal of lead (Pb) and 

cadmium (Cd) using clinoptilolite-based faujasite (FAU3) 

This section details the effect that the concentration of lead and cadmium on their removal from 

simulated gastric juice using FAU3 as well as the effect of contact time. 

6.3.1. Effect of concentration of metal and contact time on the removal of lead (Pb) using 

clinoptilolite-based faujasite (FAU3) 

This section details the effect of lead concentration and contact time on its removal from 

simulated gastric juice using FAU3. 

6.3.1.1. Effect of lead (Pb) concentration on its removal using clinoptilolite-based faujasite 

(FAU3) 

The synthesis of FAU3 is detailed in Chapter 3, Section (3.3.2). The experimental method of the 

removal of lead using FAU3 is detailed in Chapter 3, Section (3.4). 

Figure 6.8(A) compares the removal capacity of FAU3 in its optimum dosage (FAU3=0.2g) 

when they are used to remove lead from contaminated simulated gastric juice. The dosage of this 

zeolite was fixed as well as the pH; the only parameter that varied was the metal concentration to 

investigate the behaviour of the zeolites in various mediums.   
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Figure 6.8: The effect of the metal concentration on the removal capacity of FAU3 for the 

removal of lead from gastric juice at various metal concentrations. (Fixed parameters: Volume of 

the solution=50 mL, pH=3.5, temperature of the solution=36°C, zeolite dosage=0.2 g, contact 

time=60 min). 

It could be noted in Figure 6.8(A) that as the initial concentration of metal (lead) increased, the 

removal capacity of FAU3 also increased, with the highest removal capacity of 0.045 mg/g when 

0.1 mg/L of lead was initially used. From the slope of the curve, it could be predicted that the 
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FAU3 removal capacity could continue increasing with the increase in concentration. It was 

noteworthy that the percentage removal and removal capacity of clinoptilolite (C) (Figure 6.1A) 

and faujasite (FAU3) (Figure 6.8A) had the same trend. From the surface area of C (130.74 

m
2
/g) and FAU3 (289.74 m

2
/g) which was reported in Figure 4.15 it could be predicted that 

FAU3 was going to have a removal capacity higher than that of C. However, FAU3 had a 

removal capacity only slightly higher than that of C (0.043 mg/g) (Figure 6.1A). This could be 

explained by a high Na content of FAU3 (Figure 4.9), which contributed to the cation 

competition during the removal of lead. Moreover, FAU3 could remove more lead in water 

(0.142 mg/g) (Figure 5.11A) than in gastric juice (0.045 mg/g) (Figure 6.8A). This was due to a 

high Na, Ca and K content that competed with Pb during its removal. 

Figure 6.8(B) presented the leaching of elements when FAU3 was used to remove lead from 

simulated gastric juice. Here the elements leaching into the solution are Mg, Si, Ca, K and Na at 

0.025 mg/l. At 0.05 mg/l Al is also leaching into the solution. Besides, Na, Ca and K that were 

added to the solution while making the gastric juice, Si and Al leached more from FAU3 (Figure 

6.8B) than from C (Figure 6.1B), while Mg leached more from C than from FAU3. Moreover, 

from the lead uptake and metal leaching that were presented in Figure 6.1 and Figure 6.8, it 

could be concluded that it could not be necessary to synthesize faujasite from clinoptilolite as 

their lead removal performance was only slightly different. 

6.3.1.2. Effect of contact time on the removal of lead (Pb) using clinoptilolite-based 

faujasite (FAU3) 

Figure 6.9(A) details the effect of contact time in the removal capacity of FAU3 when they are 

used to remove lead from simulated gastric juice. The dosage was fixed according to the 

optimum conditions that were established when the zeolite was used to treat contaminated water. 

The pH of the solution as well as the temperature was fixed according to the conditions on the 

stomach. The only parameter that varied was the contact time to investigate the behaviour of the 

zeolite in various mediums.   
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Figure 6.9 Effect of contact time in the removal capacity of FAU3 for the removal of lead from 

simulated gastric juice at different contact time. (Fixed parameters: Volume of the solution=50 

mL, pH=3.5, temperature of the solution=36°C, zeolite dosage=0.2 g, metal concentration=0.1 

mg/L). 

It could be seen in Figure 6.9(A) that the percentage removal and removal capacity of FAU3 

slightly decreased as the contact time increased, with 15 min the optimum contact time giving a 

removal capacity of 0.058 mg/g. This could be explained by the fact that Pb was released back to 

the solution with time. The percentage removal and removal capacity of clinoptilolite (C) and 

faujasite (FAU3) did not have a similar trend. And it was noteworthy that FAU3 removed lead in 
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less time than C, as the optimum removal capacity of C was 0.052 mg/g after 30 min of contact 

time (Figure 6.2A).  

Figure 6.9(B) showed the leaching of elements from FAU3 during the removal of lead. Besides 

Na, Ca and K that were already in the gastric juice, Al, Mg, Fe and Si were the metals that 

leached the most, with the amount of Si increasing with the increase in time. The leaching of Al 

and Si could lead towards the conclusion that the process was destroying the FAU3 structure, 

unlike clinoptilolite from which Mg was the main metal that leached out.   

 6.3.2. Effect of concentration of metal and contact time on the removal of cadmium (Cd) 

using clinoptilolite-based faujasite (FAU3) 

This section details the effect of cadmium concentration and contact time on its removal from 

simulated gastric juice using C. 

6.3.2.1. Effect of cadmium (Cd) concentration on its removal using clinoptilolite-

based faujasite (FAU3) 

This section compares the removal capacity of FAU3 zeolite in its optimum dosage 

(FAU3=0.05g) when they are used to remove cadmium from simulated gastric juice. The dosage 

of this zeolite was fixed as well as the pH; the only parameter that varied was the metal 

concentration to investigate the behaviour of the zeolites in various mediums.   
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Figure 6.10: The effect of Cd concentration on the removal capacity of FAU3 for the removal of 

cadmium from simulated gastric juice. (Fixed parameters: Volume of the solution=50 mL, 

pH=3.5, temperature of the solution=36°C, zeolite dosage=0.05 g, contact time=60 min). 

It can could be noted in Figure 6.10(A) that the percentage removal of FAU3 was about 90 % for 

all the initial concentration of Cd, while the removal capacity increased with the increase in the 

initial Cd concentration, with the highest removal capacity of 0.35 mg/g, which was 10 times 

higher than the removal capacity of FAU3 towards Pb (Figure 6.8A). Even if not much had been 

reported on the removal capacity of faujasite zeolites towards heavy metals from contaminated 
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gastric juice, it could be observed that Cd affinity to FAU3 was much higher than that to 

clinoptilolite as Figure 6.3(A) showed that the removal capacity of clinoptilolite towards Cd was 

0.013 mg/g.  

Figure 6.10(B) presented the leaching of elements from FAU3 during removal of cadmium from 

simulated gastric juice, under various metal concentrations. Same as in Figure 6.8(B), besides 

Na, Ca and K that were added during the preparation of gastric juice, Al, Mg and Si were the 

main elements that leached out from FAU3. The amount of elements leaching into the solution 

differs in all the environments. Ca remained constant in all the concentrations while Mg 

decreased when 0.05 mg/L Cd was applied and increased again at 0.1mg/L Cd. Na and Si, on the 

other hand, decreased at a Cd concentration of 0.05mg/L and increased again at a Cd 

concentration of 0.1mg/L. Framework species such as Al and Si were leaching, indicating some 

instability of the framework structure under the conditions applied in simulated gastric juice. 

6.3.2.2. Effect of contact time on the removal of cadmium (Cd) using clinoptilolite-

based faujasite (FAU3) 

This section details the removal capacity of FAU3 when it was used to remove cadmium from 

simulated gastric juice. The dosage of this zeolite was fixed according to the optimum conditions 

that were established when each zeolite was used to treat contaminated water. The pH of the 

solution as well as the temperature was fixed according to the conditions on the stomach. The 

only parameter that varied was the contact time to investigate the behaviour of the zeolites in 

various time intervals.   
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Figure 6.11: Effect of contact time on the removal capacity of FAU3 for cadmium removal from 

gastric juice. (Fixed parameters: Volume of the solution=50 mL, pH=3.5, temperature of the 

solution=36°C, zeolite dosage=0.05 g, metal concentration=0.1m mg/L). 

Figure 6.11(A) showed that the removal capacity of FAU3 increased with increasing contact 

time, with the highest removal capacity of 0.375 mg/g at 0.1 mg/L of initial Cd concentration. 

This trend was the opposite of the removal of Pd using FAU3 (Figure 6.9A). This was also  

slightly similar to that of removal capacity of clinoptilolite towards Cd (Figure 6.4A); however, 

the removal capacity of clinoptilolite was much lower (0.013 mg/g) than that of FAU3. 
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Same as in Figure 6.9(B), Figure 6.11(B) showed that elements that leached into the solution 

included Ca, K, Na Al, Fe, Mg and Si. The amount of Ca, K and Na remained the same through 

all these contact times. Other elements such as Al, Fe, Mg and Si increased at 30 minutes and the 

amount of elements leaching at 60 minutes decreased again. 

6.3.3. Effect of concentration of metal and contact time on the removal of lead (Pb) and 

cadmium (Cd) using clinoptilolite-based faujasite (FAU3) 

This section details the effect that the concentration of lead and cadmium on their removal from 

simulated gastric juice using FAU3 as well as the effect of contact time. 

6.3.3.1. Effect of concentration of lead (Pb) and cadmium (Cd) on their removal 

using clinoptilolite-based faujasite (FAU3) 

Figure 6.12 compares the removal capacity of the 3 zeolites in their various optimum dosages 

(FAU3=0.05g) when they are used to remove both lead and cadmium from contaminated acidic 

water. To get this dosage, the average from the optimum dosage when these metals when 

removed individually was taken and fixed. The pH was fixed according to the pH of the 

gastrointestinal environment and the only parameter that was varied was the metal concentration 

to investigate the behaviour of the zeolites in various mediums.   
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Figure 6.12: Effect of Pb and Cd concentration on the removal capacity of FAU3 for the 

simultaneous removal of lead and cadmium from simulated gastric juice. (Fixed parameters: 

Volume of the solution=50 mL, pH=3.5, temperature of the solution=36°C, zeolite dosage=Pb-

0.2g and Cd=0.05 g, contact time=60 min). 

Figure 6.12(A) showed that the removal capacity of FAU3 towards both Pb and Cd increased 

with the increase in concentration, but with different slope. It was noteworthy that affinity of 
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FAU3 to Cd was higher than that of FAU3 to Pb, confirming the observation made in Figure 

6.10(A) and Figure 6.8(A). Moreover, this trend was different to the removal capacity of 

clinoptilolite, which had higher affinity to Pb as compared to Cd. These results could lead to the 

conclusion that a screening of zeolites should be carried out when studying the removal of 

different metals from a contaminated gastric juice, as their affinity might differ from one metal to 

another one.  

Figure 6.12(B) presented the leaching of elements from FAU3 during the removal of both lead 

and cadmium from simulated gastric juice. It could be observed as for Figure 6.8(B), Figure 

6.9(B), Figure 6.10(B) and Figure 6.11(B), FAU3 had been destroyed during the process, which 

could be seen by the leaching of Al and Si. 

6.3.3.2. Effect of contact time on the removal of lead (Pb) and cadmium (Cd) using 

clinoptilolite-based faujasite (FAU3) 

Figure 6.13 details the removal capacity of FAU3 when it was used to remove lead and cadmium 

from simulated gastric juice. The dosage of this zeolite was fixed according to the optimum 

conditions that were established when each zeolite was used to treat contaminated water and the 

average was taken to conduct this study. The pH of the solution as well as the temperature was 

fixed according to the conditions on the stomach. The only parameter that varied was the contact 

time to investigate the behaviour of the zeolites in various mediums. 
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Figure 6.13: Effect of contact time on the removal capacity FAU3 for the removal lead and 

cadmium from simulated gastric juice. (Fixed parameters: Volume of the solution=50 mL, 

pH=3.5, temperature of the solution=36°C, zeolite dosage=Pb-0.2g and Cd=0.05 g, metal 

concentration=0.1 mg/L). 

Figure 6.13(A) showed that the time did not have any effect on the removal capacity of FAU3, 

which was constant from 15 min to 60 min showing a very rapid and selective removal of Cd 

with a lower removal of Pb. Moreover, the removal capacity of FAU3 towards Cd was still 

higher than that of FAU3 towards Pb.  
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Figure 6.13(B) presented the leaching of elements from FAU3 depending on the contact time, 

and still showing that FAU3 had been destroyed because of a high Al and Si leaching. Section 

6.2 and Section 6.3 showed that clinoptilolite (C) and faujasite (FAU3) behaved similarly when 

used to remove metals from a simulated gastric juice. However, because of a significant leaching 

of Al and Si from FAU3, which could lead to the destruction the entire framework, clinoptilolite 

seemed to be a better option. Therefore, it was necessary to transform FAU3 into ultrastable Y 

zeolite (USY3), which in theory would be much stable in an acidic media and would have a 

higher metal uptake due to the removal of most of the extra-framework cations including Na that 

was abundant in FAU3. 

6.4 Effect of concentration of metal and contact time on the removal of lead (Pb) and 

cadmium (Cd) using clinoptilolite-based ultra-stable y zeolite (USY3) 

This section details the effect that the concentration of lead and cadmium on their removal from 

simulated gastric juice using FAU3 as well as the effect of contact time. 

6.4.1. Effect of concentration of metal and contact time on the removal of lead (Pb) using 

clinoptilolite-based ultra-stable y zeolite (USY3) 

This section details the effect of lead concentration and contact time on its removal from 

simulated gastric juice using USY3. 

6.4.1.1. Effect of lead (Pb) concentration on its removal using clinoptilolite-based 

ultra-stable y zeolite (USY3) 

Figure 6.14 compares the removal capacity of the USY3 zeolite in its optimum dosage 

(USY3=0.05g) when they are used to remove lead from contaminated simulated gastric juice. 

The dosage of the zeolite was fixed as well as the pH; the only parameter that varied was the 

metal concentration to investigate the behaviour of the zeolites in various mediums.   
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Figure 6.14: Effect of Pb concentration on the removal capacity of USY3 for lead removal from 

gastric juice. (Fixed parameters: Volume of the solution=50 mL, pH=3.5, temperature of the 

solution=36°C, zeolite dosage=0.05 g, contact time=60 min). 

Figure 6.14(A) showed that as the concentration of metal (lead) increased, the removal capacity 

of the zeolite USY3 also increased. The removal capacity of USY3 was the highest in all the 

concentration with the maximum removal capacity of 0.16 mg/g at 0.1 mg/L of initial 

concentration of lead. It was noteworthy that the optimum removal capacity of USY3 was more 

than three (3) times higher than the optimum removal capacity of FAU3, which was 0.045 mg/g 

(Figure 6.6A) and much more than that of clinoptilolite (C), which was 0.043 mg/g (Figure 

http://etd.uwc.ac.za



149 
 

6.1(A) showing the adsorption advantages of USY3 zeolite. This could be because USY3 had 

higher BET surface area (384.57 m
2
/g) than FAU3 (289.74 m

2
/g) and clinoptilolite (130.74 m

2
/g) 

(Figure 4.15), but also because the treatment of FAU3 with oxalic acid during the preparation of 

USY3 washed away a certain amount of extra-framework cations, mainly Na (Figure 4.9), that 

could block the adsorption sites.  

In Figure 6.14(B), it is noted that less than 0.35 ppm of Mg, 0.2 ppm of Si and 0.12 ppm of Al 

leached from USY3. While Figure 6.1(B) showed that 1 ppm of Mg and 0.2 ppm of Si leached 

out from clinoptilolite, and Figure 6.8(B) showed that 1 ppm of Si leached out from FAU3. The 

results showed that USY3 was a better candidate for removal of lead from simulated gastric 

juice, as not many elements leached out of it. The small amount of SI and Al that leached from 

USY3 could be explained by the fact that oxalic acid already removed all Si and Al that were not 

well attached to the framework as it was detailed in Section 4.4.4, so reduced the risk of high 

leaching of metals into the gastric juice. 

6.4.1.2. Effect of contact time on the removal of lead (Pb) using clinoptilolite-based 

ultra-stable Y zeolite (USY3) 

Figure 6.15 details the removal capacity of USY3 when it was used to remove lead from 

simulated gastric juice. The dosage of the zeolites was fixed according to the optimum 

conditions that were established when it was used to treat contaminated water. The pH of the 

solution as well as the temperature was fixed according to the conditions on the stomach. The 

only parameter that varied was the contact time to investigate the behaviour of the zeolite at 

various time intervals.   
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Figure 6.15: Removal capacity of USY3 in the removal of lead from gastric juice at different 

contact time. (Fixed parameters: Volume of the solution=50 mL, pH=3.5, temperature of the 

solution=36°C, zeolite dosage=0.05 g, metal concentration=0.1 mg/L) 

Figure 6.15(A) showed that the removal capacity of the zeolite slightly decreased as the contact 

time increased, with the optimum removal capacity of 0.225 mg/g after 15 min. This is a 

different trend compared to the optimum removal capacity of C that was 0.052 mg/g after 30 min 

(Figure 6.2A) and that of FAU3 that was 0.058 mg/g after 15 min (Figure 6.9A), showing that 

the removal capacity of USY3 was from far higher than that of both other zeolites, and does not 

request much time to remove lead from gastric juice. 
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Figure 6.15(B) illustrated the leaching of elements when USY3 was used to remove lead from 

gastric juice. The amount of elements leaching into the solution decreased with increasing 

contact time. This trend could be seen with elements such as Mg, Al, Fe and P. Elements like Ca, 

K and Na remain the same throughout the contact time. It was noteworthy that Mg was the 

element with the highest leaching concentration for clinoptilolite (between 1 to 1.5 ppm) (Figure 

6.2B), Si was the element that leached the most from FAU3 (0.5 ppm to 2 ppm), followed by Mg 

(1 ppm to 1.5 ppm), and Figure 6.15(B) showed that Mg was the element that leached the most 

from USY3. In conclusion, USY3 was the best catalyst for the removal of lead from a simulated 

gastric juice as it had the highest removal capacity with the least metal leaching. 

6.4.2. Effect of concentration of metal and contact time on the removal of cadmium (Cd) 

using clinoptilolite-based ultra-stable Y zeolite (USY3) 

This section discusses the effect of cadmium concentration as well as the effect of solution-

zeolite contact time on the removal of cadmium from contaminated simulated gastric juice using 

USY3. 

6.4.2.1. Effect of cadmium (Cd) concentration on its removal using clinoptilolite-based 

ultra-stable Y zeolite (USY3) 

Figure 6.16(A) compares the removal capacity of the USY3 in its optimum dosage (USY3=0.1g) 

when it is used to remove cadmium from simulated gastric juice. The dosage of the zeolite was 

fixed as well as the pH; the only parameter that varied was the metal concentration to investigate 

the behaviour of the zeolites in various mediums.   
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Figure 6.16: Effect of Cd concentration on the removal capacity of USY3 for cadmium removal 

from contaminated water. (Fixed parameters: Volume of the solution=50 mL, pH=3.5, 

temperature of the solution=36°C, zeolite dosage=0.1 g, contact time=60 min). 

It could be noted in Figure 6.16(A) that as the initial concentration of metal (cadmium) 

increased, the removal capacity of the zeolite (USY3) also increased, with the highest removal 

capacity of 0.144 mg/g at 0.1 mg/L of cadmium. As compared to the optimum removal capacity 

of C (0.013 mg/g) (Figure 6.3A) and FAU3 (0.35 mg/g) (Figure 6.10A), USY3 did not have the 

highest removal capacity. These results showed once again that the affinity zeolite-metal is 

governed by the type of both zeolites and metals. 
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Figure 6.16(B) illustrated the leaching of elements from USY3 during the removal of cadmium 

from simulated gastric juice. Besides of Na, Ca and K that came from the preparation of gastric 

juice, the elements that leached into the solution included Al, Fe, Mg, P, Si and Zn with Mg 

having the highest concentration in solution (about 0.5 ppm). However, USY3 had less metal 

leaching than FAU3 or C. 

6.4.2.2. Effect of contact time on the removal of cadmium (Cd) using clinoptilolite-based 

ultra-stable Y zeolite (USY3) 

Figure 6.17(A) details the removal capacity of USY3 when it was used to remove cadmium from 

simulated gastric juice. The dosage of the zeolite was fixed according to the optimum conditions 

that were established when the zeolite was used to treat contaminated water. The pH of the 

solution as well as the temperature was fixed according to the conditions of the stomach. The 

only parameter that varied was the contact time to investigate the behaviour of the zeolites in 

various mediums. 
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Figure 6.17 Effect of the removal capacity of USY3 for cadmium removal from gastric. (Fixed 

parameters: Volume of the solution=50 mL, pH=3.5, temperature of the solution=36°C, zeolite 

dosage=0.05 g, metal concentration=0.1 mg/L). 

Figure 6.17(A) showed that the removal capacity of USY3 was at its highest (0.144 mg/g) at 30 

60 minutes. The trend of USY3 removal capacity towards Cd was different from that towards Pb, 

which had the highest removal capacity of 0.225 mg/g after 15 minutes (Figure 6.15A). This 

showed once again that a zeolite-metal affinity was a function of both properties of zeolite and 

metal. On the other hand, the optimum Cd removal capacity of FAU3 (0.375 mg/g) (Figure 
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6.11A) was higher than that of USY3 (0.144 mg/g) (Figure 6.17A) and C (0.013 mg/g) (Figure 

6.4A). 

Figure 6.17(B) illustrated the leaching of elements when USY3 was used to remove cadmium 

from gastric juice. Mg was the element that leached the most besides Ca, Na and K. The amount 

of elements leaching into the solution was high at 15 and 30 minutes then it decreased at 60 

minutes. Moreover, C had the highest metal leaching (Figure 6.4B), followed by USY3 and 

FAU3 (Figure 6.11B). 

6.4.3. Effect of concentration of metal and contact time on the removal of lead (Pb) and 

cadmium (Cd) using clinoptilolite-based ultra-stable y zeolite (USY3) 

This section details the uptake of both metals (lead and cadmium) when they are together in the 

solution using ultrastable y zeolite (USY3). Prior to combining the metals in the simulated 

gastric juice, their behaviour was first investigated in acidic water where all the conditions like 

temperature and pH in the gut were mimicked. 

6.4.3.1. Effect of concentration of lead (Pb) and cadmium (cd) on their removal using 

clinoptilolite-based ultra-stable y zeolite (USY3) 

Figure 6.18 compares the removal capacity of USY3 in its optimum dosage (USY=0.1g) when it 

is used to remove both lead and cadmium from simulated gastric juice. To get this dosage, the 

averages from the optimum dosage of these zeolites were taken and fixed. The pH was fixed 

according to the pH of the gastrointestinal environment and the only parameter that was varied 

was the metal concentration to investigate the behaviour of the zeolites in various mediums.   
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Figure 6.19: Effect of the removal capacity of USY3 in the removal of lead and cadmium from 

simulated gastric juice. (Fixed parameters: Volume of the solution=50 mL, pH=3.5, temperature 

of the solution=36°C, zeolite dosage=Pb-0.05 g and Cd-0.1 mg/L, contact time=60 min). 
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Figure 6.19(A) showed that the removal capacity towards Cd increased with the increase in 

contact time while that towards Pb decreased with the increase in contact time. This confirmed 

that USY3 had higher affinity for Cd than for Pb. Moreover, this comparative study showed 

using FAU3 or USY3 synthesised from clinoptilolite increased the uptake of metals from 

contaminated gastric juice. 

Figure 6.19(B) showed the leaching of elements when USY3 was used to remove lead and 

cadmium from simulated gastric juice. Elements like Ca, K and Na remained the same through 

all the different contact times. On the other hand, Al, Fe, Mg and P decreased with increasing 

contact time. At 60 minutes there was a noticeable increase in the amount of Si that leaches into 

the solution. 

6.5 Chapter summary 

This chapter investigated the uptake of lead and cadmium from simulated gastric juice using 

clinoptilolite (C), clinoptilolite-based faujasite (FAU3) or clinoptilolite-based ultrastable Y 

zeolite (USY3). The pH of the solution was 3.5, and the effect of the initial metal (lead or 

cadmium) concentration and contact time on the removal capacity of the listed zeolites was 

investigated. It was observed in this chapter that the removal capacity of these zeolites increased 

with the increase in concentration of the metal and that Cd was removed more than lead when 

both metals were removed, with FAU3 having a higher affinity for Cd. Ca
2+

, Na
+
 and K

+
 that 

were used to prepare the gastric juice, increased the metal uptake competition and changed the 

adsorption behaviour of the used zeolites, with lower removal capacity than when only 

contaminated water was used (Chapter 5). This chapter also showed that a screening of different 

types of zeolites was necessary in order to select those with the highest metal uptake as some 

zeolites might have a high affinity for certain metals not for others. The leaching of metals 

depended on the type and amount of extra-framework cations in the structure of C, FAU3 or 

USY3 as well as on the presence or absence of less condensed units (Si(1Al)). 

The optimum contact time also differed from one zeolite to another, but also from one targeted 

metal to another one. However, in general, the adsorbed metals leached back into the gastric 

juice with time. The zeolite with the higher removal capacity and lesser leachates was found to 

be the synthesised ultrastable Y zeolite (USY3). 
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CHAPTER 7: CONCLUSIONS AND RECOMMENDATIONS 

This chapter details the summary of major findings of this thesis. It highlights an overview of the 

accomplishments that this thesis achieved as well as how these results will contribute in a 

scientific and industrial point of view. Furthermore, this chapter also outlines recommendations 

for future work. 

7.1 Conclusion 

Several studies have revealed that toxic metal toxicity has proven to be a major threat to human 

beings. Their toxic effects remain sometimes unnoticed for a long period of time before they 

show any symptoms. It has been reported that these toxic metals sometimes mimic the elements 

that the body needs and may therefore interfere with metabolic processes. Studies have shown 

that only metals such as aluminium are able to be removed through elimination activities, which 

causes some metals to get accumulated in the body and food chain, thereby causing chronic 

adverse effects. Various measures have been undertaken to prevent, treat and control metal 

toxicity occurring at various levels, such as occupational exposure, accidents and environmental 

factors. It is noteworthy that the toxicity depends on the amount of metal absorbed, its route of 

exposure as well as the amount of time taken for it to be excreted. 

Clinoptilolite, a natural zeolite, has been widely used as an absorbent for toxic metals from 

contaminates body fluids due to its properties that include ion-exchange capacity and pore size. 

However recent studies have shown that this zeolite is not pure and may contain traces of toxic 

elements and the nature and concentration of these elements depend on the nature and the origin 

of clinoptilolite. The lack of documented information about the leachates of clinoptilolite and 

their long-term effects on the human body may cause harm to people who ingest this zeolite. 

This has led to investigation of synthetic zeolites  such as zeolite A, which has already been used 

for decontamination of sludge, industrial effluents and other waste water by removing heavy 

metals such as Pb, Cd, Cu, Zn and As. This study focused on comparing the heavy metal 

removal efficiency of natural zeolite clinoptilolite, clinoptilolite-based faujasite and 

clinoptilolite-based ultrastable Y zeolite from a simulated gastric juice sample contaminated with 

lead and cadmium and evaluate the extent of leaching of other elements from the zeolite.  

This study focused on the synthesis of ultra-stable zeolite Y (USY) from clinoptilolite feedstock 

and to compare its toxic metal removal efficiency from the gastric juice that was contaminated 
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with lead and cadmium to that of the as received clinoptilolite, commercially available natural 

zeolite. From the results of the different analyses, it could be concluded that the objectives of this 

study had been achieved. The as received clinoptilolite was used to synthesise faujasite with 

addition of 0 g (FAU1), 1.2 g (FAU2) or 1.8 g (FAU3) of Al(OH)3 respectively during the 

synthesis process.  It could be observed that faujasite-type zeolite was successful only when 1.8 

g of Al(OH)3 (FAU3) was added into the hydrothermal gel and both other faujasite products 

(FAU1 and FAU2) also contained other mineral phases (NA-P, LTA and sodalite). 

The XRD analysis was used to show that clinoptilolite was successfully transformed into 

faujasite zeolite; and the purity of the zeolite increased with the amount of Al(OH)3 added in the 

synthesis mixture. The SEM images showed that the layered crystalline structure of clinoptilolite 

was transformed into typical octahedral crystals, which are characteristics of faujasite zeolite. 

FTIR analysis showed a shift of the internal asymmetric stretch band towards lower 

wavenumbers confirming the use of Al(OH)3 in the building of the faujasite framework. FAU3, 

which was synthesised in the optimum conditions (1.8 g of Al(OH)3), was transformed into ultra-

stable Y zeolite (USY1, USY2 and USY3) through treatment with oxalic acid solution. It was 

noted that the intensities of peaks increased as more time was spent on treatment of FAU3 with 

oxalic acid in the range between 4-30 2Ɵ of the XRD patterns. Yet the XRD patterns of the 

USY1 (8 h), USY2 (12 h) and USY3 (16 h) were typical of faujasite zeolite. This gave a 

conclusion that some impurities were washed away during the treatment as the SEM images 

showed less amorphous phase for the oxalic acid treated samples.  

Moreover, the EDS analysis showed that the oxalic acid treatment led to the removal of Al, Na 

and Fe, and increased the Si/Al ratio from 1.46 for FAU3 to 1.61 for USY1, 1.60 for USY2 and 

1.62 for USY3. It could then be concluded that FAU3 was X zeolite as its Si/Al ratio was lower 

than 1.5 and that USY1, USY2 and USY3 were not ultra-stable Y zeolite as their Si/Al ratio was 

lower than 4. FTIR spectra and NMR of FAU3, USY1, USY2 and USY3 confirmed the removal 

of Al during the oxalic acid treatment; with the shift of internal asymmetric stretch band towards 

higher wavenumbers for the FTIR spectra, the disappearance of the extra-framework aluminium 

signal for the 27Al NMR spectra and disappearance of less condensed Si(1Al) units for the 29Si 

NMR spectra.  The N2 adsorption-desorption measurements performed at 77.41 K showed that 

the BET surface area increased after the synthesis and treatment with oxalic acid. Moreover, 
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USY3 presented better chemical and physical properties than USY1 and USY2. Therefore, the 

uptake capacity of the as-received clinoptilolite (C), the optimum faujasite zeolite (FAU3) and 

the optimum oxalic acid treated FAU3 (USY3) from a simulated gastric juice contaminated with 

Pb and Cd.   

This work illustrated the removal capacity and adsorption of lead and cadmium from 

contaminated water using as received clinoptilolite (C), synthesised clinoptilolite-based faujasite 

(FAU3) and synthesised clinoptilolite based ultra-stable y zeolite (USY3). The adsorption 

parameters such as concentration, pH, temperature and time were investigated in order to 

determine their optimum values for the adsorption of both lead and cadmium as well as the 

elements that leached out of these zeolites. The optimum dosage of C, FAU3 and USY3 was 

found to be 0.2 g, 0.2 g and 0.05 g respectively. It was concluded that the removal capacity of 

FAU3 and USY3 could be hindered by the Na content, which came from NaOH used during the 

synthesis process of FAU3 and could be in an uptake completion with targeted metals (Pb and 

Cd) as well as other extra-framework metals that leached out from the zeolites. It was also 

evident that in an acidic medium (H3O+) could compete with other metal ions that had to be 

removed and this could also hinder their uptake. The high hydrated ionic diameters of Pb and Cd 

also affected their uptake. 

The leaching studies for the 3 zeolites showed that the type and amount of leachates depended on 

the type of zeolite used as well as the experimental conditions. The leaching of Na ions into the 

solution could be attributed to the ion-exchange process. The other elements such as Al, Si, Mg, 

K, Fe could be leaching because they were not well attached to the zeolitic structure The 

leaching of a high amount of Si from FAU3 could be attributed to the removal of less condensed 

units (Si(1Al)).  

It was concluded that Ca
2+

, Na
+
 and K

+
 that were used to prepare the gastric juice, reduced the 

uptake of Pb and Cd due to the metal uptake competition that they induced. Moreover, different 

zeolites gave different uptake behaviours due to their different affinity for metal ions. The 

leaching of metals depended on the type and amount of extra-framework cations in the structure 

of C, FAU3 or USY3 as well as on the presence or absence of less condensed units (Si(1Al)). 
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A comparative study for the removal of toxic metals using clinoptilolite, clinoptilolite based 

faujasite and clinoptilolite based USY3 was conducted and it was concluded that USY3 had a 

higher removal ability for both lead and cadmium as compared to the other two zeolites. 

Therefore, the hypothesis that was made in Chapter 1 has been proved. 

7.2 Future work 

This study showed that the addition of aluminium hydroxide to clinoptilolite during the synthesis 

process lead to the transformation of clinoptilolite and that the more aluminium hydroxide was 

added the more a purer faujasite was yielded. This could be investigated in the future to find out 

the exact amount of aluminium that can be added to yield a more pure sample of faujasite. 

Furthermore the treatment of faujasite with oxalic acid in this study showed that as contact time 

increased, the more impurities were removed from the faujasite and that the stability of the 

zeolite was not affected. This could also be investigated to find out the amount of time needed to 

remove as much impurities as possible from faujasite without damaging its structure and whether 

this would affect the removal capacity of the ultrastable Y zeolite. 

This work investigated the removal capacity of three zeolites and it was concluded that the 

synthesised USY had a higher removal capacity compared to the other two zeolites and that it 

had less impurities leaching into the solution. This could be adopted in future to investigate its 

removal capacity for other toxic metals. Its stability is also a factor that could be further 

investigated for use as a vehicle for transporting drugs in the gastrointestinal system as it has 

shown to also be stable in the simulated gastric juice. 
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