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ABSTRACT 
The presence of contaminants such as toxic anions, heavy metals, halogenated pesticides and 
pharmaceuticals in various water compartments has caused environmental concern due to the 
toxicological effects. Conventional water treatment systems are unable to completely remove a 
large class of these pollutants. It therefore, necessitates the development of more cost effective 
and environmentally safe methods to remove these pollutants from water. This study explores 
the use of zeolites as adsorbents for the removal of selected ionic (heavy metals and anions) and 
organic (halogenated pharmaceuticals and pesticides) pollutants from water. This study was done 
through computational simulations and batch experiments. In the assessment of zeolite 
frameworks for the sorption of Pb2+ and Cd2+, 242 zeolites were investigated by employing 
molecular simulations and machine learning technique. The results showed that only the zeolites 
with high pore diameter exhibited appreciable loading of the two cations (CLO, FAU, PAU TSC 
and MWF). It was also observed that the adsorption energy of the cations on the zeolite 
framework is directly related to the loading capacity, whereby a trend of Pb2+ > Cd2+ is observed. 
The sorption of Pb2+ and Cd2+ in all the zeolites gave a negative average total energy, showing 
that the sorption is exothermic. From the machine learning results, pore size and total energy are 
the most important factor in adsorption of the metal ions onto the zeolites. Therefore, CLO and 
MWF are recommended for adsorption of Pb2+ and Cd2+, respectively. Furthermore, the capacity 
of Heulandite (HEU) zeolite to remove Pb2+ and Cd2+ ions from water was investigated using 
batch experiments and from the results the percentage removal of Pb2+ and Cd2+ ions were 98 
and 77 %, respectively. The adsorption of Pb2+ and Cd2+ onto the HEU zeolite follows the 
Freundlich isotherm model. For the anions (NO3

- and PO4
3-), a screening process involving based 

on the pore-limiting diameter was done, followed by simulations to identify high-performing 
zeolites for their removal. CLO, LTN, MWF and TSC zeolites are the best performing. From 
machine learning the important descriptors that has influence on the removal of the two anions 
in water were overall cavity diameter, mass and accessible pore volume.  From the batch 
experiments, it was observed that HEU zeolite was able to removal of 59 and 51% of 4 ppm of 
NO3

- and PO4
3-, respectively after 120 minutes. The adsorption of anions followed the pseudo-

first order (PFO) kinetics indicating a physisorption-mediated rate-determining step. The 
adsorption of NO3

- and PO4
3- onto the HEU zeolite follows the Freundlich isotherm model and 

the adsorption process was multi-mechanistic spontaneous and exothermic. From the 
computational results, CLO zeolite was the most suitable for the adsorption of diuron, 
imidacloprid and chlorpyrifos. From the batch experiments, the adsorption of imidacloprid and 
chlorpyrifos adsorption were best described by the Freundlich isotherm. The percent removal of 
imidacloprid and chlorpyrifos by HEU zeolite were 50 and 48 %, respectively. The adsorption 
kinetics followed both pseudo-first order and second order kinetics indicating both physisorption 
and chemisorption. For the adsorption of selected pharmaceutical products (diclofenac, 
ciprofloxacin and chloramphenicol, it was observed that CLO was the best zeolite adsorbent. On 
the HEU zeolite, the percent removal of diclofenac, ciprofloxacin and chloramphenicol were 82, 
69 and 51 %, respectively. The adsorption of the pharmaceuticals was best described by 
Freundlich and Sips isotherm models. The kinetics followed pseudo-first order for diclofenac 
and ciprofloxacin, while pseudo-second order for chloramphenicol predicting physisorption and 
chemisorption, respectively. HEU zeolite removed 99, 87 and 70 %, of Ciprofloxacin, 
imidacloprid and chlorpyrifos, respectively from environmental water samples. The study has 
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established that HEU is a good adsorbent for the removal of pollutants from water. This study 
forms the background for the innovative use of zeolites adsorbents in development of water 
purifier gadgets and in wastewater treatment technology. 
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CHAPTER ONE 

INTRODUCTION 

1.1 Background Information 

Water is crucial and essential for all forms of life because it is a vital universal solvent 

(Rathi & Kumar, 2021) and used for metabolic processes within the living organisms 

(Shultana & Khan, 2022). Over the last few years, water related issues such as chemical 

pollution are of major global concern (Lee et al., 2023). Pollutants of surface water include; 

dissolved solids, minerals, heavy metals, toxic anions, organic and inorganic substances 

which adversely affects flora and fauna (Borah et al., 2020; Lee et al., 2023). Wastewater 

pollutants usually consist of an array of cationic and anionic chemicals, oils and organics, 

mostly posing deleterious effects on the ecosystem.  

A major class of the organic pollutants are the halogenated pesticides and pharmaceutical 

products. Halogenated pesticides are widely used in farms, forests, parks, industrial sites, 

sport fields, and educational facilities for control of pests (George & Shukla, 2011; Ojha, 

2020). For example, in Kenya, chlorpyrifos and diuron are among the pesticides used in 

sugarcane farming (Mirenga, 2018).  

On the other hand, halogenated pharmaceutical products are used for the treatment of 

different ailments. Subsequently, pharmaceutical product residues have been found in 

water. This is attributed to dumping of expired pharmaceuticals in the environment, 

incomplete metabolization in human body and inefficient wastewater treatment plants 

(WWTPs) that cannot completely remove the pollutants (Tambosi et al., 2010; Sharma   et 

al., 2023; Chopra et al., 2020). These halogenated pollutants enter surface and ground 

water through runoffs and infiltration processes, as well as from wastewater treatment 

plants. A major concern of the halogenated pesticides and pharmaceuticals residues is their 
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persistent and potential to cause chronic abnormalities in organisms (Anju et al., 2010; 

Letsoalo et al., 2022).  

Toxic anions present in water include; phosphates and nitrates. Phosphorus plays an 

important role as building block for cells, storage and processing of genetic information 

(Shrestha et al., 2020). The major sources of phosphates and nitrates in water are high 

application of phosphorus and nitrogen-based fertilizers. Their presence in water results in 

eutrophication (Berkessa et al., 2019) 

Similarly, heavy metals are considered to be among the major pollutants in source and 

treated water due to their non-biodegradable nature and their bioaccumulation potential. 

For example, chromium has also been found to cause lung cancer (Steinmaus et al., 2010). 

Heavy metal of interest in wastewater management include; Pb, Cr, Cd and Ni ions (Chai 

et al., 2021; El Ouardi et al., 2015; Shikuku et al., 2017).  

 Removal of these contaminants requires convenient, simple, cost-effective and 

environmentally friendly technologies (Zhao et al., 2010). To this end, a variety of 

techniques dealing with wastewater treatment have been developed in the past decades 

by the global scientific community to remove these pollutants from water bodies.  

Naturally occurring zeolites have shown promising results  in the removal of pollutant 

from water systems due to their large surface areas (Cabrera-Lafaurie et al., 2014; Rad 

& Anbia, 2021). 

Zeolites are three-dimensional crystalline aluminosilicate materials with specific 

microporous structures of cavities and pore dimensions with physicochemical properties 

such as sorption, cation exchange, molecular sieving, catalysis and adsorption (De Araujo 

et al., 2022; Foo & Hameed, 2011; Shikuku, et al., 2015). Unlike their synthetic 
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counterparts, natural zeolites which commonly occur in volcanic active areas and are 

highly varied in chemical composition. Both synthetic and natural zeolites have been 

widely used separately as adsorbents and molecular sieves for pharmaceuticals remediation 

from wastewaters (Grela et al., 2021). Computational studies, including molecular 

dynamics, quantum mechanics and Monte Carlo tools, have a key function in 

understanding and predicting the adsorption behavior of adsorbents development for 

pollutants removal (Jiménez et al., 2021).  

Computational simulations are becoming essential in understanding chemical reactions and 

processes. In particular, molecular simulations hold great significance when it comes to the 

adsorption processes. They have been utilized in understanding adsorbate-adsorbent 

interactions, energy changes and adsorption sites as well as predicting viability of chemical 

process before proceeding with the experimental reactions (Hira et al., 2023; Jiménez et 

al., 2021). This study explores the use of zeolites as adsorbents for the removal of selected 

ionic (heavy metals and anions) and halogenated organic (pharmaceuticals and pesticides) 

pollutants from water employing combined computational and experimental approach.  

1.2 Statement of the Problem 

The rate of technological advancement, growing industrialization, and extensive use of 

chemicals has resulted in the release of contaminants such as toxic anions (phosphates and 

nitrates), heavy metals (lead and cadmium), halogenated pesticides (diuron, chlorpyrifos 

and imidacloprid) and pharmaceuticals (diclofenac, ciprofloxacin and chloramphenicol) 

into various water sources. Pollution is one of the major problems facing both developing 

and developed economies with a wide range of environmental contaminants being 

reported. Toxicity testing has predominantly been assessed on anions, heavy metals ions, 
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pharmaceuticals, pesticides and their effects have been intensively studied. Solutions to 

these contaminants must be sought because it has been recognized as an issue of growing 

global concern. Several processes to remove have been reported which include oxidation 

technologies and precipitation for the case of heavy metals (Vardhan et al., 2019). The 

conventional treatment plants systems are unable to completely remove a large class of 

pollutants especially persistent organic pollutants (POPs) and heavy metals that are present 

in WWTPs (Mahmood et al., 2022).The chronic health effects associated with long term 

ingestion of mixtures of these pollutants necessitates the invention of more cost effective 

and environmentally safe methods of removing these pollutants from WWTPs and aquatic 

environment so as to reduce the risk they pose to humans and biota.  

1.3 Objectives 

1.3.1 General Objective 

To study the efficiency of zeolitic adsorbents in the removal of selected ionic and 

halogenated organic pollutants from water  

1.3.2 Specific Objectives  

i. To evaluate the adsorption of Pb2+, Cd2+, NO3
- and PO4

3- onto experimentally 

available zeolite frameworks using computation simulations 

ii. To simulate the adsorption of selected halogenated pharmaceuticals and pesticides 

onto experimentally available zeolite frameworks  

iii. To determine the kinetics and mechanisms of adsorption of the selected pollutants 

onto the natural heulandite zeolite  

iv. To evaluate the removal of selected pollutants from water samples. 
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1.4 Justification of the Study 

 Zeolites present varying characteristic depending on their sources and have high 

adsorption capacity, great cationic exchange capacity and stability. In this study, zeolites 

were applied to demonstrate the adsorption capacity on selected ions, and other 

halogenated organic pollutants, suggesting the potential of zeolites in providing a cost-

effective solution to the challenging environmental management problems.  

The molecular simulation showed great potential to predetermine the adsorption capacity 

of the adsorbent before proceeding with the actual process, which was costly and time-

consuming to be realized from experimental interrogation. Moreover, the molecular 

dynamic simulation provides a platform where the adsorption phenomenon was studied 

microscopically within a sufficient time period, economical means and space. It has 

therefore become critically important to develop sustainable methods that can reduce the 

concentrations of these pollutants by removing them from polluted water. Therefore, this 

study aimed to develop sorbents that are effective, affordable and readily available to 

adsorb the ionic and halogenated organic pollutants from wastewater. 

1.5 Significance of the Study 

The potential of the various zeolites for remediation of the selected ionic and halogenated 

organic pollutants from water is established and would help in treatment of these chemicals 

in water systems. Therefore, the study will benefit the world by developing green, effective 

and economical technology aimed at remediating environmental matrices. This will create 

employment, mitigate environmental pollution and boost the economy. The findings of this 

study form a basis for development of environmental management implication policy 

which will involve treatment of contaminants like anions, heavy metals, pesticides and 

advice to manufacturers, hospitals staff and general public on the proper disposal. 
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Furthermore, the outcomes can be used to reorganize WWTPs to address unconventional 

contaminants found in wastewater and effluents. This research provides points of reference 

for both academics and industry involved in material development and water purification. 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 Introduction 

Water pollution is one of the most critical global issues, which represents a risk to human 

and the environment (Lin et al., 2022). The increasing industrialization and human 

activities have caused an increased levels of pollutants in water resources (Chowdhary et 

al., 2020;  Lee et al., 2023). Water is essential for the survival of life on earth; effective 

management, distribution, storage, recycling and purification of water is critical to ensure 

sustainable use of this resource. Water is necessary for many human activities such as 

agriculture, industrial processes, recreation and most importantly consumption. Some of 

the major pollutants found in water are; pharmaceuticals, pesticides, polyaromatic 

hydrocarbons, per-fluorinated compounds, heavy metals and anions (Chirikona et al., 

2015; Lisouza et al., 2011; Okello et al., 2017; Orata, 2020; Ouma et al., 2018). 

2.2 Water Pollution 

2.2.1 Heavy Metal Pollution 

Heavy metal pollution within various environmental segments  is of great global concern 

(Elbehiry et al., 2020; Ren et al., 2019). This is because heavy metals are toxic, non-

biodegradable, with a large dispersal capability, high rates of bioaccumulation in plants, 

fish, and human (Buaisha et al., 2020; Orata, 2020). Therefore, it is crucial to remove heavy 

metals from water and other environmental matrices (Bolisetty et al., 2019; Kumar et al., 

2019; Lin et al., 2020; Tinkov et al., 2018). Heavy metals become concentrated in soil, 

water or air and they are taken in by plants and ingested by humans or animals (Ali & 

Khan, 2019; Chepkorir, 2022).  
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The concentration of heavy metals in water is directly related to the degree of pollution in 

the environment. Streams, rivers, surface runoffs and through the discharge of sewage, 

industrial effluents and farms. Cadmium, chromium and lead ions are environment 

pollutants of great concern because their toxicity is a problem of increasing significance 

for evolutionary, ecological, nutritional and environmental reasons (Rahman et al., 2019). 

It is important to note that water regulations were established to minimize human and 

environmental exposure to these hazardous chemicals. This includes limits on the types 

and concentration of heavy metals that may be present in the discharged water (Björklund 

et al., 2018). 

 Due to that, safe limits or maximum contaminant levels have been defined for drinking 

water by different organizations. Table 2.1. show the standards and guidelines in drinking 

water recommendation by the National Environment Management Authority (NEMA), 

World Health Organization (WHO), Environmental Protection Agency (EPA) and the 

Council of European Union (EU) for cadmium, chromium and lead ions (Mohod et al., 

2013) 

Table 2. 1: The maximum concentration for heavy metals in drinking water 

recommended by the WHO, EPA and EU 

Metal  NEMA WHO (mg/L) EPA (mg/L) EU (mg/L) 

Cd 0.05 0.003 0.005 0.005 

Cr 0.5 0.05 0.10 0.05 

Pb 0.1 0.01 0.015 0.01 

 

Table 2.2. lists the common sources of heavy metal pollutants found in water and their 

associated health risks. Even at low concentrations these metal ions may interfere with 
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normal biological processes hence becoming toxic and resulting in either heavy metal 

poisoning or genetic disorders (Rahman et al., 2019).  

Table 2. 2: Common sources of heavy metals and the associated health risks 

Metal Sources Health risks Reference 

Cadmium Electroplating, smelting, 

alloy manufacturing, refining 

processes, pigments, plastics, 

phosphate industry and 

battery mining. 

loss of appetite, lung 

fibrosis, cancer, kidney 

damage, bronchitis, 

fibrosis, lumbago and 

dyspnea 

(Ebelegi et al., 

2019; Igberase 

et al., 2015; L. 

Wang et al., 

2022; Wekesa et 

al., 2015) 

Chromium Chrome plating, 

electroplating, leather 

tanning, photography, metal 

cleaning, oxidative dying, 

fertilizes and steel 

production. 

Oxidative stress, DNA 

damage, skin cancer 

(Agrafioti et al., 

2014;  Ouma et 

al., 2018; 

Shraim, 2017) 

Lead Lead-acid batteries, bullets, 

solder, pewter and alloys and 

fertilizers. 

Kidney damage, memory 

disorders, mental disorders. 

(Cheng & Hu, 

2010; Shraim, 

2017)  

 

2.2.1.1 Cadmium 

It’s divalent ion that possess a relatively higher degree of mobility in the environment in 

comparison to other heavy metallic species (Haider et al., 2021). These ions are readily 

bioavailable and bioaccumulate in many organisms, particularly microorganisms and 

molluscs where the bio-concentration factors are in the order of thousands. In aquatic 

systems, cadmium is readily absorbed by organisms directly from the water in its free ionic 

form Cd2+. This element is not essential for plant or animal life (Maheshwari et al., 2015).   
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Studies have shown that cadmium is very toxic to humans even at low concentration 

(Rahimzadeh et al., 2017). It causes damage to the human body cells through the generation 

of reactive oxygen species which interrupts the synthesis of nucleic acids and proteins 

(Ebelegi et al., 2019). High concentrations  cause gastrointestinal tract erosion, pulmonary, 

renal injury and obstructive lung disease (Ebelegi et al., 2019). The chronic exposure to 

Cd produces a wide variety of acute and chronic effects in humans. It accumulates in the 

human body, especially in the kidneys, resulting in renal tubular damage, which is a critical 

health effect (Idrees et al., 2018). Other effects of Cd exposure are disturbances in calcium 

metabolism, hypercalciuria and the formation of kidney stones. High exposure to Cd can 

lead to lung, pancreas and prostate cancer (Othmani et al., 2022). 

In Kenya, the level of cadmium in water, soil and food has been reported in different areas. 

For example; in Nairobi County, cadmium level in Nairobi River ranged from 0.04 to 0.06 

mg/L which was beyond the permissible limit of 0.03 mg/L according to WHO levels. In 

river Nzoia and lower parts of river Kuywa the levels of cadmium ranged from 0.003 to 

0.02 mg/L which was below the permissible limit and this was attributed to agrochemicals 

(Wasike et al., 2019). In Thika, cadmium contamination levels in the food samples ranged 

between 0.001 and 0.010 mg/kg (Mwove et al., 2023). In Nairobi waste water the reported 

levels ranged between 0.12  and 52.4 µg/L (Kinuthia et al., 2020; Munene, 2019).  In Embu 

County, Sayo   et al., (2020) reported Cd concentrations of  0.015 to 0.353 mg/L in the 

sewage effluent which were above the WHO permissible levels in wastewater for irrigation 

(Sayo et al., 2020). In the Winam Gulf in Kisumu City reported comparatively high mean 

values of Cd2+ in lake water. Elsewhere, higher level of Cd has been reported. For example; 

in New Zealand waste water irrigated soil, the levels were 0.45 mg/kg (Abraham, 2020). 
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In India cadmium levels of 1.5 µg/L were reported in water (Iyer et al., 2020), which was 

slightly above the WHO recommended levels of  0.1 µg/L.  

Vegetable plants watered with wastewater from Nyatsime and Mukuvisi rivers in 

Zimbabwe had the highest cadmium tissue concentration of 1.47 and 1.43 mg g−1, 

respectively (Tibugari et al., 2020). 

2.2.1.2 Chromium 

Chromium occurs in a number of oxidation states, but Cr(III) and Cr(IV) are of main 

biological relevance. It has several applications such as; metal plating, leather processing, 

surface treatments, silk printing, inks, paints, in the manufacture of green varnishes, 

ceramic industry, as fuel, a propellant additive and in refractories. Sources of chromium 

ions in water include effluents from industries, emission from vehicles and incinerators. 

Chromium is necessary for the metabolism of insulin. It is also essential for animals, 

whereas it is not known whether it is an essential nutrient for plants, but all plants contain 

the element (Sharma et al., 2020).  

Cr(VI) ions are greatly harmful to humans. Chromium can be ingested, inhaled, or 

absorbed via the skin by any organism. When ingested the ions accumulate in bones, blood 

and liver. Studies have shown that chromium affects human health in many ways leading 

to kidney and liver damage, skin rashes, respiratory defects, weakened immune systems, 

dysfunction of the digestive and gastrointestinal systems, stomach ulcers, stomach cancer, 

alteration of genetic materials among others (Mangwandi et al., 2020). Cr(VI) has been 

shown to be mutagenic, carcinogenic and a strong oxidant (Yuan et al., 2010). 

Chromium occurrence and levels in Kenya have been reported in different environmental 

matrices. In waste water  treatment plants , levels of 87.6 and 3.08 µg/L have been reported 
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in Embu and Nairobi County, respectively (Sayo et al., 2020). In coastal city of Mombasa, 

levels ranging between 0.015 and 0.026 μg/L in seawater along the coastline (Mwatsahu et 

al.,  2020).  

In groundwater, levels ranging between 0.01 and 0.19 mg/L have been reported in South 

India (Kubier, Hamer, Pichler, & Management, 2020) and 14.60  mg/L in wastewater in 

Nigeria (Obasi & Akudinobi, 2020).  

2.2.1.3 Lead 

Lead is ranked position two in the top twenty list of most toxic and hazardous substances 

according to the Agency for Toxic Substances and Disease Registry. It is harmful to 

organisms even at low concentrations. Lead and its compounds are released into water, soil 

and air by different industrial activities such as manufacturing industries of matches, 

explosives, pigments, photographic materials, printing, storage batteries, television tube, 

and paint industries (Kumar et al., 2020). It is also released into the environment by 

automobile emissions, sewage discharge, combustion of fossil fuels, urban and agricultural 

runoff, forest fires and volcanic eruptions  (Chowdhury et al., 2022). The widespread  use 

of lead has caused significant environmental contamination and health problems in various 

parts of the world (Ara & Usmani, 2015). Disposal of lead containing waste products, 

removal of lead-based paints from bridges, buildings and damaged battery from industries 

further results into the accumulation of lead in municipal landfills (Collin et al.,               

2022). Lead is not essential for plant or animal life. Of particular concern is the effects of 

lead on the central nervous system, renal system and the brain. Some of the effects are 

reversible, whereas chronic exposure to high lead levels may result in continued decreased 

kidney function and possible renal failure.  Lead has been shown to interfere with 
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haemoglobin synthesis. It is easily absorbed by the body. Children absorb higher amounts 

of lead than adults which is highly dangerous as they are developing (Collin et al., 2022). 

In children lead is not absorbed by the bones unlike adults therefore children are at a higher 

risk of poisoning since it is the soft tissues that absorb excess lead.  

Low concentrations of lead in children's blood can cause hearing and learning problems, 

anemia, behavioral anomalies, slowed growth, lower intelligence quotient, and 

hyperactivity.  Adults exposed to lead can suffer from cardiovascular effects, increased 

blood pressure and incidence of hypertension, decreased kidney function, and reproductive 

problems (Chowdhury et al., 2022). 

In the environment, lead binds strongly to particles such as soil, sediment and sewage 

sludge (Afzaal et al., 2022). Because of the low solubility of most of its salts, lead tends to 

precipitate out of complex solutions. High level of Pb have been reported in fishes an 

indication that they are secondary predators, showing rich magnification of a trophic 

structure of an aquatic ecosystem (Pandiyan et al., 2021).  

In Kenya, contamination of water, soil and food by lead ions have been reported. For 

example;  Outa and coworkers (2020) reported lead levels of  20 µg/L in Lake Victoria 

water  near Kisumu city  which was above  the maximum allowable limits (Outa et al., 

2020). In a related study by Mwatsahu   et al., (2020) concentration upto 0.01 μg/mL were 

reported along the Mombasa coastline (Mwatsahu et al., 2020. Also,  Munene  and 

Mwaniki, (2019) in their analysis of heavy metals in the Nairobi wastewater reported a 

very high mean levels of lead metal in the wastewater ((Munene, 2019),13.62 ± 2.91µg/L 

wastewater (Kinuthia et al., 2020).  
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In wastewater treatment plants in Nairobi and Embu County, the levels of lead ranging 

between 1.2 -75.5 µg/L and 0.011 – 2.123 mg/L, respectively were reported.  In air, lead 

concentration of 0.07, 0.34  and 1.10 μg/m3 were reported for residential, controlled and 

industrial areas, respectively in Nairobi city county (Mutua et al., 2021). The level of Pb2+ 

ion contamination in food ranged between 0.271and 1.891 mg/kg with groundnuts 

recording higher level than other food samples within Thika town in Kiambu County 

(Mwove et al., 2023).   

Previous studies in different regions in the world reported lead levels of 11.42 mg/L (water) 

in Nigeria (Obasi & Akudinobi, 2020), 0.47mg/L (ground water ) in India (Alghobar 

&Suresha, 2015)  and 0.21 mg/L (waste water) in Sudan (Musa et al., 2020). In vegetables 

watered with contaminated waste water, lead tissue concentration as high as 13.4 mg/L was 

reported in Zimbabwe (Tibugari et al., 2020). 

2.2.2 Anions as Water Contaminants  

The occurrence of anions in the aquatic environment has become a worldwide issue of 

increasing concern (John et al., 2011). One of the important classes of pollutants found in 

aquatic environments are the nutrients that exist in the form of toxic anions (John et al., 

2018). They include; nitrate, fluorides, bromides, phosphates, chlorides, cyanides, and 

dichromate. These anions are widely used in the industry. For example; phosphates and 

nitrates are widely used in many industries such as food, agriculture, beverage and 

detergent.  

They are of importance to flora and fauna. However, when they are beyond the permissible 

dose over a prolonged period, they can cause detrimental effects to humans, animals and 

aquatic environment, such as severe eutrophication which contributes to aquatic species 
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death, algal bloom, various types of cancers in humans, diabetes and parasitic infections 

(Gizaw et al., 2021; Glibert, 2020). Eutrophication associated with nitrogen and 

phosphorus can lead to unhealthy ecosystems. In addition, eutrophication leads to the 

reduction of biodiversity, increased water toxicity and increased turbidity of water bodies 

(Berkessa et al., 2019). 

2.2.2.1 Nitrates  

Nitrates are contaminants that are abundant in various environmental compartments. They 

are naturally occurring compounds that are obtained after the decomposition of animal 

waste (Arnnok & Burakham, 2014). Due to their  high solubility in water, they are the most 

widely spread contaminants in the world (Bhatnagar et al., 2015). Nitrates are mostly 

available at moderate concentrations in most natural waters; however, excessive use of 

fertilizers has resulted in an increase in their concentration in the environment which has 

been identified as an issue of growing concern (Craswell, 2021) 

The presence of high concentration of nitrates can be detrimental to the environment 

(Bhatnagar et al., 2015). To be specific, elevated levels of nitrates causes diabetes, 

interferes with fetal development, causes water anoxia and interferes with growth of algae. 

It is a precursor for carcinogen (Kostraba et al., 1992; Wolfe & Patz, 2002). For example; 

a significant association between colorectal cancer and nitrates in men has been reported 

(Nasseri Maleki et al., 2022). The carcinogenic risk of nitrates is concentration-dependent 

(Mehta et al., 2014). Drinking water with nitrates increases the risk of colorectal cancer 

(Schullehner et al., 2018). Due to the various environmental problems related to the high 

concentration of nitrates in drinking water, WHO set the standard permissible level of 

nitrate in drinking water to be 50 mg/L 
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In Kenya, contamination of water by nitrates has been reported. For example; in Molo river 

basin, Nakuru County levels of  1.73 to 6.16 mg/L were been reported (Chebet et al., 2020). 

In a related study, in river Isiukhu, Kakamega county,  high nitrate levels were reported in 

water (0.15 to 0.75 mg/L)  and sediments (0.75 to 1.93 mg/L) (Oremo et al., 2020).  

In west Africa, Kouakou et al (2022) reported nitrate ions concentrations ranging from 0.93 

to 28.13 mg/Lin drinking water  (Kouakou et al., 2022). In ground water nitrate 

concentrations of  in 24 to 78 mg/L  and 0.80 to 109.57 mg/L have been reported in  India 

and China, respectively (Ramalingam et al., 2022). 

2.2.2.2. Phosphates 

 Phosphates are emerging pollutants of environmental concern. Phosphates have been 

released into water bodies in organic and inorganic forms as a result of domestic, mining, 

industrial, and agricultural activities, as well as municipal discharges (Hussain et al., 2011). 

Phosphate is not considered harmful to humans, but elevated levels in aquatic ecosystems 

can promote microbial and algae growth leading to eutrophication (Douterelo et al., 2020; 

Glibert, 2020). 

Phosphate ions contamination in water and sediments have been documented in Kenya. In 

river Isiukhu concentrations ranging between 1.18  and 3.28 mg/L (water) and 2.30 to 4.51 

mg/L (sediments) have been reported (Oremo et al., 2020). Chebet   et al., (2020) reported 

phosphate levels above the maximum allowable limits in river Molo basin (0.13 to 11.16 

mg/L) (Chebet et al., 2020). In Maumau stream, a tributary of Nairobi River reported  high 

phosphate levels ranging from 0.043 to 0.57 mg/L (Wilson et al., 2021) . 
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2.2.3 Environmental Pollution by Halogenated Organic pollutants  

Halogenated organic pollutants are often associated with pharmaceutical drugs and 

pesticides. Pharmaceutical drugs are widely used in health care, injecting a large number  

of them into the environment in unused or metabolized form (Akhtar et al., 2016; Patel et 

al., 2019). Their emergence has increased due to the growth in population, industrial 

activities, and climate change (Qalyoubi et al., 2022) The main sources of pharmaceuticals 

in the environment are sewage treatment plants, landfill leaching, WWTPs and direct 

disposal of pharmaceuticals (Ghosh et al., 2023). Their presence in the aquatic environment 

is considered a potential toxicological hazard because they pose long-term risk to aquatic 

organisms and their dependents through endocrine destruction and the development of 

drug-resistant bacterial strains (Kairigo et al., 2020; Tambosi et al., 2010). Some of 

commonly used pharmaceutical drugs are: diclofenac, chloramphenicol and ciprofloxacin. 

2.2.3.1 Diclofenac 

Diclofenac (2-[(2,6-dichlorophenyl) amino] benzene acetic acid) is one of the most 

commonly used non-steroidal anti-inflammatory drugs in human medical care. It serves as 

an analgesic, antiarthritic, and antirheumatic compound, effectively reducing 

inflammation. Additionally, it is employed for fever reduction and acts as a painkiller, 

offering relief from mild to moderate pain, including headaches, backaches, and 

postoperative pain (Qalyoubi et al., 2022).  Figure 2.1 shows the molecular structure of 

diclofenac. 
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Figure 2.1:  Molecular structure of diclofenac 

Diclofenac has molecular weight of 296 g/mol, water solubility of 2.37mg/L, pka value of 

4.1 and log Kow of 45.  It can be found as a generic drug in a number of formulations, 

including diclofenac diethylamine, which is applied topically. Over-the counter use is 

approved in some countries for minor aches and pains and fever associated with common 

infections (Lonappan et al., 2016).   

Diclofenac is considered as a persistent pharmaceutical  product which has low removal 

efficiency from sewage treatment plants (Lee et al., 2012). Therefore, its concentrations 

has been reported to increase after sewage treatment (Aly, 2023).  

A study by Jeele et al., (2023) showed that acute administration of diclofenac deteriorated 

renal function in patients with coronary artery disease and heart failure (Jeele et al., 2023). 

Diclofenac affects organ histology and gene expression in fish when exposed to a 

concentration of l µg/L of this drug (Madikizela & Chimuka, 2017). It is one of the most 

widely studied pharmaceuticals in the environment, due to its persistence in nature and 

known toxicity to vultures, as well as aquatic species for example, in fish it destroys the 

liver and lungs (Gilbert, 2012). It is one of the first pharmaceuticals that could be detected 

in the aquatic environment (Buser et al., 1998). Microbial degradation of diclofenac was 

reported to be very slow resulting in formation of two metabolites, which later was reported 
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to be deconjugated to form diclofenac within seven days. Hence, indicating that the 

biological removal of diclofenac is not likely to occur in convectional WWTPs (Lee et al., 

2012). Since its initial commercial introduction, diclofenac has been used by more than 

one billion patients and ranks as the eighth largest selling drug in the world (Gan & opinion, 

2010). Globally, diclofenac is consumed in huge amount (1443 tons) per year (Lonappan 

et al., 2018).  

In Kenya, diclofenac levels have been reported, for example, concentrations ranging from 

3 to 18 ng/g have been reported in Nairobi River sediments (Vane et al., 2022). In  lake 

Victoria water levels upto 160 ng/L were reported  (Nantaba et al., 2020). 

In wastewater  levels of  9.68 μg/L in Egypt and  19.0 μg/L in South Africa have been 

reported (Akawa et al., 2021; Agunbiade   et al., 2016). In India diclofenac levels of 68 

µg/L were reported in wastewater (Praveenkumarreddy et al., 2021). In seawater, levels 

ranging between 843 ng/L have been reported in China (Kubier et al., 2020) and 

13.48 µg/L in groundwater in Nigeria (Sathishkumar et al., 2020). In  waste waters 

concentrations ranging from 0.079 to 3.6 µg/L have been reported in Egypt (Abdallah et 

al., 2019). In the environment diclofenac is broken down through biodegradation and photo 

transformation (Angosto et al., 2020). Figure 2.2 shows pathways for diclofenac 

biodegradation 
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Figure 2. 2: Proposed pathways for diclofenac biodegradation (Aguilar Romero, 2021) 

  

2.2.3.2 Chloramphenicol 

Chloramphenicol,2,2-dichloro-N-[(IR,2IR)-1,3-dihydroxy-1-(4-nitrophenyl)propan-2-yl 

acetamide, is a broad-spectrum antibiotic which is considered as both affordable and easy 

to manufacture, and thus frequently used in developing economies. It is effective against a 

wide variety of gram-positive and gram-negative bacteria, including most anaerobic 

organisms which cause brain abscesses and meningitis (Berendsen, 2013).  It is also used 

for veterinary purposes as well as in human medication, hence after administration un-

metabolized and un-adsorbed parent compounds will be excreted and enter the 

environment via urine and excrement (Tan et al., 2022). Figure 2.3 shows the molecular 

structure of chloramphenicol. 
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Figure 2. 3: Molecular structure of Chloramphenicol  

Unregulated exposure to chloramphenicol results in bone marrow suppression and aplastic 

anaemia which is idiosyncratic. The intravenous utilization of chloramphenicol is 

associated with grey baby syndrome (Singhal et al., 2023). Chloramphenicol has been 

monitored in multiple environmental contexts, such as river water, domestic wastewater, 

sediment and soil.  

In Kenya, significant chloramphenicol concentration has been detected in hospital waste, 

for example; Kimosop et al., (2016) reported concentration ranging from 60 ng/ L to 100 

ng /L in wastewater samples from hospitals in Kakamega, Mumias, Bungoma, and Eldoret 

in Lake Victoria Basin, Kenya (Kimosop et al., 2016). Chloramphenicol level have been 

reported to be 0.42 μg/L in wastewater in Barekese reservoir, Ghana (Gyesi et al., 2022). 

Similarly, Zhou et al. showed that chloramphenicol at an average level of 4.89 ng/L existed 

in shallow lakes in the Yangtze River basin, China (Zhou et al., 2019). In Malaysia, 

chloramphenicol levels were found to be the highest in the Selangor River of 24.35 ng/L, 

followed by the Gombak River of 23.37 ng/L, and finally the Lui River of 18.03 ng/L 

(Praveena et al., 2018). 

Chloramphenicol cannot be adsorbed and metabolized completely by human beings and 

animals, hence after administration un-metabolized and un-adsorbed parent compounds is 

excreted into the environment via urine and excrement (Ma et al., 2019). In the 
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environment, this drug can undergo different degradation pathways; amido bond 

hydrolysis, nitro group reduction, acetylation, aminoacetylation, dechlorination, and 

oxidation as shown in Figure 2.4. 

 

Figure 2. 4: Structures of Chloramphenicol and the degradation products (Wu et al., 

2023) 

2.2.3.3 Ciprofloxacin 

Ciprofloxacin, 1-cyclopropyl-6-fluoro-1,4-dihydro-4-oxo-7-(1-piperazinyl)-

3quinolinecarboxylic acid, is a synthetic chemotherapeutic antibiotic that belongs to 

fluoroquinolone class of pharmaceutical antibiotic. It has a molecular weight of 331.4 

g/mol. It is used to treat different types of bacterial infections, including skin infections, 

bone and joint infections, respiratory or sinus infections, urinary tract infections, diarrhea, 

gonorrhea and anthrax. Figure 2.5 shows the molecular structure of ciprofloxacin. 
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Figure 2. 5: Molecular structure of Ciprofloxacin 

It ranks among the most widely utilized antibiotics globally and stands as one of the 

primary choices within the quinolone class in hospital settings. This versatile antibiotic 

exhibits a broad-spectrum antibacterial activity, displaying high effectiveness against a 

wide array of gram-negative bacteria and moderate effectiveness against various gram-

positive bacteria. Its mode of action involves the inhibition of bacterial DNA 

topoisomerases, particularly gyrases, which are crucial enzymes in nucleic acid synthesis. 

Moreover, their presence in water exceeding certain limits can cause adverse health 

problems such as brain damage, urinary tract infections, liver impairment, and carcinogenic 

diseases (Al Sharabati et al., 2021). Thus, ciprofloxacin can reach the environment by 

sewage, discharges from sewage treatment plants, leaching from landfills, its release from 

pharmaceutical industries, livestock activities and application of sewage sludge, manure or 

treated waste water to agricultural land. 

Ciprofloxacin was found at the concentrations of 5.3 μg L−1 in wastewater in Machakos, 

Kenya and at concentrations of 14.98 μg L−1 in wastewater in Nairobi, county which 

indicated that it is one of the most prevalent antibiotics (Kairigo et al., 2020). In China, 

Tran   et al., (2018) reported  ciprofloxacin concentrations of 6453 ng/L in influent and 

524.1 ng/L in effluent (Tran et al., 2018). In wastewater ciprofloxacin concentrations 

ranging from 2 to 41 ng/L in wastewater, Lake Victoria, Uganda (Nantaba et al., 2020) and 
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15 μg/L  have been reported in  hospital wastewater, Ghana (Azanu et al., 2018). Figure 

2.6 shows pathways for ciprofloxacin degradation pathways. 

 

Figure 2. 6: Structures of ciprofloxacin and the degradation products (Lin et al., 2018) 

2.2.3.4 Diuron 

Diuron (3-(3, 4-dichlorophenyl)-1, 1-dimethylurea) is a phenylurea herbicide used for the 

control of long-term pre-emergence and post-emergent weeds in both agricultural and non-

agricultural areas, such as roads and paths and to control weeds in a range of tree crops (Li 

et al., 2021). It is commonly used in many parts of the world where agricultural activities 

are undertaken in large scale with the sole purpose of improving quality and quantity of 

yields. Figure 2.7 shows the molecular structure of diuron. 
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Figure 2. 7: Molecular structure of Diuron 

Several reports have confirmed that diuron enters the surface water and groundwater 

through irrigation, drainage, percolation, and surface runoff. Diuron is characterized as a 

potential threat to ground water resources due to its moderate solubility and low tendency 

to adsorb to soil (Wang et al., 2017). It is ranked as the third most hazardous pesticide to 

ground-water resources in the United States due to its high mobility in soil solution and it 

is generally considered persistent in the environment. It is reported to have a moderate 

solubility of 42 mg/L in water and thus able to contaminate both surface  and ground water 

(Safi et al., 2014; Stork et al., 2008). Diuron exposure to animals has been reported to cause 

toxicological effects, such as growth retardation, increased mortalities and alteration of 

blood chemistry (Mhadhbi et al., 2012). Diuron causes methemoglobin production in the 

blood as well as liver and spleen disorders in humans. It is also an endocrine disruptor, 

interfering with normal hormone release, transport, and disposal systems in the body 

(Tekin et al., 2020). In mammals, as well as fish, birds, and invertebrates, this chemical is 

known to produce acute and chronic toxicity, teratogenicity, mutagenicity, carcinogenicity, 

and genotoxicity (Jayaraj et al., 2016). Microbially facilitated degradation is the major 

dissipation route of diuron which occurs through successive demethylation of the urea 

group followed by hydrolysis producing more toxic metabolites (Kaonga et al., 2015). In 

Kenya, diuron has been reported up to 41 ng/L in river water along river Nzoia basin 
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(K'oreje et al., 2018).  Also, upto 9.43 ng/L concentrations have been reported in sediment 

obtained from freshwater systems of Western Kenya (Kandie et al., 2020). 

Previous studies in different regions in the world reported diuron levels of 86.56 ng L 

(water) in Mexico (Lagunas-Basave et al., 2022), 100.0 μg/L  (water ) in India (Al-Shaalan, 

Ali et al., 2019) and 20  and 100 μg/L (wastewater) in Brazil and Argentina, respectively 

(de Oliveira et al., 2023). In Costa Rica river basins, the highest diuron concentration in 

water and sediment samples  reported were 22.8 μg/L and 11.75 μg/kg, respectively 

(Carazo-Rojas et al., 2018)  

In an aerobic environment, diuron undergoes ring cleavage is followed by N-demethylation 

of the urea group and subsequent hydrolysis in the biodegradation of diuron leading to, 4 

dichloroaniline (DCA), N-(3,4-dichlorophenyl)-N-methylurea (DCPMU), and 3, 4 

dichlorophenylurea (DCPU), with DCA serving as the primary metabolite. The 

degradation products methyl (3,4-dichlorophenyl-methylurea, DCPMU) and dimethyl 

(3,4-dichlorophenyl-methylurea, DCPU) have been found in diuron-contaminated 

environments (Guzzella et al., 2006; Mirenga, 2018; Moretto et al., 2019). Figure 2.8 

shows structures of diuron and the degradation products 
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Figure 2. 8: Structures of diuron and the degradation products (Moretto et al., 2019) 

2.2.3.5 Chlorpyrifos  

Chlorpyrifos [O, O-diethyl O-(3, 5, 6-trichloro-2-pyridyl) phosphorothiate] is a broad-

spectrum, widely used organophosphate pesticide (Perry et al., 2020). This compound is 

applied in various agricultural and horticultural crops and in households to combat biting 

and stinging-sucking pests. They act on pests by contact, ingestion, and inhalation, and on 

the plant surface and inside (Wołejko et al., 2022) It is used in protection of agricultural 

crops such as sugarcane, coffee, tea, cocoa, rice, wheat, potatoes, vegetables, bananas, 

citrus fruits and cotton. Figure 2.9 shows the molecular structure of chlorpyrifos 
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Figure 2. 9: Molecular structure of Chlorpyrifos 
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It is one of the primary acaricides used by Kenyan dairy producers to manage ticks and 

insect pests in agriculture (Mutavi et al., 2018). Chlorpyrifos is one of the most widely 

used organophosphate pesticides worldwide (Giesy et al., 2014). It is available in various 

brand names, such as Duodip, commonly used as an acaricide in Kenya. It acts on the 

nervous systems of insects by inhibiting the acetylcholinesterase enzyme. 

 Its extensive use has led to contamination of different environmental matrices (Lu et al., 

2020). In some cases, the contamination is as far as 20 kilometers from the site of 

application (Lu et al., 2020). Chlorpyrifos  has a half-life of between two and four months 

in the soil, although it can take over a year depending on the climate and soil type (Ambreen 

et al., 2021).  

According to Ambreen et al., (2021), the overuse of chlorpyrifos in agriculture 

has led to deposition in water, soil, and food resources, resulting in biomagnification in 

non-target organisms, including humans. Toxic effects of this chemical have been 

reported, they cause major toxicities such as oxidative stress, and endocrine disruption. 

Further, it can have adverse hematological, musculoskeletal, renal, ocular, and dermal 

effects. Excessive use of this compound results in poisoning and potentially kills a non-

target species upon exposure including human (Nandi et al., 2022). 

In Kenya, contamination of water, soil and food by chlorpyrifos has been reported. For 

example; Otieno and coworkers (2015) reported chlorpyrifos levels in the range of 2.6 to 

24.9 ng/L and 6.8 to 35.8 ng/g dry weight (dw) in water and sediment, respectively in Lake 

Naivasha (Otieno et al., 2015). In a related study by Chaka   et al., (2023) concentration 

0.5 μg/L in surface water were reported in Narok and Bomet Counties (Chaka et al., 2023). 
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Also, Nyabiba, (2022), 11.92 mg/L chlorpyrifos in the surface water have been reported in 

the Molo subcounty (Nyabiba, 2022).  

In river Nile in Egypt, levels of chlorpyrifos of  12.1and 68.7 ppb have been reported  

during winter and autumn, respectively (Shalaby et al., 2018). 3.35 mg/L (effluent) in fields 

in Owiro Estate, Tanzania (Kihampa et al., 2010. Also, have been reported up to 30 ug/l in 

surface water in Brazil (de Oliveira, 2023).  

In the soil, available data shows that the chlorpyrifos degrades slowly both under anaerobic 

and aerobic conditions. Biodegradation of chlorpyrifos mainly occurs through hydrolysis 

of the P-O alkyl or P-O aryl bond. Under controlled conditions, microbial enzymes can 

hydrolyze chlorpyrifos and mineralize the two main metabolites, 3, 5, 6- trichloro-2-

pyrinidinol and 3, 5 6-trichloro-2-methoxypyridine metabolites (Briceño et al., 2012). The 

half-life of chlorpyrifos in soil is usually between 10 and 120 days, but can range from 

2 weeks to over one year, depending on the soil type, soil pH, moisture content and 

temperature (Ajaz, 2005; Wolejko, 2022). The persistence of chlorpyrifos in soil may also 

be attributed to the accumulation of trichloro pyridine-2-phenol, a metabolite with anti-

microbial properties which serves as a buffer to prevent the growth of chlorpyrifos 

degrading bacteria (Ambreen &Yasmin, 2021; Nyabiba, 2022). Figure 2.10 shows 

structures of chlorpyrifos and the degradation products. 
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Figure 2. 10: Structures of Chlorpyrifos and the degradation products (Ambreen 

&Yasmin, 2021) 

2.2.3.6 Imidacloprid 

Imidacloprid, 1-((6-Chloro-3-pyridinyl) methyl)-4,5-dihydro-N-nitro-1H-imidazol-2-

amine, is a systemic insecticide that acts as an insect neurotoxin and belongs to the 

neonicotinoids group which act on the central nervous system of insects. It is commonly 

used in agriculture to control a wide range of insect pests, as well as in household and 

veterinary applications (Wakil et al., 2021). The molecular structure of imidacloprid is 

shown in Figure 2.11. 
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Figure 2. 11: Molecular structure of Imidacloprid 

 

It is effective on contact and via stomach action. Because imidacloprid binds much more 

strongly to insect neuron receptors than to mammal neuron receptors, this insecticide is 

more toxic to insects than to mammals. Studies have shown that even low doses of 

imidacloprid can impair the navigation and foraging ability of bees, leading to decreased 

colony survival and productivity. As a result, some countries have restricted or banned the 

use of imidacloprid, particularly for outdoor applications. It is important to carefully 

consider the potential risks and benefits of using imidacloprid, and to use it in a responsible 

and sustainable manner (Wakil et al., 2021).  

In Kenya, contamination of water, soil and food by imidacloprid have been reported. For 

example; Kandie and coworkers (2020) reported imidacloprid levels ranging up to 152 

ng/L in freshwater, within the Lake Victoria South Basin (Kandie et al., 2020). In Wuhan 

in southern China, levels of imidacloprid and its degradation products ranging between 

0.04 to 32.0  and 438 ng/L have been reported in source water, treated water, and tap water 

(Wan et al., 2020; Elfikrie et al., 2020). Half-life of imidacloprid has been reported are 

well-known; it has an aerobic half-life of 997 days and an anaerobic half-life of roughly 

27.1 days. The longer half-life period of imidacloprid and its metabolites in soil is 

attributed to the pesticide's decreased bioavailability to microorganisms that break down 
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pesticides (Duchet et al., 2018). There are numerous suggested metabolic pathways for 

imidacloprid degradation in water.  

Imidacloprid may breakdown into 6-chloro-3-pyridyl-methylethylendiamine, 6-chloron-

icotinaldehyde, 6-chloro-N-methylnicotinacidamide, 1-[(6-chloro-3-pyridinyl)methyl]-2-

imidazolidinone(i.e., imidacloprid urea), and 6-hydroxynicotinic acid whereas the minor 

breakdown product is imidacloprid-guanidine (Sharma & Singh, 2014; Zheng & Liu, 

1999). Figure 2.12; shows the structure of imidacloprid and pathway of imidacloprid 

biodegradation. 

 

Figure 2. 12: Degradation pathway of Imidacloprid (Sharma & Singh, 2014) 

2.3 Remediation Methods of Polluted water 

Various conventional methods have been used for the removal of pollutants such as heavy 

metal ions, anions, pharmaceuticals and pesticides from wastewater. These methods 

include: chemical precipitation, phytoremediation, ion exchange, membrane filtration, 
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membrane distillation and bioremediation methods. These are briefly explained in the 

following subsections.  

2.3.1 Chemical Precipitation 

Chemical precipitation is widely used for the removal of different pollutants such as heavy 

metals, anions (nitrates and phosphates), pharmaceuticals  and pesticides (Akinnawo, 

2022; Huang, 2017; Ibigbami et al., 2016). For example; during the removal of heavy metal 

ions, after pH adjustment to basic conditions, the dissolved metal ions are converted into 

insoluble solid phase via a chemical reaction with a precipitant agent. The precipitate 

formed is then separated from water by sedimentation or filtration. For example; iron 

sulphide has been used to precipitate copper, lead and cadmium (Zhu   et al., 2012). 

Chemical precipitation is advantageous because it’s cheap and relatively simple to operate 

(Matlock   et al., 2002; Izadi   et al., 2017). However, the limitation of the above method 

is that there is production of large amount of residue sludge which increases sludge disposal 

costs (Kilaru et al., 2019).  

Furthermore, few metal hydroxides are amphoteric, and the mixed metals make it 

problematic in utilizing the hydroxide precipitation since the ideal pH for one metal may 

return another metal into the solution. Besides, complexing agents being in the wastewater, 

they will restrain the metal hydroxide precipitation. In addition, it requires a lot of 

chemicals to decrease the pollutants to an acceptable level that are released in the 

environment (Kilaru et al., 2019). Slower pollutant precipitation is yet another demerit 

(Kilaru   et al., 2019).  
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2.3.2 Bioremediation 

Bioremediation process is a treatment method whereby biological systems, such as 

microorganisms, green plants and animals remove and degrade toxic pollutants from the 

aquatic environment into less toxic forms (Tyagi & Kumar, 2021). The microbe assists 

bioremediation and phytoremediation methods for the removal of pollutants and the two 

are financially effective treatment methods. Numerous aquatic plants which include Typha, 

Eichhornia, Phragmites, Azolla and Lemna have been utilized for the removal of pollutants 

from the wastewater (Chellaiah, 2018). Phytoremediation is a group of plant based 

remedial method that removes pollutants or lower their bioavailability and mobility in the 

soil. Phytoremediation offers a promising technique for removing pharmaceuticals, 

pesticides and heavy metals from water bodies (Nie et al., 2020). These methods include: 

phytoextraction, phytostabilization, rhizofiltration and phytovolatilization. 

Phytoextraction involves absorption of pollutants by plant roots and then transferring them 

to the shoots. The pollutants are then removed by harvesting plants with accumulated 

pollutants into the roots, shoots, and leaves. This in turn produces a mass of plants 

containing pollutants that are further transported for disposal and recycling (Nie et al., 

2020).  Phytostabilization involves the use of plant roots to limit the movement of 

pollutants in the soil. The plant purposes to prevent soil erosion thus hindering the transfer 

of pollutants to other areas while rhizofiltration involves the application of certain plants 

which are found in both terrestrial and aquatic environments, to absorb, concentrate and 

precipitate the pollutants from their polluted sources. Rhizofiltration is mainly applied in 

ground and surface water with low contaminant concentration (Ullah et al., 2015). After 

removal, the pollutants are volatilized and discharged into the environment (Eid et al., 
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2020). Macrophytes have been used for the removal of heavy metals, nitrates and 

phosphates (Qayoom & Jaies, 2023).  

This group of methods has promising advantages in comparison to other remediation 

techniques. The cost-effectiveness of the phytoremediation is higher than that of 

conventional processes both in situ and ex-situ (Singh et al., 2022). It is easy to monitor 

the hyperaccumulating plants and it’s a natural method that can protect the surrounding in 

an environmentally friendly way with soil microbiota and plants. The same can also 

eliminate long- term viability and enhance soil fertility. The recovery and reuse of valuable 

metals is possible by the phytoremediation which is an economically and environmentally 

favorable technique since it utilizes green plants to contain, sequester or detoxify 

contaminants from contaminated soil and water (Ashraf et al., 2019; Tyagi & Kumar, 

2021).  

Disadvantages of phytoremediation as a method of pollutant removal include: incomplete 

pollutant removal, high reagent, high energy requirements and it tends to generate 

secondary contaminants. It is also time consuming (Tyagi & Kumar, 2021). It is limited to 

the depth of the roots and surface area covered by the plants. The toxicity of pollutants to 

plants, incapability to treat organic contaminants due to lack of enzymes for degrading. 

Because of slow growth, it is not possible to completely prevent the leaching of 

contaminants into the groundwater. Plant survival depends on the health of soil and growth 

conditions and due to their bioavailability, they can get incorporated into the food chain. 

Once the pollutants accumulate in the food chain, they become toxic to plants, animals, 

and humans’(Tyagi & Kumar, 2021). Certain compounds like metals and chlorinated 

organic pollutants cannot be broken down by microbes. Microbes can occasionally create 
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toxic metabolites or byproducts when they break down pollutants. Since bioremediation is 

a scientifically intensive process, it should be modified to the unique conditions of each 

site; that is, before using the technique to treat a polluted site. 

2.3.3 Ion Exchange 

This involves the process of reversible exchange of ions using natural or synthetic ion 

exchange resins. Ion exchange can be used for the removal of undesirable or recovery of 

useful anions and cations from wastewater (Maheshwari et al., 2015). Ion exchange also 

takes place in living materials considering that cell walls, cell membranes, and other 

physiological structures have charges. Ion exchange being another method for removing 

pollutants from effluents, it involves transferring or exchanging ions with the same charge 

between a medium and an electrolyte solution (Maheshwari et al., 2015). This technique 

involves the stoichiometric exchange of weak electrostatically attracted ions on the resin 

with ions in solution (Indarawis & Boyer, 2013). Ion exchange resins have functional 

groups which create a fixed charge. Anion exchange, cation exchange or a combined anion 

and cation exchange have been used for the purification of drinking water as well as water 

softening and in the production of ultrapure water (Abdulgader et al.,               2013).  

Ion exchange resin possesses cationic exchangers which are able to exchange ions with 

positively charged ions in aqueous solutions and has high removal efficiency and fast 

kinetics.  Metal ions from dilute solutions are exchanged with ions held by electrostatic 

forces on the exchange resin. The above method has various limitations. For example, it is 

expensive and requires pretreatment for wastewater as the exchanger matrices get clogged 

with the organics in the wastewater (Yuan & Wood, 2018).  
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Furthermore, the method cannot handle concentrated metal solution as the matrix gets 

easily fouled by organics and other solids in wastewater. Moreover, ion exchange is 

nonselective and highly sensitive to pH of the solution (Maheshwari   et al., 2015; Al-

Asheh et al., 2020).  

2.3.4 Membrane Filtration 

 Membrane filtration entails the use of filter membranes which permit some particles to 

pass through the filter membranes but does not permit others to pass through. Examples of 

membrane filtration include: ultrafiltration, nanofiltration and reverse osmosis (Obotey et 

al., 2020). Synthetic organic polymers are used to make filter membranes for pressure-

driven separation such as; cellulose acetate, polypropylene, polyethylene, and 

polytetrafluorethylene (PTFE). Materials like silica, zeolites, metals, and ceramics are used 

to make inorganic membranes (Aliyu et al., 2018).  There are several studies reporting that 

membrane filtration has been used in removal of pharmaceuticals, pesticides, and heavy 

metals from polluted water (Mukherjee et al., 2020). The advantage of membrane filtration 

is that it is chemically and thermally stable. However, this method  has quite a number of 

disadvantages which include: formation of sludge, rapid membrane fouling and plugging 

when pollutants are deposited on the membrane resulting into decreased permeate flux, 

high energy consumption, more time for filtration, high cost of buying and maintaining of 

filtration (Mukherjee et al., 2020). Additionally, it is not suitable for dissolved inorganics 

apart from the fact that pretreatment process is required with regular cleaning. 

2.3.5 Reverse Osmosis 

Reverse osmosis is a pressure-driven membrane separation process that forces a solution 

to pass through a semi-permeable membrane for the removal of toxic pollutants from the 
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wastewater (King et al., 2020). This process was used for the removal of pollutants using 

a polyamide thin-film composite membrane (Arezoo et al., 2016; Bakalar et al., 2009). The 

membranes of the recent reverse osmosis system are commonly a homogeneous thin 

bolstered polymer with a permeable support structure. The permeability of the membrane 

through which the pollutants pass and the rejection of the same pollutants mainly depend 

upon the chemical and physical properties of the membrane (Huang et al., 2017). The 

reverse osmosis membrane technologies are very efficient for the treatment of wastewater 

containing anions, heavy metal ions, pesticides and pharmaceuticals (Kings et al., 2021). 

Advantages of pollutants removal by reverse osmosis include: removes salts and other ions 

in a large percentage, no chemicals addition, no significant pH alteration, no phase change, 

and it is effective in all concentrations (Jiang et al., 2018). Nevertheless, the notable 

challenges of this method are: handling of the rejection, high power cost, it’s energy 

intensive and may not be practical for pharmaceuticals and volatile organics (Gupta et al., 

2013).  

2.3.6 Electrochemical Methods 

The anodic and cathodic reactions between the anode and cathode electrodes and the 

pollutants of interest in the electrochemical cell are the basis of this electrochemical method 

for wastewater remediation. One of the most popular electrochemical methods that have 

been effectively applied to the mineralization of stable organic compounds found in 

wastewater is electrochemical oxidation. According to Turan et al., (2019), direct and 

indirect oxidation mechanisms are used in chemical oxidation approaches to oxidize 

pollutants on the anode surface. In order to achieve strong oxidation conditions which 
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typically show additional potentials, the direct oxidation of pollutants on the anode requires 

appropriate electrodes.  

The anode is the site of the direct oxidation process, where charges are directly transferred 

between the anode's surface and the organic compound. By generating OH radicals from 

water on the anode surface, oxidants cause reactive oxygen species to form (in situ) at the 

electrode's surface, which is how indirect electro-oxidation works (Chavoshani et al., 

2020). Once the remediation process is over, the contaminants that are accumulated at the 

electrodes are eventually extracted by methods such as electroplating. The electrochemical 

techniques are well known for treating wastewater, especially when it comes to removing 

pollutants from wastewater (Kilaru et al., 2019).  Electrochemical methods have been used 

for heavy metals, anions, pharmaceuticals and pesticides removal from wastewater (Zhang   

et al., 2019).  

Toxic As (III) ions, for instance, undergo oxidation to become less toxic As (V) ions, which 

subsequently precipitate out of solution (Ouma et al., 2018). Vela  et al., (2019) studied 

the efficiency of sodium persulfate (Na2S2O8) as oxidizing species to remove different 

pesticides that include imidacloprid, acetamiprid, cymoxanil and thiacloprid (Vela et al., 

2019). The method has various advantages: it needs less chemicals, it generates less sludge 

and provides maximum pollutants removal. On the other hand, it requires higher initial 

capital, apart from being costly in terms of power supply. Yet another shortcoming is the 

toxic by-products formed from the oxidizing agents (Kordbacheh & Heidari, 2023; Zhang 

et al., 2019).  
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2.3.7 Coagulation-Flocculation 

Coagulation processes involve the introduction of a chemical coagulant on colloids causing 

them to flocculate followed by the precipitation of pollutants on the flocculated matter 

(Syam et al., 2020; (Syam, 2020). Iron based coagulants have been reported to be more 

favorable over aluminum-based coagulants due to their stability over a long pH range (Ang 

& Mohammad, 2020). Coagulation is a stand out amongst the most vital methods for 

wastewater treatment. Flocculation is the activity of polymers to make the connection 

between the flocs and tie the particles into huge agglomerates. Suspended solids are 

flocculated into bigger particles and are easily removed by sedimentation, filtration, and 

floatation or straining.  

The numerous types of flocculants include; poly-aluminum chloride, polyacrylamide, and 

polyferric sulfate which are utilized in the wastewater treatment but these flocculants 

cannot be directly utilized for the removal of toxic metal ions from wastewater. 

Macromolecule flocculants have been utilized as an effective flocculant for the removal of 

heavy metals from the wastewater (Duan et al., 2010). It has been reported that  pesticides 

and pharmaceuticals can be removed by coagulation-flocculation using aluminum sulfate 

(Al2(SO4)3) (Mohamed et al., 2022; Narayanan et al., 2020).  

Generally speaking, coagulation/flocculation treatment method alone cannot remove all 

pollutants. However, by combining this treatment with other methods to increase removal 

efficiency, the pollutants can be completely removed (Tokuyama et al.,2010). Though it 

has advantages, coagulation/flocculation has limitations too. For example, high operational 

costs due to a large amount of chemical utilization and the method may not be applicable 
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to all soluble pollutants (Kilaru et al., 2019). Also, it produces contaminated sludge which 

may be difficult to manage resulting in environmental (Mondal et al., 2013).  

2.3.8 Adsorption  

Adsorption is a technique that has been established for the treatment of potable water, urban 

wastewater, ground water and industrial effluents (Awad et al., 2020).  Hence, it’s a well- 

known, low-cost purification method that is very reliable and environmentally friendly  

(Al-Ghouti & Da'ana, 2020). It is a surface process that involves the deposition of 

pollutants on the surface of the adsorbents (Grass et al., 2012) .  This method was declared 

as one of the most excellent wastewater treatments techniques, among others by the United 

States Environmental Protection Agency (Anil et al., 2020). Several factors affect the 

efficiency of adsorption.  

They include; pH, the presence of other pollutants, temperature, the nature of the adsorbent, 

the nature of the adsorbate, the particle size of the adsorbent, concentration of the 

adsorbate, surface area, contact time and adsorbent dose (Grassi et al., 2012). The most 

common method for the removal of dissolved organic substances is the adsorption using 

activated carbon, a product that is produced from a variety of carbonaceous materials, 

including wood, pulp mill char, peat, lignite, etc. Adsorption is the physical and/or 

chemical process in which a substance is accumulated at an interface between phases 

(Awad et al., 2020).  Adsorbents are materials that have the ability to stimulate the process 

of adsorption on their surfaces. The process of adsorption has led to the production of 

various adsorbents. Adsorbents are widely used as separation media to remove inorganic 

and organic pollutants from contaminated water in water purification process.  A good 

adsorbent material must have properties such as; high internal accessible volume, a high 
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surface area and a good pore size distribution. Its also important that the adsorbent has 

good mechanical properties such as strength and resistance to destruction.  Chemical 

properties of the adsorbent such as, its degree of ionization at the surface, functional groups 

present, and the degree to which these properties change in contact with the solution are 

important considerations in determining the adsorption capacity of the adsorbent. The most 

widely used adsorbents for the removal of pollutants from water is activated carbon; this 

is attributed to the fact that it is thermally stable, highly porous and allows rapid adsorption 

(Dias et al., 2007). Various kinds of adsorbent materials have been used for water 

remediation. These includes; carbon-based materials, clays, biological materials, bentonite, 

zeolites, metal oxide, magnetic nanoparticles, agricultural residues.  

2.3.8.1 Conventional Adsorbents 

Various adsorbents derived from locally available materials have been employed for the 

removal of pollutants such as heavy metal ions, anions, pharmaceuticals and pesticides 

from water (Singh et al., 2020).  

The effectiveness of the adsorbent depends on the number of binding sites available, their 

porosity, accessible surface area, and the interactions with the target pollutant (Amalina et 

al., 2022). These adsorbents include; clay, activated carbon, biochar, metal oxides and 

zeolites as discussed (vide infra). 

2.3.8.1.1 Clay Adsorbents 

As a multilayered natural adsorbent clay contains minerals like; vermiculite, smectites 

(saponite and montmorillonite), pyrophyllite, mica, kaolinite, serpentine and sepiolite 

(Kumari & Mohan, 2021) . Clay’s adsorption is due to the minerals’ net-negative charge, 



 

43 
 

which allow it to adsorb positively charged ions. The high porosity and broad surface area 

account for clay’s sorption capacities.  Clay-based nanocomposites, for example, have been 

deployed as adsorbents for the removal of heavy metals (Kinoti et al., 2022), 

pharmaceutical products and pesticides (Al-Wabel et al., 2020).  As an adsorbent, clay has 

a number of advantages like high adsorption, stability, high ion exchange capacity, and 

large specific surface area, however it is  riddled with a number of challenges such as low 

surface area, regeneration, and recovery limit, limit the use of clay as an adsorbent for 

wastewater treatment.  

2.3.8.1.2 Activated Carbon  

Activated carbon typically consists of around 80% carbon with the rest being hydrogen, 

nitrogen, oxygen, and sulfur, alongside main functional groups such as phenols, carbonyl, 

carboxyl, quinones, lactones inter alia. Activated carbon can either be powdered or 

granular. Activated carbon is characterized as carbon-rich material with a well-built 

internal porous structure that is usually created via the pyrolysis and chemical treatment of 

natural sources including wood, coal, rice husks, sugarcane bagasse, orange peel, bamboo, 

and other organic wastes.  

Tang et al. (2020) reported the removal of pharmaceuticals, pesticides and other pollutants 

from water using activated carbon (Tang et al., 2020; Wong et al., 2018). Pharmaceuticals 

such as acetylsalicylic acid and sodium diclofenac have been removed by activated carbon 

(Cimirro et al., 2020; Maged et al., 2020). While the removal of the antibiotic sulfonamide 

was reported by Wan et al. using magnetic activated carbon although it was discovered that 

this process is highly pH dependent. Berges et al., (2020) reports on the use of adsorption 

in the elimination of antibiotics from water onto activated carbon. The elimination of 
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sulfadiazine, amoxicillin, trimethoprim, and enrofloxacin has also been ascertained 

(Kordbacheh & Heidari, 2023). Activated carbon is an environmentally friendly and has a 

large internal surface area and a high degree of surface reactivity that is available for 

adsorption process (Singh et al., 2017). 

However, as an adsorbent activated carbon has certain demerits including costly chemical 

and thermal regeneration method and a notable adsorbent loss during regeneration 

(Moosavi et al., 2020). Furthermore, the interaction between the pollutants and activated 

carbon is unpredictable because its adsorption mechanism depends on a number of factors 

such as electrostatic, dispersive, and chemical interactions as well as intrinsic properties of 

the solute and adsorbent (Chai et al., 2021). Despite its high adsorption capacity it can only 

hold onto pollutants until the adsorption sites are completely filled (Chai et al., 2021) thus 

leading to loss of adsorption efficacy upon regeneration, there is the possibility of 

secondary contamination due to pollutants being separated from the activated but not 

eliminated. It is therefore imperative that research on the availability and use of alternative 

adsorbents is done thus this study.  

2.3.8.1.3 Biochar Adsorbents 

Biochar is a carbon-rich product with high porosity, large surface area, enhanced capacity 

for ion exchange, and abundance of functional groups (Ambaye et al., 2021). The ability 

of biochar to remove various pollutants including potentially toxic heavy metals, organic 

pollutants (like phenols, herbicides, and antibiotics), phosphorus, and nitrogen compounds 

has been documented (Chen et al., 2011). Biochar derived from eucalyptus wood chips has 

been applied in the removal of imidacloprid from water (Srikhaow   et al., 2022) with the 

maximum adsorption capacities for the investigated pesticides being 14.75 mg/g for 
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imidacloprid (Srikhaow et al., 2022). In addition, biochar-based adsorbents for pesticides, 

pharmaceuticals, phosphorus, and heavy metal removal from polluted water have been 

reported (Bocșa et al., 2023; Puga   et al., 2016; Ambaye et al., 2021)). Equally, the use of 

biochar derived from grapefruit husk for removal of pharmaceuticals has been documented 

(Cheng et al., 2020). The adsorption performance of biochar is limited by the need for 

multiple modification techniques to produce biochar composite materials with enhanced 

adsorption capabilities in addition to its high energy consumption. Thus, producing biochar 

typically calls for high energy and temperature inputs. While various surface modifications 

for biochar can boost its adsorption capacity, they may also hinder the regeneration process. 

2.3.8.1.4 Metal Oxides  

Due to their low toxicity, high thermal stability, large surface area, porous structures, ease 

of recovery, and the presence of lewis acid-base sites in their structures, metal oxide 

nanoparticles do exhibit momentous potential for wastewater remediation (Nagpal et al., 

2019). It has been demonstrated by earlier research that metal oxide nanoparticles are 

capable of effectively removing a wide range of pollutants from aqueous environments, 

including heavy metals, dyes, and naturally occurring organic matter. The Fe3O4 and 

MgFe2O4 nanoparticles have been used for the removal of ciprofloxacin and chlorpyrifos 

from wastewater via a batch technique (Aydin et al., 2019; Sharma et al., 2017; Fallah et 

al., 2021). 

Metal oxides can be used as absorbents in water treatment, luckily there aren't many 

restrictions. For instance, reducing metal oxide to a nanoscale size increases surface area 

but due to Van der Waals interactions, this increase may also cause the metal oxide to 

become unstable and more susceptible to agglomeration. The metal oxide may then loose 
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its high capacity, mechanical strength and selectivity as a result of this interaction. 

Furthermore, the application of certain metal oxides in water treatment is restricted due to 

their wide energy gap and low quantum yield caused by a rapid recombination of 

photogenerated charge carriers. 

2.3.8.1.5 Zeolites  

Zeolites are a family of crystalline aluminosilicates materials with interconnected 

micropores that exhibit tremendously narrow pore-size distribution (Cao et al., 2022). The 

zeolite frameworks are built from an infinitely extending three-dimensional tetrahedral 

network of silicate (SiO4) and aluminate (AlO4) linked to each other by the shared oxygen 

atoms (Moshoeshoe et al., 2017). The framework atom is usually silicon (Si) and aluminum 

(Al), however other metals such as sodium (Na), calcium (Ca), gallium (Ga), germanium 

(Ge), boron (B) and titanium (Ti) can take the place of Si and Al (Panda $ Dash, 2020). It 

should be noted that the charge can be balanced by the presence of exchangeable extra-

framework cations. Tetrahedral molecules have the ability to form a variety of oligomers, 

such as 3-, 4-, 5-, 6-, 8-, 12-, and 20-rings, which can then be combined to form the 

secondary building units that constitute different cylinders or cages. As a result, different 

topologies with different pore diameters that may be small, medium, or large as well as 

pore systems with one, two, or three dimensions and internal cages where pollutants may 

react or be entrapped.   

Zeolites have garnered significant attention in the scientific community due to its 

exceptional physicochemical properties, widespread availability, and cost-effectiveness 

(Abdelwahab & Thabet, 2023). Zeolites present compelling potential as adsorbents and 
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catalyst carriers in water treatment processes, thanks to their distinctive adsorption 

characteristics and their substantial ion exchange capacity.  

Zeolites, due to their distinct pore structure, are highly ordered microporous tetrahedron 

structural materials with highly hydrophobicity, good thermal stability, hydrothermal 

stability, accessible surface modification, good ion exchange capacity, high specific 

surface area, and high pore volume (Dehmani et al., 2023).  

The pore size of zeolites varies with zeolite species, allowing selective adsorption for 

molecules of different sizes. Zeolites' unique properties make them attractive for a wide 

range of applications, particularly in water purification. They serve as effective adsorbents 

for removing contaminants like heavy metals, organic compounds, and radioactive 

materials through various interactions such as van der Waals forces, electrostatic forces, 

and chemical bonding (Dehmani et al., 2023).  

2.3.8.1.5.1 Classification of Zeolite  

Presently the  International Zeolite Association (IZA) recognizes 255 unique  zeolite 

frameworks which are either found in nature or with synthetic origin (Bukowski et al., 

2021). Each zeolite framework is assigned a three-letter acronym code for identification as 

shown in Table 2.3  

The FTC acronym which is used to identify each distinctive zeolite framework is derived 

from the name of the zeolitic material identifying the unique topology. For instance; FAU 

stands for Faujasite, CLO refers to cloverite zeolite, HEU means haulandite and MTN 

designates the synthetic zeolite ZSM-39 (Zeolite Socony Mobil – Thirty-Nine) 

(Baerlocher, McCusker, & Olson, 2007). These symbols describe all variants of a 
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framework with a given topology, irrespective of composition, Si, and Al distribution, cell 

dimension and symmetry. 

Table 2. 3: Approved Framework Type codes (FTC) by the structure Commission of 

International Zeolite Association (IZA) (McCusker & Baerlocher, 2019) 

 FTC  Name  FTC Name  FTC Name 

1.  AET ALPO-8 13 BRE Brewsterite 25 TSC Tschortnerite 

2.  MER Merlinoite 14 MEI ZSM-18 26 FER Ferrierite 

3.  ANA Analcite 15 ERT ECR-34 27 CHA Chabazite 

4.  ETR ECR-34 16 MWW ZSM-25 28 MON Montesommai

te 

5.  AFN AIPO-14 17 FAR Farneseite 29 LTA Linda type A 

6.  CHI Chiavennite 18 IFO ITQ-51 30 LAU Laumontite 

7.  GME Gmelinite 19 BOG Boggsite 31 SBE UCSB-8CO 

8.  DFO Decamethoniu

m 

20 BOZ Berylium-

10 

32 HEU Heulandite 

9.  IRY ITQ-40 21 SBS UCSB-

6Gaco 

33 PAU Paulingite 

10.  MFI Zsm-5 22 MOR Mordenite 34 NAT Natrolite 

11.  CLO Cloverite 23 MRE Zsm-48 35 AWW AIPO-22 

12.  FAU Faujasite 24 DAC Dachiardite 36 LAU Laumontite 
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2.3.8.1.5.2 Micropore System of Zeolites  

The known applications of zeolites as  molecular sieves, adsorbents and catalysts are based 

on their micropore systems (Pérez-Botella et al., 2022). The micropores of each type of 

framework are characterized by their diameter or pore size, shape and channel dimensions. 

The minimum number of interlinked T-sites that surround the pore provides an indication 

of the micropore diameter. The micropore is then referred as an n-membered ring (n-MR), 

where n is the number of T-sites forming the pore. 

 However, these values can change from one framework to another depending on structural 

distortions. For example; some of the pore diameters are: 7MR (MEI), 9MR (CHI), 11MR 

(JSR), 14MR (AET), 15MR (IRY), 16MR (IFO), 18MR (ETR), 20MR (CLO) and 21MR 

(EWT) (Hernandez, 2017).  

The micropore can also be straight or sinusoidal as observed in zeolites of lower symmetry. 

The pore system of zeolites is also characterized by the number of Cartesian directions or 

dimensions that a molecule can span within the channels. For instance; a molecule may be 

only able to diffuse along a pore, unable to move to another pore at an intersection. In this 

case, the pore system of the zeolite is defined as one-dimensional (Schulman et al., 2020). 

Some examples of framework types with one dimensional channel are AWW and ABW. 

The next level in this classification comprises in the two-dimensional pore system. Here, 

the molecule can move in the two-dimensional plane formed by a network of inter-linked 

pores (Hernandez, 2017).  The UEI and ZON framework types are examples of zeolites 

with two-dimensional channels. Finally, in the three-dimensional pore system a molecule 

can cover the entire volume of the crystal by moving through the pores. The CLO, PAU, 

FAU, MWF, TSC and HEU framework types contain three-dimensional channels. 
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2. 3.8.1.5.3 Application of zeolites in the removal of heavy metal ions, anions and 

Organic Pollutants 

In the past few decades, several experimental studies on the removal of anions from water 

by zeolite materials have been reported. For example, removal of CrO4
2-, AsO4

3-, and PO4
3- 

using CHA, MON, FER, and HEU zeolites was investigated (Barczyk et al., 2014)  and 

the adsorption of sulphate, hydrogen chromate and dihydrogen phosphate anions on 

surfactant-modified clinoptilolite studied (Barczyk et al., 2014). Likewise, the removal of 

chromate from water using surfactant modified pohang clinoptilolite and haruna chabazite  

and the use of hydrophobic Fe-Zeolites in the removal of MTBE from water by 

combination of adsorption and oxidation has been reported (Gonzalez-Olmos et al., 2013). 

Mažeikiene   et al., (2008) as well did report the removal of nitrates and ammonium ions 

from water using clinoptilolite. The treatment of drinking water containing excess amount 

of nitrate using a functionalized natural zeolite (Onyango et al., 2010) and  the adsorption 

of asenate ions on surfactant-modified natural zeolites has been reported (Chutia et al., 

2009).  

Also, Datt et al used quantum calculations to understand the nature of intermolecular 

interactions between the zeolite host and the aspirin (Lee et al., 2018). It was established 

that the release of the aspirin from the zeolite was dependent on the hydrophobicity of the 

zeolite host with more hydrophobic zeolites releasing the aspirin less readily. Adsorption 

of butanol isomer, toluene and chlorofluorocarbons on zeolites using molecular simulation 

has also been investigated by several authors (Lee et al., 2018). However, there are limited 

studies on the adsorption of anions and in particular CrO4
2-, AsO4

3-, NO3
- and PO4

3- by 

zeolites. For example an investigation on the  Phosphate (H2PO4
− and HPO4

2−) 
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and phosphoric acid adsorption in zeolite clinoptilolite by electronic structure methods has 

been done (Uzunova & Mikosch, 2016).  

They established that the B-channel of clinoptilolite, which is accessible via eight-member 

ring windows, provides more favorable coordination to phosphates and phosphoric acid in 

presence of cations. In a similar manner, Tribe et al., (2012) studied the interactions of 

HNO3 and NO3
- with kaolinite surfaces, and the results were compatible with the ranges 

assigned in the literature for NO3
- on mineral surfaces for the frequency of the vibrational 

symmetric stretches and for the low-frequency branch of the asymmetric stretches.  

2.4 Type of Adsorption Mechanism 

The adsorption mechanisms reported in the literature are exclusively either chemisorption 

or physisorption, based on the strength of interactions between sorbate and sorbent (Gusain 

et al., 2020) 

2.4.1 Physisorption Mechanism 

Physisorption is an ionic interaction that is relatively non-specific and occurs due to the 

operation of weak forces between molecules. It occurs when intermolecular forces are 

responsible for binding the pollutant to the adsorbent surface. These forces usually occur 

as a result of particular geometric and electronic properties of the adsorbent and adsorbate 

(Sawyer et al., 2003; Thommes et al., 2015; Rodriguez-Reinoso et al., 2015). The 

adsorption is dependent on the temperature, pressure, and the nature of the adsorbent and 

adsorbate.  It is characterized by low adsorption activation energies (< 20 kJ mol-1) and 

ease of desorption hence it is a reversible process (Yang et al., 2011).  

https://www.sciencedirect.com/topics/chemical-engineering/phosphoric-acid
https://www.sciencedirect.com/topics/chemical-engineering/zeolite
https://www.sciencedirect.com/topics/materials-science/clinoptilolite
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2.4.2 Chemisorption Mechanism 

Chemisorption is also based on electrostatic forces, but much stronger forces play a major 

role on this process. In chemisorption, the attraction between adsorbent and adsorbate is 

due to a covalent bond or electrostatic forces among atoms (Sawyer et al., 2003). It involves 

the exchange of electrons between the adsorbent surface and the adsorbent resulting in the 

formation of chemical bonds (Sharma et al., 2016). It is mostly characterized by the 

enthalpy of the system being endothermic as energy is used up during the formation of new 

chemical bonds.  

It requires more energy than physisorption and is characterized by high adsorption 

activation energies (40  to 800 kJ mol-1) (Cantu et al., 2014). Ion exchange may also be 

responsible for some chemical adsorption processes whereby the ions present on the 

adsorbent surface are replaced by ions from the adsorbate. This process is characterized by 

intermediate adsorption energies (20 to 40 kJ mol-1(Cantu et al., 2014). Adsorption free 

energy (E) is another distinguishing factor for the type of adsorption and is classified as E 

< 8 kJ mol-1 (physisorption), 8 > E < 20 kJ mol-1 (chemical ion exchange), and E > 20 kJ 

mol-1 (chemisorption). 

2.5 Adsorption Isotherm Modelling 

Adsorption data is modelled to determine the optimum parameters for adsorption and 

determine the nature of binding between the adsorbent and the adsorbate. The evaluation 

of adsorption efficiency using isotherm, kinetic models, and thermodynamic parameters is 

very effective in predicting the adsorption mechanism (Fallah et al., 2019). 
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2.5.1 Thermodynamic Modelling 

Thermodynamic modelling of adsorption data provides information about the type and 

mechanism of adsorption (Alnajrani & Alsager, 2020; Qu et al., 2020).To calculate 

adsorption parameters, isotherm models are applied and used to evaluate the adsorption 

data. The conventional adsorption isotherms are used to determine the relationship between 

the equilibrium adsorption capacity and the equilibrium concentration at a certain 

temperature (Chakraborty et al., 2021). Adsorption isotherms are very useful for 

determining the adsorption capacity and the interactions between adsorbate and adsorbent 

(Alnajrani & Alsager, 2020). The most common isotherms are the Langmuir and 

Freundlich which indicate whether the adsorption is monolayer or multilayer in nature and 

can be used to calculate the maximum adsorption capacity of the adsorbent (Chakraborty 

et al., 2021). 

 Redlich-Peterson and Sips isotherms are three parameter models which are more versatile 

and are often used to confirm homogeneity or heterogeneity of the adsorption system. 

Dubinin-Raduschkevich and Flory-Huggins models are used to determine the mean 

adsorption energy, change in Gibbs free energy, enthalpy and entropy of the system which 

provide information on the adsorption mechanism (Chakraborty et al., 2021; Ouma et al., 

2018). 

2.5.1.1 Langmuir 

The Langmuir model assumes that the adsorbed molecules form a monolayer and that 

adsorption can occur at a fixed number of homogeneous adsorption sites (Meena, et al., 

2005). Moreover, it assumes that every molecule has constant enthalpy and sorption 

activation energy, meaning that all molecules have equal affinity to all adsorption sites 
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(Chakraborty et al., 2021).The non-linear expression is given by equation 2.1 (Almasri et 

al., 2018; Chakraborty et al., 2021; Qu et al., 2020).   

1
m L e

e

L e

q K C
q

K C
=

+
                                                                 (2.1) 

where; 𝑞𝑒  is the adsorption capacity of pollutants at equilibrium (mg g -1), 𝐶𝑒  is the 

concentration of adsorbate at equilibrium (ppm), 𝐾𝐿  is the Langmuir constant (L mg-1) and 𝑞𝑚  is the monolayer adsorption capacity(mg g-1) (Chakraborty et al., 2021; Langmuir, 

1918; Majd et al.,  2021).  

2.5.1.2 Freundlich Adsorption Model 

The Freundlich adsorption model is used to describe the adsorption of pollutants that occur 

on heterogeneous adsorbent surfaces and active sites. It is an empirical equation with little 

theoretical basis used to describe the distribution of solute between solid and aqueous 

phases at a point of saturation (Meena et al., 2005).  

It is used to describe the strength of pollutants adsorption towards the adsorbent surface. 

The basic assumption of Freundlich adsorption model shows an exponential variation in 

site energies of adsorbent (Choy et al., 2004; Khatoon et al., 2013; Pan, et al., 2012). It is 

based on a reversible adsorption process on a heterogeneous surface but it is not restricted 

to monolayer coverage and assumes increasing adsorption with an increase in solution 

concentration (Sheikhi & Rezaei, 2021). The Freundlich isotherm is derived by assuming 

a heterogeneous surface with a non-uniform distribution of heat of adsorption over the 

surface (Odoemelam et al., 2015). It can be expressed by the nonlinear equation 2.2 

(Almasri et al., 2018; Edet & Ifelebuegu, 2020; Mahmoodi et al., 2011).  
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1
n

e F eq K C=                      (2.2) 

where; qe (mg g-1)is the amount adsorbed in terms of equilibrium adsorption capacity, eC

(mg L-1) is the equilibrium concentration of adsorbate, FK  is the Freundlich isotherm 

constant and n  is the adsorption intensity (L g-1) are constants related to adsorption capacity 

and intensity respectively 

2.5.1.3 Temkin Adsorption Model 

The Temkin isotherm explains the nature of adsorption in a heterogeneous system. It 

assumes that the adsorption heat decreases linearly with increasing adsorption capacity. 

The Temkin adsorption model is as shown in equation 2.3. 𝑞𝑒 = 𝐵1𝑙𝑛𝐾𝑇 +  𝐵1𝑙𝑛𝐶𝑒                                                                                                         (2.3) 

where; B1 = RT/b, T is the absolute temperature (K) and R is the universal gas constant 

(8.314 J/mol-1K-1). B1 is a constant related to the heat of adsorption (J/mol), KT is the 

equilibrium binding constant (L/g) corresponding to the maximum binding energy 

(Albadarin et al., 2011; Rupa   et al., 2019) 

2.5.1.4 Redlich-Peterson Model 

Redlich-Peterson (R-P) isotherm model incorporates three parameters into an empirical 

equation. This model is versatile and can be applied to either homogenous or heterogenous 

systems. It has a high concentration dependence with a linear relation in the numerator and 

exponential dependence in the denominator. It is described by equation 2.4  

1
R e

e

R e

K C
q

C 
=

+                    (2.4) 
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where; 
RK (L/mg) is a constant related to adsorption capacity, 

R (L/mg) is a constant 

related to binding site affinity and   is an exponent related to the adsorption intensity 

(Kupeta et al., 2018; Lee et al., 2017).  

When the exponent  =1 the equation reduces to Langmuir isotherm and it approaches 

Freundlich equation at high concentrations (Kupeta et al., 2018). 

2.5.1.5 Sips Adsorption Model 

The Sips isotherm also referred to as Langmuir-Freundlich isotherm, is derived from both 

Langmuir and Freundlich isotherm models (Rostamian and Behnejad, 2016). Sips isotherm 

is described by equation 2.5  

           

1

max
1

1

n
S e

e
n

S e

q K C
q

K C
=

+
           (2.5) 

where; eq (mg g-1), maxq (mg g-1) and eC (mg L-1) are the adsorption capacity at equilibrium, 

maximum adsorption capacity and solution concentration at equilibrium, respectively. SK  

(L mg-1) is the Sips isotherm constant related to the affinity of binding sites and 1/n is the 

heterogeneity index. 

 The heterogeneity factor in this model is used to distinguish between the two isotherm 

models. Heterogeneity values close to 1 indicate a homogenous system while lower values 

indicate a heterogenous system. (Albadarin et al., 2013; Cao et al., 2014; Pakade et al., 

2017). 
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2.5.1.6 Dubinin-Raduschkevich 

Fitting experimental data using the Dubinin-Radushkevich (D-R) model (equation 2.6) 

allows for the calculation of the mean adsorption energy from which the determination of 

either physical or chemical adsorption can be made (Argun et al., 2007). The linear relation 

is given by equation 2.7  

        (2.6) 

        (2.7) 

         (2.8) 

where; eq (mg g-1) is the adsorption capacity at equilibrium, mq  (mg g-1) is the maximum 

adsorption capacity,  (mol-2 kJ-2) is a constant related to adsorption energy and  (eq 2.8) 

is the potential of the surface, R  is the gas constant (8.314 J K-1 Mol-1) and T  (K) is the 

absolute temperature of the system (Almasri et al., 2018).  

2.5.1.7 Flory-Huggins 

The Flory-Huggins (F-H) model is used to calculate the parameters necessary for 

thermodynamic evaluation of an adsorption process. The model is described by equation 

2.9. 

0
log log log(1 )FH FHK n

C
 = + −                  (2.9)  
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where;   is the degree of surface coverage (equation 2.10), 0C (mg L-1) and 
eC (mg L-1) 

are the initial and equilibrium solution concentrations, respectively, 
FHK (L g-1) is  the 

model equilibrium constant and 
FHn  is the model exponent representing the number of ions 

occupying adsorption sites (Nechifor et al., 2015).  

0
(1 )eC

C
 = −                                 (2.10) 

The change in Gibbs free energy ( G )  (kJ mol-1) can be determined using the F-H 

equilibrium constant (
FHK ) (L g-1) (equation 2.11) 

ln FHG RT K =                      (2.11) 

where; R is the gas constant (8.314 Jmol-1K-1) and  (K) is the absolute temperature 

Equation 11 can be applied in the calculation of the change in enthalpy ( H ) (kJ mol-1) 

and change in enthalpy ( S ) (Jmol-1K-1) (equation 2.12). 

  G H T S = −                                                                                                     (2.12) 

2.6 Adsorption Kinetics Models 

Kinetics provide information regarding the mechanism of adsorption that is important for 

the efficiency of the process (Dehbi et al., 2020). It is important to know the rate of 

adsorption in the removal of contaminants from wastewater for design optimization. This 

is because the kinetics of adsorption determines the adsorbate residence time and 

adsorption column dimensions. As a result, predicting the rate at which adsorption takes 

place for a given system is probably the most important factor in adsorption system design 

(Baccar et al., 2010).  

T
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Kinetic studies are generally described by the following stages: (i) External diffusion; 

defined by diffusion of molecules from the bulk phase to the interface, (ii) Internal 

diffusion; Diffusion of molecules inside pores, (iii) Surface diffusion; diffusion of 

molecules on the surface of the adsorbent (Sahoo & Prelot, 2020). These stages are 

important in the determination of the rate limiting step in the adsorption process thereby 

increasing the understanding of the adsorption mechanism. Kinetics studies also aid in the 

determination of physical or chemical adsorption allowing for the comparison of different 

adsorbents used in adsorption of similar pollutants (Agrawal & Singh, 2016).  

To understand adsorption kinetics models such as pseudo-first order, pseudo-second order, 

Elovich and intra-particle diffusion are used to fit the data and the model parameters are 

then used to evaluate the adsorption process (Ho, 2006; Rupa et al., 2019).  

2.6.1 Pseudo-First Order Model 

This model describes adsorption kinetics preceded by the diffusion through a boundary 

layer (Enos   et al., 2010). It assumes that the adsorption rate depends only on the adsorbate 

concentration (Shikuku et al., 2018).  It is given by equation 2.13. 

    1(1 )k t

t eq q e
−= −         (2.13) 

where; tq  (mg g-1) is the adsorption capacity at time t  (min), eq  (mg g-1) is the equilibrium 

adsorption capacity and 1k  (min-1) is the pseudo-first order rate constant.  

2.6.2 Pseudo-Second Order Model 

This model assumes that (i) the rate of reaction is proportional to the number of active sites 

on the adsorbent surface, (ii) the adsorption process occurs in two steps where the first is a 
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fast reaction equilibrating quickly followed by a slow step, (iii) the rate limiting step is a 

chemical process involving the sharing or exchange of electrons between the adsorbate and 

the adsorbent surface (Albadarin et al., 2011; Enos et al., 2018). 

 Pseudo-second order kinetics is described by equation 2.14. 

         

2
2
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k q t
q

k q t
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+                       (2.14) 

where; 2k  (g mg-1 m is the pseudo-second order rate constant and h  (mg g-1 min-1) is the 

initial sorption rate (equation 2.15 

2
2 eh k q=           (2.15) 

A higher initial sorption rate, indicates a higher affinity of the adsorbent for the adsorbate 

(Cheng et al., 2016). 

2.6.3 Elovich Model 

This model describes the variation in chemical adsorption and is based on the assumption 

that the adsorbent surface consists of heterogenous energies and there are no interactions 

between the adsorbed molecules (Elovich, 1962; Han et al., 2016). The model is given by 

equation 2.16. 

        
1

ln(1 )tq t


= +               (2.16) 

where;  (mg g-1 min-1) is the initial rate of chemisorption and   (g mg-1) is the desorption 

constant (Namasivayam & Sureshkumar, 2008). 
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 Activation energy for chemisorption and the extent of surface coverage are also related to 

the constant  . A higher value for   than   is desirable as it indicates viability of the 

adsorption process. 

2.6.4 Intra-Particle Diffusion 

According to the intraparticle diffusion relation, a plot of adsorption capacity versus the 

square root of time yields a straight line if it controls the adsorption process. However, 

intraparticle diffusion is the only rate limiting step if the line passes through the origin 

(Shikuku et al., 2015). A high correlation coefficient for the intra-particle diffusion model 

implies that adsorption occurs in the pores of the adsorbent (Shikuku et al., 2015). The 

model is described by equation 2.17. 

0.5
t idq k t C= +                                                                                     (2.17) 

where; idk (mg g-1 min-0.5) is the intra-particle diffusion rate constant and C  is the 

intercept reflecting the thickness of the boundary layer. 

2.7 Modelling Sorption via Computational Simulations 

Quantum chemical computations have been used to elucidate the adsorption sites where 

molecules are adsorbed on the adsorbents. This can be achieved by determining the 

adsorption isotherms, binding sites, binding energy and identification of the geometrical 

changes that occur on the adsorbent after adsorption (Nakhli et al., 2020). 

It is worth noting that molecular simulations provide theoretical framework which is based 

on statistical mechanics that model the properties of the adsorption process. It provides a 

molecular-level interpretation of thermodynamic quantities like free energy, entropy, heat 

or work (Singh et al., 2022). For example, with molecular simulations one can compute 
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the number of molecules that are adsorbed into a surface pore at a given pressure, detect 

phase transitions or calculate stability 

 Using statistical quantum mechanics, one is able to comprehend and interpret further the 

measurable macroscopic properties of materials in terms of the properties of their 

constituent particles and therefore the interactions that they have with each other. This 

connect the microscopic world of molecular interactions with the macroscopic world of 

collective properties (e.g., pressure, density or free energy) (Ge et al., 2013). This 

connection is made through ensemble averages or time averages as described by classical 

statistical mechanics (Fainerman et al., 2012).  

The molecular mechanics (MM) method, also known as the force-field method, uses the 

classical type of model to predict the energy of a molecule as a function of its conformation. 

It allows the prediction of equilibrium geometry along with its transition states and relative 

energies between and within the molecules (Singh et al., 2022). This method applies 

Newtonian mechanics to predict the minimum static energy structure of a system. Despite 

being able to supply the potential energy for larger molecules, the MM method is not 

appropriate for bond breaking reactions (Massobrio & Blandin, 1996).  

Another important technique in molecular simulation is Molecular Dynamics (MD). The 

idea behind MD is to generate a representative trajectory of the system over time 

(Massobrio & Blandin, 1996). To do so, calculation of forces between the atoms explicitly 

and calculates how the system evolves in time using Newton’s equations of motion. At 

each time step, the forces on the atoms are calculated and combined with their current 

positions and velocities to create new positions and velocities. The atoms are moved to 

their new positions, the forces updated and a new cycle begins (Singh et al., 2022). These 
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dynamically generated states are averaged in time to determine the system properties. A 

simulation must be carried out for a large number of time-steps to obtain reliable averages. 

The starting conditions are the positions and the velocities of the constituent atoms. The 

velocities can be generated from a previous run or by using random numbers and later 

scaled to the desired temperature (Singh et al., 2022). The Maxwell-Boltzmann distribution 

is rapidly reached by molecular collisions typically within a few hundred-time steps. In the 

context of adsorption of pollutants on mesoporous materials, MD simulations can be used 

to study the adsorption process at the molecular level and to understand the mechanisms 

that control it (Bukowski et al., 2021). Mesoporous materials are materials like zeolites 

with pores of intermediate size (2-50 nm) and high surface area, which makes them ideal 

for use in adsorption applications. By studying the adsorption of pollutants on mesoporous 

materials using MD simulations, insights into the factors that affect the adsorption process 

are gained, such as the size and shape of the pores, the chemical composition of the 

material, and the nature of the pollutant molecules. One potential application of MD 

simulations in this context is the design of more efficient mesoporous materials for 

pollutant removal. By simulating the adsorption process on a range of different materials 

and under different conditions, the optimal material properties and conditions for efficient 

pollutant removal are identified. Another potential application of MD simulations is the 

prediction of the adsorption capacity of mesoporous materials for different pollutants. By 

simulating the adsorption of different pollutant molecules on a given mesoporous material, 

the maximum amount of pollutant that can be adsorbed under different conditions are 

determined. Overall, MD simulations can provide valuable insights into the adsorption of 
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pollutants on mesoporous materials and help in the development of more efficient and 

effective strategies for pollution alleviation (Zeng et al., 2022) . 

MD simulations show various aspects that affect the adsorption process, such as the 

electrostatic interaction, binding energy, Gibbs free energy, adsorption energy and loading 

value. The binding energy affects the molecule’s structural stability, whereby the negative 

value of the binding energy shows that the structure is stable.  Studies have shown that the 

higher the adsorption energy, the more the adsorption capacity of the adsorbent and hence 

the better the adsorbent (Sholl, 2006).  

Gibbs free energy help in understanding the adsorption process by indicating the 

thermodynamic feasible interaction of the adsorbent with sorbate (Sholl, 2006). A negative 

value of Gibbs free energy indicates a spontaneous reaction, which demonstrates feasibility 

of the adsorbent to adsorb the pollutant and vice versa.  

While molecular simulation has evolved over time, driven by the rapid increase of raw 

computing power, the invention of clever algorithms, and the development of efficient and 

user-friendly software packages, it is still some distance away from the grand. It may not 

be possible to understand and accurately predict emergent phenomena all the way from the 

atomistic to the macroscopic scale. For instance, the precise prediction of phase diagrams 

of materials from first principles is often out of reach of current capabilities and so is the 

simulation of many biomolecular processes (Bukowski et al., 2021).  

Molecular simulation methods play an important role in the study of the behavior of 

microscopic and macroscopic processes. A well-designed computer simulation can predict 

thermodynamic properties and can be a substitute for experiments (Salahshoori et al., 

2023). Molecular simulation can also provide data that is inaccessible through 



 

65 
 

experimental methods or when the experiment has components that are too dangerous or 

too expensive (Bukowski et al., 2021). At the same time, they offer the possibility to create 

hypothetical scenarios and to test theories. Computer simulations can also help to provide 

a molecular understanding of why the observed events occur.  

  Simulation applications can be used to model and optimize the performance of zeolites in 

water purification. For example, molecular dynamics simulations can be used to study the 

adsorption behavior of water molecules and contaminants on zeolite surfaces at the atomic 

level. This information can then be used to design more efficient and effective zeolite 

structures for water purification applications.  

Computational fluid dynamics (CFD) simulations can also be used to model the flow of 

water through zeolite beds and to optimize the design of zeolite water purification systems. 

CFD simulations can help predict the flow patterns, pressure drop, and residence time 

distribution of water in zeolite beds, which can be used to optimize the design of zeolite-

based water treatment systems for maximum efficiency. In addition, simulations can be 

used to study the impact of different operating conditions on the performance of zeolite 

water purification systems. For example, they can be used to study the effect of 

temperature, pH, and flow rate on the adsorption capacity and selectivity of zeolites. 

Overally, simulation applications can play an important role in the design and optimization 

of zeolite water purification systems, helping to improve the efficiency and effectiveness 

of these systems for providing safe and clean water.  

2.8 Laboratory Based Adsorption Studies   

The laboratory-based adsorption studies can be classified into two; batch and continuous 

system. A batch system involves the agitation of the adsorbent and adsorbate mixture for a 



 

66 
 

specific period of time without a continuous inflow and outflow. A particular weight of the 

adsorbent is used with a specific volume of the contaminated water. After agitation, the 

residual concentration is then quantified, and the adsorbent material is regenerated for 

subsequent use. This system is mostly employed in the treatment of a small volume of 

contaminants (Thommes et al., 2015). 

On the other hand, continuous flow system does not involve the agitation of the adsorbent 

and adsorbate mixture. A particular weight of the adsorbent is packed into a column, and 

the fluid containing the contaminant is run continuously through it. In this system, there is 

room for varying the flow rate of the fluid.  The spent adsorbent can also be regenerated 

for subsequent use. It can be applied in the treatment of a large volume of wastewater. The 

types of continuous flow system include: fixed bed adsorption system, fluidized bed 

adsorption system and moving bed adsorption system (Thommes et al., 2015).  

2.8.1 Factors Affecting Adsorption 

The adsorption of pollutants onto the adsorbent is affected by several factors as discussed 
below. 

2.8.1.1 Contact Time 

Adsorption in the initial step occurs at a rapid rate where their capacities exhibit a quick 

rise at the start of the experiment as a result of large surface area and large amount of 

unoccupied adsorption active sites of the adsorbent. Also, with the duration of adsorption 

process, the active sites which were available turn saturated ultimately reaching an 

equilibrium state (Han et al., 2022). 

2.8.1.2 Solution pH 

Solution pH is an important factor affecting adsorption especially in ionic based systems 

since adsorption efficiency of these systems is highly dependent on solution pH (Pan et al., 



 

67 
 

2012).  Metal oxidation states as well as adsorbent surface functional group ionization are 

pH dependent and therefore affect the adsorption of the pollutants. Surface groups are 

either protonated or deprotonated depending on the solution pH (Singh et al., 2016). Also, 

extremely low pH indicates a higher concentration of H+ free ions in the solution, in the 

ion exchange action of the zeolite, improving the clash among the H ions and the metal 

getting adsorbed, causing their damage due to competition between the chemical species 

and metal to be adsorbed, which decreases the rate of adsorption.  

2.8.1.3 Adsorbent Mass 

The mass of adsorbent used plays an important role on the amount of pollutant adsorbed. 

It affects the number active sites on the surface and the available surface area. Generally, 

an increase in adsorbent mass results in an increase in the adsorption to a certain limit, 

beyond which, adsorption may remain unaffected or even reduce if there is an interference 

due to hindered mass transfer due to altered solution viscosity (Adeli et al., 2017).  

2.8.1.4 Adsorbate Concentration 

Increasing the adsorbate concentration generally increases the competition for available 

adsorption sites. This increases the concentration gradient between the adsorbent surface 

and the adsorbate solution resulting in increased adsorption capacities (Ouma et al., 2018). 

2.8.1.5 Temperature 

When using zeolites for adsorption, temperature is also a significant factor. The 

temperature causes the ions to become more mobile and encourages the zeolite's crystalline 

structure to expand, both of which raise the adsorption rate (Somashekara & Mulky, 2023). 

A rise in the temperature leads to a rise in the removal strength, which supports the point 

that the elimination methods were impulsive, attainable, and endothermic in nature, and 
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can be further stated by the active sites of adsorbent available in addition to the expansion 

of the pores and surface area at elevated temperatures. With respect to the thermodynamic 

properties and their temperature-related behavior, suggests that the adsorption reaction is 

enhanced by decreasing temperature, while the desorption reaction can be favored by 

increasing the temperature (Raza et al., 2021). 

2.8.2 Methods of Characterizing of Adsorbents  

The characterization of adsorbent materials is crucial in understanding their properties and 

their application in adsorption of pollutants. Specific techniques are used to analyze 

morphology, particle size, structures of the materials, physical and chemical properties of 

the adsorbent. Commonly used instrumental techniques for characterization of adsorbent 

are discussed below. 

2.8.2.1 Energy Dispersive X-ray Spectroscopy  

Energy Dispersive X-ray Spectroscopy (EDX) is a technique used for the elemental 

analysis of materials. It works by measuring the energy of X-rays emitted by a sample 

when it is bombarded with high-energy electrons or X-rays. When the X-rays interact with 

the sample, they cause the electrons in the sample to be excited and jump to higher energy 

levels. As these electrons return to their original energy levels, they emit X-rays of 

characteristic energies, which can be detected and used to identify the elements present in 

the sample. EDX analyses provide information about the relative abundance of elements 

present in the sample, as well as their distribution within the material. This information can 

be used to identify the types of elements present in the adsorbent, as well as any impurities 

or contaminants that may be present. In addition to elemental analysis, it can also be used 

to perform mapping and line scans of the sample. Mapping involves collecting data on the 
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elemental composition of the sample over a defined area, while line scans involve 

collecting data along a specific line on the sample surface (Von-Kiti, 2012). 

2.8.2.2 Powder X-ray Diffraction (PXRD) 

Powder X-ray Diffraction (PXRD) is a technique used to analyze the structure of crystalline 

materials. It involves illuminating a beam of X-rays onto a powdered sample and 

measuring the resulting diffraction pattern. When the X-rays hit the sample, they interact 

with the electrons in the material, causing them to diffract in different directions.  

This diffraction pattern is then captured by a detector and analyzed to determine the 

crystallinity of the sample. PXRD can be used to determine crystal structure, and 

investigate the purity and quality of adsorbents. XRD is a non-destructive technique that 

requires extremely little amounts of sample. Due to the random orientation of the material, 

all potential diffraction directions for the lattice can be found by scanning the range of 

samples, the range of 2ɵ angles. Because each material has a unique set of d-spacings, 

converting the diffraction peak to d-spacings enables for sample identification. This is often 

accomplished by comparing the d-spacing to the usual reference pattern (Von-Kiti, 2012). 

2.8.2.3 Scanning Electron Microscopy  

Scanning electron microscopy (SEM) is used to detect and analyse the surface structures 

of the sample of interest. The electron gun generates a beam of electrons down the column. 

The generated electrons are then accelerated down a vacuum column. The beam of 

electrons is then directed to the electromagnetic lenses which are wrapped with solenoid. 

Beam of electrons are then focused onto the stage where the sample is placed. The 

interaction between the incident beam and the surface of the sample is determined by the 

acceleration rate of the incident electrons. Upon the incident electrons coming into contact 
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with the sample, energetic electrons are released from the sample surface (Von-Kiti, 2012). 

This then leads to the formation of the scattering patterns which gives information on the 

external morphology (texture), chemical composition, crystalline structure and orientation 

of materials making up the sample (Manjunatha et al., 2019). 

2.8.2.4 Fourier Transform Infrared (FTIR) Spectroscopy  

 FTIR spectroscopy provide information on fundamental vibrations of characteristic 

functional groups present in an adsorbent. Analysis by IR spectroscopy is limited to 

energies between 4000 – 400 cm -1 to some extent the far IR region of electromagnetic 

spectrum (Kuehl, 2021).  

The analysis by FTIR spectroscopy is limited to molecules having permanent dipole 

moments or phonons in crystalline materials. The FTIR spectrum is collected as absorbance 

or the percent transmittance of light as a function of wavelength or often its inverse, the 

wavenumber, cm-1 is usually used (Younis et al., 2021). Quantitatively, the amount of 

energy absorbed at a given frequency depends on both molecular concentration and 

molecular structure. FTIR is used to identify functional groups in the sample. Data 

interpretation of characteristic bands is a simple correlation and reference to charts of 

characteristic group frequencies (Asiedu, 2016). 

 

 

 

 

 



 

71 
 

CHAPTER THREE 

MATERIALS AND METHODS 

3.1 Computational methods 

Objective 1; To evaluate the adsorption of Pb2+, Cd2+, NO3
- and PO4

3- onto zeolite 

frameworks using computation simulations 

Methodology; The structures of the zeolites were taken from the International Zeolite 

Association (IZA) structure database (Baerlocher, 2008). The structures of the selected 

ions were obtained from Pubchem. Prior to sorption simulation the structures of the ions 

and zeolites were optimized by Dmol3 and Forcite, respectively. To study adsorption, 

grand-canonical Monte Carlo (GCMC) simulations were performed using the continuous 

fractional component algorithm (CFCMC) (Shi & Maginn, 2007). In the grand-canonical 

ensemble, the chemical potential, volume and temperature were fixed. Fugacity 

coefficients were assumed to be 1. Each point on the adsorption isotherm was obtained by 

running 5 ×105 production cycles preceded by 5×104 equilibration cycles. The IRASPA 

software was used to quantify the characteristic features of  Machine learning via Boruta 

Algorithm, (Kursa & Rudnicki, 2010) embedded in R software (Team, 2017) environment 

for statistical computing, was used to gain more chemical insights into loading capacity of 

selected ion onto the zeolites by ranking and analysing the importance of calculated 

parameters (density, mass, helium void fraction, accessible pore volume, gravimetric 

surface area, dimensionality of the pore system). The algorithm was implemented as 

wrapper algorithm around random forest classification which helps to out all relevant 

variables (Kursa & Rudnicki, 2010). 
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Objective 2; To evaluate the adsorption of halogenated pharmaceuticals (diclofenac, 

ciprofloxacin and chloramphenicol) and pesticides (diuron, chlorpyrifos and imidacloprid) 

onto zeolite frameworks using computation simulations 

Methodology; Material Studio 17.0 software was used for the molecular simulations. The 

structures of the zeolites were obtained from the IZA structure (Baerlocher, 2008). The 

molecular structures of selected pesticides and pharmaceuticals were obtained from  

PubChem database ( Kim et al., 2019). The structures were then loaded into the DS Biovia 

Materials Studio 2017 software (Dassault Systemes BIOVIA, Release 2017). Geometry 

optimization and frontier molecular orbital analyses of the selected pesticides and 

pharmaceuticals was done using first-principles DMol3 method (Delley, 1990) while the 

zeolites were optimized using forcite force field. The generalized gradient approximation 

(GGA) with the PDW exchange-correlation functional and the double-numerical basis set 

were used for adsorption in different levels of theory (Delley, 1990).Visualization of the 

HOMO, LUMO and energy gap were done with CHEM CRAFT program version 1.5. All 

the calculations were done at density functional theory (DFT) using the Gaussian 09W 

suite of the programs. To study adsorption, grand-canonical Monte Carlo (GCMC) 

simulations were performed using the continuous fractional component algorithm 

(CFCMC) (Shi & Maginn, 2007). In the grand-canonical ensemble, the chemical potential, 

volume and temperature were fixed. Fugacity coefficients were set at 1. Each point on the 

adsorption isotherm was obtained by running 5 ×105 production cycles preceded by 5×104 

equilibration cycles. Finally, Natural bond orbital (NBO) calculation for the investigation 

of the stabilization energy was conducted with the help of the NBO 3.1 module entrenched 

in Gaussian (Frisch et al., 2009). The quantum theory of atoms-in-molecules (QTAIM) 
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investigations and all other wave function analyses were conducted by Multiwfn 3.7 dev 

(Chen, 2012). 

3.2 Experimental methods 

3.2.1 Chemicals and reagents. 

High purity standards of heavy metal salts (Pb(NO3)2 (≥99.95%) and Cd(NO3)2 (99.9%), 

anions (KNO3 and KH2PO4), halogenated pesticides (chlorpyrifos and imidacloprid) and 

pharmaceuticals (diclofenac, chloramphenicol and ciprofloxacin), NaOH, HCl, NaCl were 

supplied by Merck Ltd through Kobian Kenya.  Analytical grade and high-performance 

liquid chromatography (HPLC) grade solvents for extraction and analysis were purchased 

from Fluka Chemicals. Other expendable materials such as solid phase extraction 

cartridges and nylon microfilters were also purchased from Merck Ltd. All stock solutions 

were prepared using HPLC-grade solvents.   

3.2.2 Preparation of the Heulandite zeolite 

The natural heulandite (HEU) zeolite was obtained from Pratley mining company, South 

Africa. The zeolite was then ground and sieved using a 200 µm mesh sieve. It was then 

washed with deionized water and oven-dried at 100 ℃ for 24 h. No additional treatment 

was done prior to characterization and adsorption studies.  

3.2.3 Characterization of HEU zeolite 

The HEU zeolite was characterized by the following instrumental techniques; Energy 

dispersive X-ray spectroscopy (EDX) (Shimadzu EDX-800HS) for chemical composition, 

powder X-ray diffraction (XRD) (Rigaku Model-MiniFlex 600) for surface morphology, 

and Fourier transform infrared spectroscopy (FTIR) (Nicolet 6700 FT-IR) for functional 



 

74 
 

groups and scanning electron microscopy (SEM) (FEI Nova Nano SEM 230) for the 

morphological analyses. 

For the EDX analyses, 2.0 g of dry powder sample was placed into a plastic cuvette and 

placed into the energy dispersive spectrometer.  

For XRD (Rigaku Model-MiniFlex 600) analyses, the ground zeolite was placed in sample 

holder and the crystalline phases were evaluated using Phillips X-ray diffractometer with 

Cu-Kα radiation. The XRD operating conditions as given in Table 3.1.  

Table 3. 1: The XRD operating parameters 

 

Radiation Wavelength  104 

Range 1.54 < ɵ <800 
Time constant (s) 1 

Presets (counts/s) 1000 

Voltage  40 

Current  25° 

2θ range 4° 

2θ /step 0.1° 

Anti-scatter 4° 

 

Identification of phases present in the zeolites was performed by searching and matching 

obtained spectra with powder diffraction files from the data base with the help of the Joint 

committee of powder diffraction standards files for inorganic compounds. Data evaluation 

was done using EVA software from BRUKER (PDF database 1999). The patterns were 
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collected and phase identification was done using X’Pert High Score software containing 

ICDD (International Centre for Diffraction Data) files for comparison. 

For the SEM analyses, this was done using (FEI Nova Nano SEM 230) instrument at 

varying magnifications, with a field emission gun to analyse particle size of heulandite 

zeolite. A small amount of the sample was sprinkled onto a 12 mm aluminum SEM stub 

covered with carbon glue to make their surfaces conductive. The excess sample was blown 

off with compressed air, and the samples were carbon coated before being loaded into the 

SEM equipment. The loaded sample was then imaged using a high-resolution immersion 

lens. On the other hand, the FTIR (Nicolet 6700 FT-IR) was used.  The spectra were 

recorded using a horizontal plate crystal cell at room temperature. The sample was placed 

on the crystal cell, which was mounted on the FT-IR spectrometer with a pressure of 50 

MPa, for the spectra analysis. The IR measurements were recorded between (400 – 4000 

cm-1) wavenumber and conducted by exposure of the crystal cell containing the heulandite 

zeolite at 750 K for 2 hours, and the automated signals collected.  

3.3 Adsorption studies  

3.3.1 Stock solutions 

0.159 g of Pb(NO3)2 and 0.274 g of Cd(NO3)2 were used to prepare of 1000 mg/L stock 

solutions of lead and cadmium respectively.  1.805 g and 1.094 of KNO3 and KH2PO4 were 

used to prepare 250 mg/L stock solution of NO3
- and PO4

3-, respectively. Lastly, 0.1 g of 

pharmaceuticals (diclofenac, ciprofloxacin and chloramphenicol) and pesticides 

(imidacloprid and chlorpyrifos) standards were used to prepare 100 mg/L stock solution. 

For environmental water samples analysis stock solutions were prepared by dissolving 

accurately weighted standards in methanol to make 5 mg/L concentration. These stock 

solutions were refrigerated at – 4 °C, awaiting further analysis. 
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3.3.2 Effects of operating parameters on adsorption   

3.3.2.1 Contact time 

The contact time was varied while the other factors were maintained constant. For lead (II) 

and cadmium (II) ions, 10 and 1.5 mg/L solutions were prepared in 100 and 50 mL 

volumetric flasks, respectively. 1.0 g of heulandite zeolite was added to each solution 

containing Pb2+ and Cd2+ ions. The solutions of heavy metals were then agitated on an 

orbital shaker at 150 rpm and aliquots of the filtrate drawn from the flasks after 

predetermined interval of 0, 30, 60, 90, 120, 150, 180, 210 and 240 min. While, 0.1 g of 

heulandite was added to 4 mg/L of the anions and pesticides in 100 mL were drawn after 

15, 30, 45, 60, 75, 90, and 120 minutes. Lastly, for the diclofenac, ciprofloxacin and 

chloramphenicol, 1.0 g of HEU zeolite was equilibrated with 100 ml of the of 10 mg/L at 

25 oC during internal between 0 to 180 minutes. The resultant solutions were filtered then 

subjected to AAS and UV-VIS measurements for selected heavy metals and anion 

determination, respectively.  

3.3.2.2 Effect of initial solution concentration  

The concentration of analytes was varied while the other factors were maintained constant. 

1.0 g of zeolite was dispersed into flasks with 50 mL of various concentrations at 25 oC and 

a contact time of 60 minutes.   The concentration of Pb2+ were 5, 10, 20, 30 and 40 mg/L 

and the incase of Cd2+ the concentration were 1, 1.5, 2, 2.5, 3 and 4 mg/L. For the selected 

anions and pesticides, the concentrations were (2, 2.5, 3, 4,5 and 6 ppm) and 

pharmaceuticals concentrations were 5, 10, 15, 20, 30 and 40 mg/L. After equilibration 

time, the residual compounds were analyzed using AAS (heavy metals) and UV-Visible 

spectrophotometer (selected anions and halogenated pesticides and pharmaceuticals). The 
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equilibrium concentrations were used to determine the adsorption isothermal 

characteristics of the adsorption process. The obtained experimental data was fitted to non-

linearized Langmuir, Freundlich Sips and Peterson adsorption isotherm models. 

3.3.2.3 Effect of adsorbent dosage  

The adsorbent dosage was varied while the other factors were maintained constant at their 

best levels.  50 and 10mL aliquots solutions having initial concentration of 10 and 1.5 mg/L 

of Pb2+ and Cd2+ solutions, respectively were placed in conical flasks. Varying amount of 

(0.3, 0.5, 0.8, 1.0, 1.5 and 2.0 g) of the heulandite was added to each set of the conical 

flasks and agitated (150 rpm) for 60 minutes with orbital shaker.  The adsorbent dosage 

(0.5, 0.8, 1.0, 1.5, 2.0 and 2.5 g) with 100 mL of 4 mg/L solution were used for anions 

(PO4
3- and NO3

-) and for the pesticides (imidacloprid and chlorpyrifos) the adsorbent dose 

ranged from 0.05 to 0.2 g in 10 mL of the solution. For the pharmaceuticals (diclofenac, 

ciprofloxacin and chloramphenicol), the adsorbent dose were 0.5, 0.8, 1.0, 1.5 2.0 and 2.5 

g. After shaking, the solution, was separated from the adsorbent using filter papers. The 

concentration of analyte in the supernatant was determined using AAS for heavy metals 

and UV-Visible spectrophotometer for other pollutants 

3.3.2.4 Effect of temperature 

Temperature was varied incrementally from (25 oC, - 75 oC) while the other factors were 

maintained constant. 1.0 g of heulandite zeolite was added into 100 mL of 4 ppm of PO4
3- 

and NO3
- solutions, respectively. 0.1 g of HEU zeolite was added into 10 mL of 4 ppm of 

imidacloprid and chlorpyrifos solutions.   Then the contents were shaken at speed of 150 

rpm.After equilibrations time the residual contaminants amounts of each anion and 

pesticides were analyzed by UV-VIS spectrophotometry. The equilibrium concentrations 
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were used to determine the thermodynamic functions and feasibility of the adsorption 

process. All experiments were performed in triplicates. 

3.3.3 Removal of pesticides and pharmaceuticals residues from wastewater using 

Heulandite 

This section involves collection, sampling, extraction, analysis and removal of the selected 

halogenated pharmaceuticals and pesticides from wastewater samples using HEU.  

3.3.3.1 Sample collection for halogenated pharmaceuticals and pesticides 

The wastewater samples for the halogenated pharmaceuticals and pesticides were collected 

from Kisumu and Juja wastewater treatment plants, respectively in triplicate into pre-

cleaned amber glass bottles which were then tightly covered and preserved in an icebox to 

limit microbial activities (Ouma et al., 2021). Prior to the sample collection, the sampling 

bottles were rinsed with the waste water to be sampled. In the laboratory, the samples were 

spiked with 5mL formaldehyde and stored in a refrigerator at - 4 oC and analyzed within 

48 hours.  

3.3.3.2 Sample extraction for pharmaceuticals and pesticides 

The analyte was extracted from wastewater following the method described by Ouma et 

al., (2021) with slight modifications. The samples were thoroughly mixed by shaking and 

then allowed to settle before extraction. 100 mL aliquots were then filtered through 0.45 

µm glass microfiber filters to remove suspended particles and particulate debris. The 

filtered effluent samples were then extracted using 5 mL Oasis HLB (200 mg) SPE 

cartridges.  The SPE cartridges were first activated and conditioned with 3 mL methanol 

and 3 mL water at a flow rate of approximately 3 mL min-1. Elution was performed with 3 

mL methanol. The eluents were evaporated to dryness under a gentle stream of nitrogen. 
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The sample were reconstituted to 0.5 mL methanol. All the analyses were carried out in 

triplicate (Gawad et al., 2022). The supernatant was filtered using a 0.22-micron syringe 

filter into an auto-sampler vials and the clean sample was the prior to analysis with LC-

MS/MS. 

3.3.4 Adsorption studies for wastewater sample using Heulandite zeolite 

The adsorption studies were carried in triplicates using 100 ml of the waste water and 1.0 

g of the HEU zeolite for 60 minutes at 150 rpm. The samples were then filtered to remove 

the adsorbent then followed by extraction using SPE catridges (supra) and analyzed using 

LC-MS/MS. The amounts of analytes adsorbed were determined from the initial and final 

concentrations of the pollutant in solution. The percent (%) removal was then done to 

establish the effectiveness of HEU zeolite in the removal of analytes from wastewater 

samples. 

3.5 Instrumental analyses 

3.5.1 AAS analysis  

The heavy metal ions concentration in solution were determined by atomic adsorption 

spectrophotometry (Shimadzu AA-7000 Series). The ions were aspirated into the 

spectrophotometer, then the ions present in solution were ionized in an air and acetylene 

flame environment until a corresponding concentration was recorded (Outa et al., 2020). 

The wavelengths and slit widths were varied to suit the optimum working range required 

for the particular metal ion. Before every run, the equipment was calibrated using known 

high grade standard solutions and the appropriate lamp until a curve was obtained, which 

was in agreement with the calibration curves in the AAS working manual. Pb2+ and Cd2+ 

were analyzed at this wavelength of 283.3 and 228.8 nm, respectively. 
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3.5.2 Ultraviolet Visible Spectrophotometric analysis  

Shimadzu UV-800 series Spectrophotometer was used to analyze the residual 

concentration of selected anions and halogenated organic pollutants during adsorption 

studies. The anions (PO4
3- and NO3

-) residual concentration were determined at wavelength 

of 214 and 880 nm, respectively. On the other hand, imidacloprid and chlorpyrifos were 

determined at wavelength of 270 and 250 nm, respectively. The λmax used were 275, 278 

and 280 nm for diclofenac, ciprofloxacin and chloramphenicol, respectively. Quartz single 

cuvettes were used and deionized water were used as a blank during the analyses.  

3.5.3 LC-MS/MS analysis  

Agilent HP1100 LC-MS/MS was used to determine the concentrations of pharmaceuticals 

and pesticides from water samples obtained from the WWTPs as well as the residual levels 

of the organic pollutants in the real water samples after adsorption studies. The operating 

conditions was as follows; a quaternary LC pump coupled to a waters Quattro Ultima- MS 

system. The system was operated using Masslynx Version 4.1 software. The separation 

was conducted on EVO C18 column (100 mm × 3.0 mm, 5µm particle size and 100 A0). 

The mobile phase consisted of ultrapure water (solvent A) and methanol acidified (solvent 

B), both containing 0.1 % (v/v) formic acid. The mass spectrometric detection was operated 

in the multiple reactions monitoring (MRM) mode and performed in the positive 

electrospray ionization mode (Ouma et al., 2019). The collusion and desolvation gases 

were argon and nitrogen, respectively. The flow rate was held constant at 1 mL/min the 

injection volume was 20.0 μL and data was acquired in a full-scan positive-ion mode using 

a 100 to 1500 m/z scan range. The time for each ion was 50 ms. Other parameters of the 

mass spectrometer were as follows: capillary voltage, 3.0 kV; cone voltage, 70 V; extract 
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voltage, 5 V; RF voltage, 0.5 V; source temperature, 100 ºC; nitrogen gas temperature for 

desolvation, 350 ºC; and gas flowrate at 700 L/h. After this, the full scan MS mode was 

used to record the product ion. For each standard, both the negative and positive 

electrospray ionization modes were tested. 

3.6 Quality Control and Assurance  

In the computational experiments different forcefield such as Universal, Dreiding, were 

evaluated and the best forcefields was used in the computational analyses. The structure of 

different zeolite and pollutants (heavy metals, anions and halogenated pesticides and 

pharmaceuticals) were optimized by Forcite and Dmol3 which are embedded in Material 

Studio software. For the laboratory experiments, each study was conducted in triplicate.  

For quality control in AAS, UV-Vis Spectrophotometry analyses, analytical blanks and a 

sample with known concentrations of selected pollutants were prepared and analyzed. The 

linearity was measured by standard solutions of different concentrations.  

For LC-MS/MS, the external standards calibration was used for quantification. The 

calibration curves were obtained by preparing individual standards using black solvents. 

The linearity of the calibration was evaluated based on coefficients of determination(R2) 

of the calibration curves. In all the cases, R2 was greater than 0.99. The precision of the 

LC-MS\MS methods for pesticides and pharmaceuticals analyte investigated was 

determined by analyzing all the samples in triplicates. 

With each set of samples to be analyzed, a solvent blank and a standard was run in sequence 

to check for background contamination, peak identification and quantification. In addition, 

internal standards for pesticides (imidacloprid, chlorpyrifos) and pharmaceutical 

ciprofloxacin were added to all the samples to monitor matrix effects and recoveries. Limit 
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of detection (LOD) and limit of quantitation (LOQ) were calculated based on the standard 

deviation of the response and slope of the calibration curve plots. 

3.7 Data analysis 

Data processing and analysis was done using Microsoft Excel program and OriginPro 

software 2018. 
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CHAPTER FOUR 

 RESULTS AND DISCUSSION 

4.1 The computational studies on the adsorption of Pb2+ and Cd2+ onto zeolites 

In this work, the adsorption of Pb2+ and Cd2+ onto 242 zeolites has been investigated by 

employing molecular simulations, where the role of pores, topology and chemical 

characteristics in the sorption of the two heavy metal ions has been examined. For the 242 

zeolite structures, data showing loading capacity, adsorption isotherms and sorption fields 

was generated. Machine learning algorithm (boruta package) was employed to rank how 

and to what extent each of the parameter (total energy, pore size, and average volume) 

influence the loading capacity of the selected heavy metal ions onto the zeolite framework. 

For detailed methodology of this section, refer, to subsection 3.1  

4.1.1 Results 

The IZA structure database (Baerlocher, 2008) contains around 242 zeolite structures that 

have been discovered in nature or synthesized in the laboratory. The domains of these 

structures are characterized by several structural features such as the framework density, 

topological density, ring size, channel dimensionality, pore size, total volume, accessible 

volume and the type of composite building unit.  

Material studio has various forcefields embedded in it such as universal, dreiding, compass 

and the consistent-valence forcefield (CVFF) (Dassault et al., 2017). Universal forcefield 

has full coverage of the periodic table. Universal forcefield is accurate for predicting 

geometries and conformational energy differences of organic molecules, main-group 

inorganics, and metal complexes. It is recommended for organometallic systems and other 

systems for which other forcefields do not have parameters (Golchoobi & Pahlavanzadeh, 
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2017). The dreiding forcefield has good coverage for organic, biological and main-group 

inorganic molecules. It is only moderately accurate for geometries, conformational 

energies, intermolecular binding energies and crystal packing (Mayo et al., 1990). On the 

other hand, the consistent-valence forcefield (cvff) parameters are provided for amino 

acids, water, and a variety of other functional groups (Ritschl et al., 2002).  The Compass 

forcefield has broad coverage in covalent molecules including most common organics, 

small inorganic molecules, and polymers. Compass is able to predict various solid-state 

properties: unit cell structures, lattice energies, elastic constants, and vibrational 

frequencies. The combination of parameters for organics and inorganics makes it possible 

the study of interfacial and mixed systems. In this study, the results of the different 

forcefield were as shown in Figure 4.1. In agreement with Golchoobi and Pahlavanzadeh, 

(2017), it was found that the universal forcefield fit the systems used in this study.  

 

Figure 4. 1: Loading of Pb2+ and Cd2+ onto CLO in terms of force fields 

Although there are such a variety of zeolites with different microporous systems, the zeolite 

with optimal structure can find utilization in adsorption applications. Table 4.1 shows the 

best performing zeolites among the 242 zeolites, in terms of loading of Pb2+ and Cd2+ ions 

verses pore size, and structure (Appendix Table 1) 
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Table 4. 1: The best performing zeolites among the 242 zeolites, in terms of loading verses pore size and structure  

Code Structure Mass 
of 
zeolite 
(g) 

Pore 
size 
(A0) 

Accessi
ble 
volume 
% 

Loadin
g 
Pb2+ 
 

Percent 
weight (% 
wt) – Pb2+ 

Total 
 Energy 
Pb2+ 

kcal/mol 

Load
ing 
Cd2+ 

Percent 
weight 
(% wt) – 
Cd2+ 

Total 
 Energy 
Cd2+ 

(kcal/mol) 
TSC Cubic 23072 16.45 27.85 231 78.64 -2000.6 67 24.71 -198.6 

CLO Cubic 11728 15.72 33.76 728 92.78 -4807.2 216 66.82 -1902.3 

PAU Cubic 40377 10.48 12.39 247 55.88 -2897.1 196 35.42 -605.6 

FAU Cubic 11536 11.24 27.42 128 69.67 -1062.2 32 23.86 -77.66 

MWF Cubic 86521 10.64 11.44 464 51.28 -5573.5 441 36.55 1530.3 

LTN Cubic 46144 10.13 0 170 43.27 -3047.4 180 30.59 -651.4 

ITV Cubic 11792   9.32 37.82 146 71.92 -987.1 16 13.29 -86.5 

DFO Hexagonal 7932 11.29 22.01 111 74.34 -974.3 33 31.98 -76.18 

LTA Cubic 1442 11.05 21.43 102 93.60 -1005.4 3 74.86 -92.91 

SBE Tetragonal 7691 12.54 26.41 69 64.99  -619.5 17 19.99 -51.84 

SBT Trigonal 8652 11.17 27.25 77 64.80 -676.3 21 21.52 -49.16 

IRY Hexagonal 4598 11.33 40.9 67 75.10 -512.0 10 19.73 -13.09 

IMF Orthorhomb
ic 

17304 7.34 12.12 62 42.58 -703.9 16 09.46 -39.15 

JSR Cubic 5768 7.83 28.09 60 68.39 -563.2 4 07.26 -8.64 
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Different zeolite properties play key roles in the adsorption of Pb2+ and Cd2+ uptake. From 

the data presented in Table 4.1, it is evident that mass, density, helium void fraction and 

surface area are useful properties in determining Pb2+ and Cd2+ uptake in zeolites besides 

pore sizes. 

 Heavy metal adsorption capacity of a zeolite is defined as the mass of heavy metal ions 

taken up by a given quantity of zeolite at equilibrium. This is an important performance 

indicator and depends on a number of factors that include zeolite topology and adsorption 

temperature. Out of the 242 zeolites, CLO, FAU, PAU, TSC, LTA LTN and MWF zeolites 

exhibited the highest percentage weight (%wt.) capacity for Pb2+ and Cd2+ uptake.  

It is observed that cloverite (CLO), with a cubic structure and framework density of 11.1 

T/1000 Å3 has the highest loading of 728 Pb2+ per cell. It also has the largest ring size (20 

- ring pore) and the lowest observed framework density, with an accessible volume of 

33.76%. Other cubic structured zeolites (FAU, PAU, TSC, LTA LTN, and MWF) also 

gave a relatively high loading of lead (II) ions per cell. Among the cubic structured zeolites, 

it is also observed that PAU with a chemical formula, [Al152Si520O1344], gave a higher 

loading compared to FAU since PAU has a higher topological density and volume. On the 

other hand, the pore size of FAU zeolite is almost double that of the LTA zeolite and it 

exhibited almost double loading of Pb2+ per cell, in comparison to LTA. This was also 

observed by Yuna, (2016) . In addition, FAU having the lowest Si/Al ratio of 1:1, exhibits 

high cation exchange capacity and sorption performance. The LTA structure has a 

primitive cubic unit cell (a = 12.3 Å) with one sodalite cage in each corner of the cube and 

a 4-4 unit on each edge of the cube. In each unit cell the total volume of LTA is 416 Å3, 

using a T-O-T distance of 2.7 Å and assuming that the sodalite cage is spherical with a 
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radius of 4.4 Å. This corresponds to the 22.3% of the framework volume. In the case of 

FAU zeolites, the structure has a face centered cubic unit cell (24.7 Å). The sodalite cages 

are linked by 6-6 units with a tetrahedral distribution. Using the same assumptions as in 

the previous case, the inaccessible volume to the metal cations is 3674 Å3, which is 24.4% 

of the volume of the unit cell.  

ITV, a mesoporous, crystalline zeolite with a 30-ring channel has the lowest framework 

density of all zeolite framework types. The very large pore volume of the germanosilicate 

and its chiral framework structure allows high loading of 146 Pb2+ions which is almost 

double that of SBT and SBS (loading of 77 and 69, respectively). As seen in Table 4.1 (and 

S1, supporting information appendix 1), only the zeolites with high diameter of 

sphere/pores exhibited appreciable loading of the Pb2+ ions (CLO, FAU, PAU, TSC, LTA 

LTN and MWF). Majority of the zeolites have small pores hence low loading. A few that 

exhibited zero loading have extremely small pores. In a related study by Ouki et al, 1997 

it was observed that metal uptake capacity of chabazite exceeded that of clinoptilolite since 

chabazite window and channel sizes were  larger than those of clinoptilolite (Ouki & 

Kavannagh, 1997).  

In the case Cd2+, MWF exhibited the highest loading compared to the other zeolitic 

structures. MWF is accessible to the Cd2+ that can pass through the 8-rings cavities, and so 

it is potentially useful as a small-ion adsorbent. Moreover, MWF has expanding structural 

complexity and an embedded isoreticular structure. MWF with a chemical formula of 

C8H20N+)38(H2O)812| [Al334Si1106O2880] has less limiting ring channels <100> 8 ring 3.8 x 

3.8 which makes it better for adsorption of both Pb2+ and Cd2+ ions while CLO with a 

chemical formula of (C7H13N)248 |8 [Ga96P96O372(OH)24]8, has greater limiting ring 
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channels <100> 20 ring, 13.2 x 3.5 <100> 8 ring, 3.8 x 3.8, which makes it better for 

adsorption of Pb2+ ions. While the adsorption of Pb2+ is predominantly determined by 

cation exchange by the zeolite framework composition, the adsorption of Cd2+ exhibited 

strong pore-geometry dependent behavior. This may explain why MWF exhibited higher 

loading for Cd2+ in comparison to Pb2+, since Cadmium has a lower relative atomic mass 

(48) compared to Lead.  Otherwise, the rest of zeolites exhibited a similar trend as that of 

lead although in each case, there is a lower loading as shown in Table 4.1. TSC, PAU, FAU, 

SBE, CLO, SBS, SBT, LTN MWF, MTN, LTA, IFT and DFO exhibited a loading of 67, 

196, 32, 21, 209,13, 21, 180, 441, 36, 37, 13, and 33 ions of cadmium (II) ions per unit cell. 

The sorption of Pb2+ and Cd2+ ions in almost all the zeolites gave a negative average total 

energy, showing that the sorption process is an exothermic process. 

The sorption isotherms for representative zeolites that gave the best loading is shown in 

Figure 4.2. Among the various zeolites, only CLO and MWF exhibited the L-shape 

isotherm with a pronounced inflection at maximum loading.  The loading of Pb2+ ion at 

each step for CLO is higher when compared to MWF and the rest of zeolites at a given 

total fugacity.  
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Figure 4. 2: Adsorption isotherms of Pb2+ ions on the best performing zeolites at 298 K 

 

Figure 4.3 shows structures of the most stable configuration of Pb2+, PbO and Pb(OH)2 

adsorbed onto CLO alongside the respective binding energies (B.E).  

 

Figure 4. 3: Structures of the most stable configuration of Pb2+, PbO and Pb(OH)2 

adsorbed on CLO alongside the respective binding energies (B.E). 

From figure 4.3, it was observed that Pb2+ is located at the pore closer to the oxygen atom 

of the zeolite with a binding energy of -10.29 kcal/mol. Since divalent Lead also exists in 
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the environment in form of various species such as PbO and Pb(OH)2 among others 

(Chadwick, 1988; Pembere, 2014), the binding energies alongside their most stable 

configurations of these species were studied for  comparison. Pb(OH)2 has the highest 

binding energy of -52.02 kcal/mol, followed by PbO with the binding energy of -12.34 

kcal/mol. The lead ion in PbO and Pb(OH)2 tend to bind towards oxygen atoms in the CLO 

zeolite while oxygens towards gallium atoms. While the binding energy of Pb2+ ion is less 

negative than those of Pb(OH)2 and PbO when compared, hence less stable. 

 
Figure 4. 4: Adsorption isotherms of Cadmium (II) ions on the best performing zeolites 
at 298 

In Figure 4.4 the loading of Cd2+ ion at any fugacity is higher for MWF than for all other 

zeolites types. To understand this observation, 

the binding energies of adsorbed Cd2+ ions onto CLO and MWF zeolite was compared as 

shown in Figure 4.5. It was found that the most stable configuration of Cd2+ ion had a 

binding energy of -2.69 kcal/mol in CLO and -4.31 kcal/mol in MWF which are lower than 

that of lead (II) ions. The higher binding energy of Cd2+ on MWF compared to CLO, 

implies that MWF has more loading for Cd2+ ion, in agreement with the above adsorption 

isotherm results. 



 

91 
 

 

Figure 4. 5: Structures of the most stable configuration of Cadmium (II) ions on MWF 

and CLO zeolites, alongside the respective binding energies (B.E). 

Just like Pb2+ and its compounds, cadmium can exist as either CdO or Cd(OH)2. However, 

Cd(OH)2 has a binding energy of -42.94 kcal/mol compared to CdO whose binding energy 

is -50.83 kcal/mol. From the binding energies of Cd2+ (-2.69 kcal/mol) and Pb2+ (-10.29 

kcal/mol) on CLO, it is clear Cd2+ are less stable. Cadmium ion in CdO and Cd(OH)2  bind 

to oxygen atoms in the CLO zeolite while oxygen atoms in the cadmium compounds bind 

to gallium atoms.  Pb(OH)2 is more stable on CLO than Cd(OH)2 as shown by the binding 

energies of -52.02 kcal/mol and -42.94 kcal/mol, respectively. It is interesting to note that 

CdO (-50.83 kcal/mol) on the other hand is more stable compared to PbO (-12.34 kcal/mol) 

as shown in Figure 4.6. 
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Figure 4. 6: Structures of the most stable configuration of CdO and Cd(OH)2 adsorbed 

on CLO alongside the respective binding energies (B.E). 

Figure 4.7 compares the most stable configuration in terms of binding energy for CdO and 

Cd(OH)2 onto CLO and MWF. It was observed that the most stable configuration of CdO 

and Cd(OH)2 had a binding energy of -51.61 and -43.39 kcal/mol, respectively in MWF 

which are higher than that of CLO. This shows that MWF is the most suitable adsorbent 

compared to CLO for Cd2+, CdO and Cd(OH)2 adsorption. This is corroborated by the 

higher number Cd2+ ions loaded on MWF (441) than in CLO (209) in Table 4.1. 

 

Figure 4. 7: Structures of the most stable configuration of CdO and Cd(OH)2 adsorbed 

on MWF alongside the respective binding energies (B.E) 
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4.1.2 Machine Learning 

To confirm the findings using the molecular simulation, machine learning employing 

boruta algorithm was used. This was done to gain more insights into loading capacity of 

the heavy metals onto the zeolites framework by ranking how important each of the 

parameter is in the loading capacity of the best performing zeolite structures. Pb2+ was used 

as a representative of the heavy metals.  As depicted in Figure 4.8, out of the three 

parameters, total energy appeared as the most important parameter followed by the pore 

size. This is consistent with the view that topology captured an important chemical 

information about zeolite structures. Similarly, the negative values of the total energy 

further confirmed that the adsorption process is exothermic and this energy is inversely 

related to the density of the zeolites.  

The pore size on the other hand implies that, zeolite’s topology with high sphere cavity as 

well as inter channel cavities exhibit high tendency for heavy metal loading compare to 

zeolite with small diameter pore sizes. This however indeed is in conformity with the 

molecular simulation results. Compared to the pore size, the average volume was rejected 

by the random forest classier algorithm, which implies that the individual pore size on the 

surface of each of the best performing zeolite framework is responsible for the adsorption 

of heavy metals with relatively high sphere diameter instead of total volume for each 

zeolite.  
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Figure 4. 8: Ranking of importance of parameters (descriptors) plot using Boruta algorithm 

for zeolites data. Green boxplots correspond to Z score of important descriptors, red 

boxplot correspond to unimportant descriptor while blue boxplots correspond to minimum, 

mean and maximum Z score of a shadow descriptor. 

Accordingly, the data frame listed in Table 4.2 with each parameter Z score shows the 

value of each parameter of which both total energy and pore size are above the value of 

maximum shadow parameter with the values of 0.61 and 0.88 for pore size and total energy, 

respectively. This means that pore size is 61% higher than the showdown parameter while 

for total energy yield 87% higher the shadow parameter. For the average volume, the value 

(0) is below 50% which apparently is below the value of the shadow parameter, thus 

rejected and tagged to be unimportant parameter in determining the loading capacity of the 

selected heavy metals on the zeolite structures. 
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Table 4. 2: The attStats function shows the data frame with each descriptor Z score 

statistics as the function of random forest iteration to rank which descriptor was more 

important than the most important shadow descriptor 

Descriptor MeanImp MedianImp         MinImp     MaxImp   NormHits   Decision 

Pore size 
(Å) 

3.5535 3.5608
  

0.9136 5.7251 0.6161 Tentative 

Average 
volume 

-0.7945 -0.6511 -2.4668 0.4517 0.0000 Rejected 

Total 
energy 
(kcal/mol) 

6.7610 6.7960 4.9208 8.6116 0.8788 Confirmed 

 

 Conclusion 

According to the molecular simulation results, only the zeolites with high diameter of pores 

exhibited appreciable loading of the cations (CLO, FAU, PAU, TSC, LTA LTN and 

MWF). CLO and MWF exhibited highest loading of 728 and 441 of lead (II) and cadmium 

(II) ions per unit cell, respectively. It is observed that the adsorption energy of the cations 

on the zeolite framework is directly related to the loading capacity, whereby a trend of 

Pb2+> Cd2+ is observed. The sorption of lead (II) and cadmium (II) ions in all the zeolites 

gave a negative average total energy, showing that the sorption is an exothermic process. 

From the machine learning results, pore size and total energy are the most important factor 

in adsorption of the metal ions onto the zeolites.  Therefore, CLO and MWF are 

recommended for adsorption of Pb2+ and Cd2+ions, respectively. 
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4.2 Computational Adsorption Studies of Anions on Zeolite 

In this work, the aim was to apply molecular simulations and machine learning for a 

prediction of the adsorption of PO4
3- and NO3

- onto zeolites. Binary and five-component 

GCMC simulations were used to evaluate the performance of the zeolite  structures 

obtained from the IZA structure database (Baerlocher, 2008). A screening process was used 

involving an initial selection of zeolites based on the pore-limiting diameter, followed 

GCMC simulations to calculate relevant descriptors and equally identify the high-

performing zeolites. Statistical quantum mechanics was used to comprehend and interpret 

further the measurable macroscopic properties of zeolites in terms of the properties of their 

constituent particles and therefore the interactions that they have with each other. Finally, 

machine learning algorithm was employed to rank the importance of the various descriptors 

(Density, mass, helium void fraction, accessible pore volume, gravimetric surface area, and 

dimensionality of the pore system) that has influence on the removal of anions from water 

by zeolite. The approach does provide insight for a feasible approach for adsorption of 

pollutants aimed at alleviating water pollution. For detailed methodology of this section, 

refer, to subsection 3.1 

4.2.1 Effect of Forcefield on Loading 

Different forcefields were evaluated for the loading of PO4
3- and NO3

- onto the zeolites. It 

was found that Universal forcefield provided the highest loading for both PO4
3- and NO3

-. 

Figure 4.9 shows a typical loading of PO4
3- and NO3

- onto zeolite using different 

forcefields. 
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Figure 4. 9: Loading of (a) PO4
3- and (b) NO3

- onto CLO in terms of force fields 

It was found that the dreiding and universal force fields fit the systems used in this study 

in comparison to CAMPASS, CVFF and PCFF. The universal forcefield has been found to 

be moderately accurate for predicting geometries and conformational energy differences 

of organic molecules, compounds of the main-group, and metal complexes and it is 

recommended for organometallic systems and other systems for which other forcefields do 

not have parameters (Golchoobi & Pahlavanzadeh, 2017). On the other hand, the dreiding 

forcefield has been found to have a good coverage for organic, biological and compounds 

of the main-group, and it is only moderately accurate for geometries, conformational 

energies, intermolecular binding energies and crystal packing (Mayo et al., 1990). Thus, 

the discussion in the main text focused on the universal and dreiding forcefields. Geometry 

optimization of the zeolite cluster and anions were done at B3LYP/6-31+G(d) level of 

theory (Becke, 1988; Lee et al., 1988), using Gaussian 09 software (Frisch et al., 2009). 

4.2.2 Zeolite Structural Screening and its Effect on Loading 

The adsorption results from this screening were collected, and the best structures that was 

selective towards the anions was chosen for the adsorption of NO3
- and PO4

3-. The 
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structures of the zeolites were taken from the IZA structure database (McCusker & 

Baerlocher, 2019), which contains over 242 structures. To eliminate zeolites where 

diffusional limitations are highly expected, only zeolites with a pore diameter larger than 

4 Å were selected. This is based on previous studies on the adsorption of selected heavy 

metal ions on zeolites where it was established that only the zeolites with larger pore 

diameter exhibited appreciable loading of the cations (Wanyonyi et al., 2021) . Thus, in 

the first step of the screening, 141 out of 242 structures (58%) were eliminated. In the 

second step, the remaining 101 zeolite structures were screened based on selectivity for the 

PO4
3- and NO3

- . The GCMC simulations consisting of a total of 5000 cycles (where 1 cycle 

= max (20, N) with N being the maximum number of adsorbed ions that are split equally 

into equilibration and production periods were carried out. 

 Natural bond orbital (NBO) calculation for the investigation of the stabilization energy 

was conducted with the help of the NBO 3.1 module entrenched in Gaussian  (Frisch et al., 

2009). The quantum theory of atoms-in-molecules (QTAIM) investigations and all other 

wave function analyses were conducted by Multiwfn 3.7 dev (Chen et al., 2012). 

The capability of PO4
3- and NO3

- adsorption as determined from GCMC simulations is 

shown in Table 4.3. The porous domains of zeolites are characterized by several structural 

features such as mass (M), density (D), helium void fraction (HVF), accessible pore 

volume (APV), gravimetric surface area (GSA), dimensionality of the pore system (Di) 

(Appendix Table 7) 

. 



 

99 
 

Table 4. 3: The structural characteristics and loading capacity of PO4
3- and NO3

- on the best performing zeolites 

CODE Mass Density Helium 
void 
fraction 

Accessibl
e pore 
volume 
(cm3/g) 

Volumetr
ic surface 
area 
(m2/cm3) 

Gravimet
ric 
surface 
area 
(m2/g) 

Dimensi
onality of 
the pore 
system 

Largest 
overall 
cavity 
diamete
r (A) 

Loading 
of PO4

3--  
Isoelect
ric 
heats 
of 
PO4

3- 

Loadin
g of 
NO3

- 

Isoelect
ric heats 
of NO3

- 

CLO 11728.18 1128.76 0.55 0.49 2069.69 1833.61 3 15.33 461 13.75 606 8.36 

LTN 46144.74 1695.18 0.31 0.18 1181.64 697.06 0 0 103 16.48 128 10.61 

MWF 86521.39 1603.83 0.35 0.22 1593.89 993.81 3 10.06 99 15.84 220 11.20 

TSC 23072.37 1318.71 0.49 0.37 1472.61 1116.72 3 15.87 89 12.51 137 9.42 

ITV 11792.17 1075.18 0.55 0.51 2110.04 1962.51 3 8.54 70 10.74 88 7.62 

PAU 40376.65 1585.70 0.36 0.23 1639.21 1033.75 3 10.08 61 15.22 104 10.92 

FAU 11536.19 1327.65 0.49 0.37 1615.92 1217.14 3 10.69 60 13.85 82 9.19 

DFO 7931.13 1485.63 0.43 0.29 1625.72 1094.30 3 10.89 49 13.25 81 9.64 

LTA 1442.02 1414.17 0.47 0.33 1674.58 1184.14 3 10.24 48 14.65 66 9.82 

SBT 8652.14 1368.16 0.47 0.34 1585.49 1158.84 3 10.41 37 13.67 52 9.22 

SBE 7690.79 1370.15 0.46 0.34 1514.00 1104.99 3 12.09 31 13.57 46 9.79 

IRY 4598.41 1115.15 0.60 0.54 1701.51 1525.79 3 10.69 30 11.75 40 8.27 

JSR 5768.09 1225.53 0.52 0.42 2271.20 1853.23 3 7.43 29 13.65 40 13.72 

EMT 5768.09 1328.95 0.49 0.37 1618.80 1218.11 3 11.00 28 13.49 38 9.33 

IMF 17304.28 1744.41 0.30 0.17 1261.47 723.15 2   6.70 28 15.68 49 11.54 
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IWV 9132.81 1498.62 0.41 0.27 1455.32 971.11 2 8.14 26 13.30 45 10.20 

SBS 5768.09 1368.86 0.47 0.34 1585.68 1158.39 3 10.97 24 13.53 36 9.65 

BOG 5768.09 1602.00 0.38 0.24 1486.24 927.74 3 7.49 16 14.26 26 10.62 

BOZ 5527.76 1290.63 0.46 0.36 2017.67 1563.33 3 8.31 16 12.70 37 10.76 

KFI 5768.09 1493.77 0.41 0.28 1638.56 1096.93 3 10.16 16 14.47 26 10.59 

HEU  2163.03 1748.00 0.29 0.17 1335.49 764.01 2 5.22 15 13.32 17 14.21 

 

Table key; D=density (kg/m3), M=mass (g/mol); HVF=helium void fraction; APV=accessible pore volume [cm3/g]; 

VSA=volumetric surface area [m2/cm3]; GSA=gravimetric surface area [m2/g]; DPS=dimensionality of the pore system; 

Di=largest overall cavity diameter [A]; L=loading; isoelectric heats=IH 
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Among the 101 zeolites, it is noted that CLO has the lowest mass and density with highest 

helium void fraction (HVF), largest ring pore system and largest volumetric surface area. 

It exhibits the highest loading of 461 PO4
3- ions per cell. On the other hand, LTN is ranked 

second in terms of loading with 103 ions per cell. This is a huge difference and may be 

attributed to the difference in mass, density, helium void fraction and diameter of the two 

zeolites. LTN is followed closely by MWF (103 verses 99 ions per cell). Although MWF 

has a higher Di and HVF, it has a higher mass of 86521.39 compared to 46144.74 g/mol 

of LTN. This may explain why LTN exhibits higher loading in comparison to MWF. TSC 

has a lower mass, higher HVF and Di compared to MWF. Thus, it is expected to have a 

higher loading per cell compared to MWF. Contrarily, it exhibits a lower loading of 89 

compared to 99 in MWF. This may be attributed to the higher volumetric surface area of 

MWF (1593.89 m2/cm3) compared to TSC (1472.61 m2/cm3). TSC is followed closely by 

ITV (89 verses 70 ions per cell). This is attributed to the higher cavity diameter in TSC 

compared to ITV (15.87 verses 8.54 Å).  

On the other hand, despite the fact that PAU has a larger Di compared to ITV, it has a lower 

loading capacity (61 ions per cell). This may be attributed to the relatively higher mass and 

density of PAU. FAU and PAU have almost equal loading (60 verses 61 ions per cell, 

respectively), this may be due to the similarity in their Di (10.08 verses 10.69 Å). DFO, 

LTA and SBT exhibit similar loading (49, 48 and 39 ions per cell), and may also attributed 

to similarity in their HVF and Di. IRY has lower mass and density giving the loading of 

30 ions per cell due to having larger HFV and Di. 

 JSR and EMT exhibit similar loading of 29 and 28 ions per cell, respectively. This may be 

attributed to similar mass (5768.09) and HFV (0.49). Conversely, IMF has lower mass with 
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a larger density with a loading of 28 which may be due to its larger density and lower Di. 

IWV has larger mass with lower density with a loading of 26 ions per cell due to its large 

HFV.  SBS has lower mass and density with a loading of 24 ions per cell because of its 

larger HFV and Di.  BOG, BOZ and KFI show similar loading of 16 ions per cell which 

may be attributed to similarity in mass (5768, 5528 and 5768 g/mol, respectively) and HFV. 

Other zeolites (ANA, DFT, BIK, SBN, JNT, MON, PAR, THO, VSV, LIT, ITW, CAS, 

and APD) exhibited zero loading due to their small HVF, Di, APV and minute pores. Those 

with loading of 4 PO4
3- ions per cell have larger pore sizes in comparison to those having 

3, 2 and 1 ions loading per cell. Furthermore, there is a profound positive relationship 

between ion loading per cell and the HVF and Di in that those zeolites with appreciable 

loading have larger HVF and Di. It is also interesting to note that the loading decreases 

with decrease in the average total energy. 

Isosteric heats of adsorption were calculated to determine the strength of each sorbent when 

interacting with the molecules. The objective is to correlate the heat of adsorption (∆Hads) 

values of zeolite to the corresponding performance. The stronger the interaction of the 

anion with the zeolite, the higher sorption energy, and therefore, a higher isosteric heat of 

adsorption. CLO exhibits the highest ∆Hads values as strong adsorption exists between the 

CLO and the PO4
3- ion (Table 4.3).    

The adsorption of NO3
- onto the different zeolites generally follow the same trend as PO4

3- 

except on a few zeolites with CLO showing the highest loading. It was observed that the 

loading for NO3
- onto the different zeolites was higher than those for PO4

3- . For example, 

MWF showed a loading of 202 NO3
- ions per cell compared to 99 PO4

3- ions per cell which 

shows that its good for smaller adsorbate which is also shown by PAU. Both, MWF and 
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PAU showed more than double in terms of loading since they are good adsorbent. This is 

followed closely with TSC with the loading of 137 ions per cell. This shows that both MWF 

and TSC are good for adsorption of small anions. LTN is followed closely by PAU (128 

verses 104 ions per cell). This is attributed to the higher cavity diameter in LTN compared 

to PAU (15.87 verses 8.54 Å). PAU has a larger Di compared to ITV; hence it has higher 

loading capacity (104 ions per cell). This may be attributed to the relatively small APV, 

higher mass and density of PAU this allows more packing. FAU and DFO exhibit similar 

loading of 82 and 81 ions per cell, respectively. This may be attributed to similar VSA. 

The rest of zeolites their loading is lower but higher than that of phosphate loading for the 

same zeolites. Except for HEU and JSR which had lowest loading of nitrates but higher 

than that of phosphate ions per cell. 

The higher loading of NO3
- compared to PO4

3- onto the different zeolites can be attributed 

to NO3
- ion having smaller size than PO4

3- hence it can enter and move in the pores easily 

and gets attached even within zeolite structure.  

4.2.3 Simulation Annealing Configurations for Anions onto Zeolites 

The most stable adsorbed configurations of the PO4
3- ion on CLO, LTA, MWF, ITV, PAU 

and PAU zeolites was studied using the simulated annealing approach (Kirkpatrick, 1983). 

Figure 4.10, shows the structure of the most stable configuration of PO4
3- adsorbed onto 

the zeolites 
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Figure 4. 10: Most stable configuration of the PO4
3- ion on the best performing zeolites; 

(a) CLO (b) LTN (c) MWF (d) ITV (e) PAU (f) FAU.  

 The adsorbed PO4
3- on the CLO is located in the upper left of 8-rings (Figure 4.10 (a) with 

an adsorption energy of -20.58 kcal/mol, which is higher than that on LTA, MWF, TSC, 

ITV, PAU and PAU. The value reveals that the PO4
3- ion is most strongly bonded to CLO. 

MWF and PAU have adsorption energies of -19.47 and -18.49 kcal/mol, respectively. On 

the other hand, ITV has the least adsorption energy of -13.36 kcal/mol hence it has the least 

stable configuration.  

Figure 4.11 shows the most stable adsorbed configurations of the NO3
- ion on LTA, MWF, 

TSC, ITV, PAU and PAU zeolites studied.  
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Figure 4. 11: Most stable configuration of the NO3
-ion on the best performing zeolites; 

(a) LTN (b) MWF (c) ITV (d) PAU (e) FAU.  

From, Figure 4.11 FAU exhibited highest adsorption energy hence more stable 

configuration in comparison to MWF, ITV, PAU, LTN.  Like in the case of PO4
3-, the 

binding energy for NO3
- onto MWF and PAU have adsorption energies of -16.45 and -

16.12 kcal/mol, respectively which is lower compared to PO4
3- on the same zeolites hence 

less stable in terms of bonding to the zeolites. Interestingly. ITV has the least adsorption 

energy of -12.69 kcal/mol  

While, Figure 4.12, shows structures of the most stable configuration of PO4
3-, NO3

-, 

adsorbed on the CLO. Adsorption energy, also termed binding energy, was computed for 

molecular structures after sorption of various anions on CLO zeolite. The least negative 

value was observed for NO3
- (-11.12 kcal/mol-1). It can be concluded from binding energy 

results that sorption of PO4
3- (-20.58 kcal/mol-1) was most favorable on the CLO zeolite as 

it has the lowest energy  
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Figure 4. 12: Structure of the most stable configuration of (a) PO4
3- and (b) NO3

- as 

adsorbed on the CLO 

4.2.4 Quantum Chemical Calculation 

Quantum chemical calculations provided a better understanding of the orientation of the 

anion inside the pore of the best performing zeolite (CLO). Figures 4.13 show the 

optimized structure of PO4
3- and NO3

-; alongside the frontier molecular orbitals, electron 

density and the electrostatic potential. The PO4
3- ion consists of a tetrahedral structure with 

a central phosphorus atom surrounded by four oxygen atoms. The LUMO and HOMO are 

rydberg in character, and are located on the oxygen atom with energies of 1.03 eV and -

0.38 eV and occupancy of 1.80 and 0.002, respectively (Table 4.4). 
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Figure 4. 13: Optimized structures of anions and Frontier molecular orbitals of PO4
3- and 

NO3
-. Calculated at DFT/B3LYP/6-31G (d,p) level of theory 

Table 4. 4: Energies of the frontier molecular orbitals of PO4
3- and NO3

-. Calculated at 

DFT/B3LYP/6-31G (d,p) level of theory 

Ion Orbital Atom Type Occupancy Energy H-L 

gap (η) 
(eV) 

μ 

(eV) 

ω 

(eV) 

PO4
3- HOMO O Ryd(2P) 0.002 -0.38 1.40 0.32 0.16 

LUMO O Ryd(3P) 1.80 1.03 

NO3
- HOMO O Cor(1S) 1.999 -18.71 18.0 -9.71 4.85 

LUMO O Val(2S) 1.615 -0.707 
 

The NO3
-, is a nitrogen oxyanion formed by loss of a proton from nitric acid, and it’s the 

conjugate base of nitric acid, consisting of one central nitrogen atom surrounded by three 

identically bonded oxygen atoms in a trigonal planar arrangement.  
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Its HOMO and LUMO are located on the oxygen atom with energies of -18.71 eV and -

0.707 eV and occupancy of 1.99 and 1.65, respectively Table 4.4. From the two anions, it 

is found that NO3
- has the largest HOMO-LUMO gap (18.01 eV). It is indicated on Figure 

4.13 that the LUMO is mainly distributed around the oxygen atoms in the anions, which 

indicate the preferred active sites for a nucleophilic attack. From Table 4.4, the chemical 

properties show that NO3
- has the highest electrophilicity followed by PO4

3-complexes. 

4.2.5 Adsorption of PO4
3- and NO3

- onto CLO 

Since CLO showed the highest loading for the two anions, it was used as the model zeolite 

for subsequent computational studies. From Figure 4.14, it is observed that CLO exhibited 

the L-shape isotherm for the two anions, with an almost maximum loading and a 

pronounced inflection at a maximum loading of 606 and 461 for NO3
- and PO4

3- per unit 

cell, respectively. 

 

Figure 4. 14: Adsorption isotherms of PO4
3- and NO3

- onto CLO zeolite  
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 NO3
- exhibited higher loading onto CLO compared to PO4

3- , due its lower molecular 

weight hence allowing more packing of the anions in the CLO structure cavities/pores. The 

oxygen atoms of NO3
- participate in hydrogen bonds with the CLO framework oxygen 

atoms which act as basic sites and these bonds have a major impact on the stability of the 

adsorption complexes.  The lower loading of PO4
3- is attributable to its higher molecular 

weight hence less packing of anions in the cavities. The negative adsorption energy of 

PO4
3- and NO3

- onto CLO (-1840.79 and -1632.34 kcal/mol) shows that adsorption is 

exothermic (Wanyonyi et al., 2021). 

Adsorption isotherms were also determined at various temperatures (288, 298, 318 and 348 

K) as shown in Figure 4.15. 

 

Figure 4. 15: Effect of temperature on adsorption of (a) NO3 and (b) PO4
3-onto CLO 

zeolite 

It is important to note that as temperature increases, adsorption of PO4
3- ions per cell on 

the CLO zeolite increase.  On the other hand, adsorption of NO3
- onto the CLO zeolite 

decreases when temperature increases since higher temperatures can promote desorption, 
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where previously adsorbed species are released. This could contribute to a decrease in the 

net sorption of NO3
- onto the CLO zeolite.   

The effect of doping of the CLO zeolite on the loading capacity was also investigated in 

detail. The phosphorous atoms at various sites with different symmetrical attributes in the 

CLO unit cell were individually substituted by Lithium, Sodium and Boron atoms to model 

CLO doped zeolite, which was then optimized.  Table 4.5 show loading of NO3
 – and PO4

3- 

on doped and undoped CLO zeolite. 

Table 4. 5: Loading of anions on undoped CLO, CLO doped with Lithium, Sodium and 
Boron 

ANIONS Undoped 

CLO 

CLO doped 

with lithium 

CLO doped 

with sodium 

CLO doped 

with boron 

NO3
- 606 ions 617 ions 608 ions 594 ions 

PO4
3- 461 ions 467 ions 472 ions 485 ions 

 

 It is interesting to note that when CLO is doped with Lithium, Sodium, and Boron, the 

loading of the PO4
3-increased from 461 to 467, 472, and 485 ions per cell, respectively. 

This demonstrates a remarkable increase, and maybe attributed to the creation of large 

pores as a result of difference in the atomic radius of Lithium, Sodium and Boron atoms. 

This proves that the modification of CLO zeolite by doping can effectively improve the 

loading capacity of the PO4
3-.  

Similarly, NO3
- exhibited higher loading of 617 and 608 of ions per cell respectively for 

lithium and sodium doped CLO compared to the undoped CLO since a doped CLO is more 

positively charged than before adsorption. Na-doped CLO showed a lower loading of NO3
- 

compared to the undoped CLO. This makes pores to be large hence allows the adsorbate 
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pass through the pores instead being adsorbed. Doping causes modifications in the 

interatomic distances which could impact the ion binding. Doping with sodium may alter 

the zeolite's ion exchange capacity and selectivity, leading to a decreased affinity for nitrate 

ions. 

4.2.6 Machine Learning for Anions 

To complement the findings by molecular simulation , machine learning using  boruta 

algorithm, (Kursa et al., 2010) embedded in R software (Team, 2017) for statistical 

computing, was used to gain more chemical insights into loading capacity of anions onto 

the zeolites by ranking and analysing the importance of calculated parameters such as 

density, mass, helium void fraction, accessible pore volume, gravimetric surface area, 

dimensionality of the pore system.  

However, since it is difficult to explicitly decipher which of the parameters obtained from 

molecular simulations has obvious influence on the zeolites anions sorption, the Boruta 

algorithm, which is a feature selection machine learning algorithm, was employed to rank 

the importance of descriptors especially how they impact absorption of anions on the 

zeolites surface. Therefore, from the pool of the descriptors, seven out of eight descriptors 

were tagged as important and one was tagged as unimportant and thus rejected as depicted 

in Figure 4.16, since its value is below the maximum value of a shadow descriptor. 

Therefore, largest overall cavity diameter (Di) or pore size, mass (M) and accessible pore 

volume (APV) appeared to be the three most important descriptors after the statistical 

analysis on the basis of relevant feature selection. This is quite intriguing because the 

aforementioned three descriptors are related to the framework, mass and volume of the 

zeolites which undoubtedly correlates with the role of zeolite topology to encode the 
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chemical information towards anion sorption. The largest overall cavity diameter being an 

important descriptor, is consistent with zeolite topologies with high sphere cavity which 

combine with interconnected cavities to exhibit appreciable loading ability for the anion 

sorption. The building units in zeolites results in the generation of cavities and channels 

which are classified as small pore (8 MR pore apertures), medium pore (10 MR pore 

apertures), large pore (12 MR pore apertures), and extra-large-pore (≤ MR pore apertures), 

zeolites (Gao et al., 2021). Also, multiple pores with different dimensions can exist in 

zeolites, which results in different dimensional system of channels where the multiple pore 

systems can be linked or not linked. This is also consistent with our previous report 

(Wanyonyi et al., 2021) on how the zeolite framework with appropriate pore size and inter 

channel cavities can affect heavy metal removal from water samples. Similarly, the role of 

the mass of a zeolite in the absorption of anions is paramount since mass is the product of 

density and volume of a given material. The pore system of zeolites is also characterized 

by the number of Cartesian directions or dimensions that a molecule can span within the 

channels (Schulman et al., 2020). For instance, in a two-dimensional pore system the 

molecule can move in the two-dimensional plane formed by a network of inter-linked 

pores. In a three-dimensional pore system, a molecule can cover the entire volume of the 

crystal by moving through the pores (Baig, 2023). Therefore, density and volume deal with 

the bulkiness of a zeolite structure and a zeolite with high framework density and accessible 

pore volume tends to yield high loading for anion removal. Interestingly, accessible pore 

volume happens to be among the three most relevant descriptors, design of zeolites with 

accessible pore volumes will enhance harvesting of the anion sorption. In addition, tuning 

the sphere cavity and diameter, as well as enhancing the accessible volume of zeolite 
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architectures, are of utmost importance in harvesting the desired anion. Furthermore, other 

descriptors including gravimetric surface area (GSA), helium void fraction (HVF), density 

(D), and volumetric surface area (VSA) contribute to the loading of anions on the zeolite 

surface. GSA and VSA are both surface properties which are important in zeolites in 

removing anions from water. As already mentioned, the framework density of a zeolite is 

related to the accessible volume and this enhances anion removal from water. Compared 

to the other descriptors from the molecular simulation results, zeolites with moderately 

high HVF displayed high loading, particularly the CLO zeolite. This however is reasonable 

and in good agreement with the ranking since it proves the inherent nature of HVF in 

zeolite. As mentioned earlier, one descriptor was rejected –the dimensionality of the pore 

system (DPS) as shown in red in Figure 4.16 because the value is below the maximum 

value of a shadow descriptor which served as an index to rank how important descriptors 

appeared after statistical analysis. 
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Figure 4. 16: Ranking of importance of parameters (descriptors) plot using Boruta 

algorithm for zeolites dataset. Green boxplots correspond to Z score of important 

descriptors, red boxplot correspond to unimportant descriptor while blue boxplots 

correspond to minimum, mean and maximum Z score of shadow descriptors. 

The data shown in Table 4.6 shows all the values of the descriptors on the basis of their 

importance according to the Z score of each descriptor. The Z score is a benchmark used 

to determine the importance of descriptors by comparing with the mean, minimum and 

maximum Z score of the shadow descriptors to decide the importance of descriptors in the 

selected application. In view of these considerations, the Z score of Di, M, APV, GSA, 

HVF, D, VSA are above the maximum Z score of the shadow descriptors with values of 

1.0, 1.0, 0.95, 0.98, 0.89, 0.91 and 0.46, thus they are deemed to be important. This implies 

that Di is 100% more than the shadow descriptor, M is also 100% more than the shadow 

descriptor, APV is 95% higher than the shadow descriptor, GSA is 98% higher than the 

shadow descriptor, HVF is 89% higher than shadow descriptor, D is 91% higher than the 
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shadow descriptor and VSA is 46% higher than the shadow descriptor. VSA is lower than 

50% which is the minimum value needed to assign importance to a descriptor, thus it is 

tagged as a tentative descriptor, meaning a decision is yet to be made as to whether the 

descriptor is important or unimportant.  

However, after running the Tentative Rough Fix command in the RStudio, the descriptor 

was tagged as important. In contrast, DPS was rejected since the value is 0.05 (5%), below 

the maximum value of the shadow descriptor. Moreover, to examine how independent 

these descriptors are of each other, the correlation between the seven important descriptors 

taking each pair of descriptors as well as the correlation with sorption loading was 

analysed. Accordingly, the correlation coefficients depicted in Figure 4. 17, shows only a 

single pair of descriptors (GSA, HVF) gave high R2 values over 0.95, therefore, most of 

descriptors are independent with each other. 

Table 4. 6: The attStats function shows the data frame with each descriptor Z score 

statistics as the function of random forest iteration to rank which descriptor was more 

important than the most important shadow descriptor 

Descriptor MeanImp MedianImp MinImp MaxImp NormHits Decision 

M 6.77 6.88 2.58 11.83 1.00 Confirmed 

D 3.83 3.91 0.65 6.85 0.92 Confirmed 

HVF 3.97 4.15 0.24 7.41 0.90 Confirmed 

APV 5.50 5.50 1.35 8.41 0.96 Confirmed 

VSA 1.69 1.77 -0.92 4.27 0.47 Tentative 

GSA 4.94 5.04 0.00 7.29 0.99 Confirmed 

DPS 0.48 0.81 -1.63 2.31 0.05 Rejected 

Di 9.36 9.40 7.21 11.79 1.00 Confirmed 
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Figure 4. 17: Triangular matrix of the correlation among the selected 7 descriptors and 

zeolite anion loading 

From the study, CLO was the best for PO4
3- and NO3

- sorption. LTN was the second best 

for PO4
3- while NO3

- was second on MWF. Machine learning algorithm has been employed 

to rank the importance of the various descriptors that has influence on the removal of anions 

in water. Largest overall cavity diameter, mass and accessible pore volume appeared to be 

the three most important descriptors. Collectivity, tuning the sphere cavity and inter 

channel diameter as well as engineering the accessible volume of zeolite architectures are 

of utmost important toward harvesting the desired anions 

4.3 Computational Adsorption Studies of Selected Pharmaceuticals and Pesticides  

Objective 2; To evaluate the adsorption of halogenated pharmaceuticals (diclofenac, 

ciprofloxacin and chloramphenicol) and pesticides (diuron, chlorpyrifos and imidacloprid) 

on experimentally available zeolite frameworks using molecular dynamic simulations 
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4.3.1 Computational study on Pharmaceuticals 

This work aims at establishing whether molecular simulation approach can be used for an 

approximate prediction of pharmaceutical pollutant removal efficiency on a large variety 

of purposefully selected zeolites i.e; CLO, ITV, SBT, MFI, SBE, FAU, TSC, PAR, ITE, 

CGF, RTH, RUT, DOH, MTF, THO, CZP, AHT, MON, EUO, SAO, SFE, OSI, LTN, 

MTN, STO, AEL, FRE, MOR, DDR, WEI, SBS, MSO, HEU, KFI, LTA, NAT, RHO, 

ESV, SAT, BOG and NON ( Baerlocher, 2008). The focus on the three pharmaceutical 

drugs (diclofenac, ciprofloxacin and chloramphenicol) was motivated by the fact that they 

are largely consumed resulting in their detection in surface water and sewage treatment 

plants effluents (Kimosop et al., 2016). For detailed methodology of this section, refer, to 

subsection 3.2 

4.3.2 Frontier Molecular Orbitals of Pharmaceuticals 

Molecular simulations have been used as a screening tool to identify promising zeolites for 

the removal of selected pharmaceutical pollutants. The frontier orbitals of the optimized 

structures of diclofenac, ciprofloxacin and chloramphenicol are shown in Figure 4.18.  
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Figure 4. 18: (a) Optimized structures of ciprofloxacin, diclofenac and chloramphenicol 

(b) Frontier molecular orbitals of ciprofloxacin, diclofenac and chloramphenicol. Atoms in 

grey, red, white, green, blue color represent Carbon, Oxygen, Hydrogen, Chlorine and 

Nitrogen respectively. Yellow and blue regions correspond to positive and negative values 

of the orbital. Calculated at approximation (LDA) with the PDW exchange-correlation 

functional level of theory 

The HOMO energy (EHOMO) is normally related to the electron-donating ability of a 

molecule whereas LUMO energy (ELUMO) is associated with the electron-accepting ability 

of a molecule from which the global hardness (η) can be calculated.  

The energy gap between HOMO and LUMO also helps to describe the chemical behavior 

and electrical properties of molecules, with lower energies indicating higher reactivity and 

lower stability (Mebi, 2011). It can be observed that the HOMO of diclofenac is 

concentrated on benzene ring and around N- and OH- groups, similar to the LUMO but 
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less pronounced. In ciprofloxacin the HOMO is localized on lower side on dinitro-phenyl 

ring, while the LUMO on the upper phenyl ring having nitrogen in the ring extending to 

OH group and O-, which are attached to the phenyl ring. For chloramphenicol, the HOMO 

is also on lower part of the molecule and appears around the benzene ring, OH group and 

the acetamide group in which δ-interaction bonding system is on semicircle of the ring, 

while the LUMO is localized on nitro-phenyl ring. Table 4.7 shows the quantum chemical 

descriptors of the three selected pharmaceuticals products 

Table 4. 7: Key quantum chemical descriptors obtained for the three pharmaceutical 

products. 

Pharmaceuticals 

Chemical potential 

(eV) 

Chemical hardness 

(eV) 

Chemical softness 

(eV) 

Diclofenac -3.28 1.36 0.74 
Ciprofloxacin -3.86 0.36 2.80 
Chloramphenicol -1.62 1.15 0.87 

 

The calculations of the energy levels of the electron orbitals allowed quantifying the value 

of the HOMO and LUMO energies, whereby diclofenac has the lowest HOMO energy (- 

4.6430 eV) while chloramphenicol has the highest HOMO energy (-2.771 eV). The larger 

the HOMO–LUMO energy gap, the harder and more stable/less reactive the molecule 

(Mebi, 2011).   In the present study, it is also seen that diclofenac has the highest chemical 

hardness of 1.3609 eV (Table 4.7). This implies that it has a higher stability and opposing 

charge transfer.  

On the contrary, chloramphenicol and ciprofloxacin molecules have a small HOMO-

LUMO gap hence, they are highly polarizable in nature and more reactive (AI-Sehemi et 
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al., 2016). These descriptors determine the interactions of the selected pharmaceuticals 

with the binding sites on various zeolites. Based on this, we initially screened the 

adsorption of diclofenac, ciprofloxacin and chloramphenicol on the eleven zeolites (Table 

4.8).  

Table 4. 8: The loading of diclofenac, ciprofloxacin and chloramphenicol on various 
zeolites structure  

Code Diclofe

nac 
Loadin
g 
(molecu

les per 
cell) 

Total 

Energy 
(kcal/mol) 
 

Ciprofloxacin 

Loading 
(molecules 
per cell 

Total 

Energy 
(kcal/mol) 
 

Chloramphenic

ol 
Loading 
(molecules per 
cell 

Total 

energy 
(kcal/mol) 
 

CLO 60 10185.83 29 8401.67 48 8512.08 

TSC 19 5637.32 8 2051.31 13 2019.38 

ITV 11 2527.35 11 3756.83 9 1486.59 

FAU 9 2326.61 5 1326.60 8 1242.94 

SBT 4 885.23 3 1006.81 3 524.62 

SBS 4 616.329 2 665.94 2 441.29 

SBE 5 666.36 3 987.32 4 626.45 

DFO 3 994.81 2 443.37 2 314.48 

LTN 1 12.34 0 0.00 0 0.00 

MFI 0 0.00 0 0.00 0 0.00 

NON 0 0.00 0 0.00 0 0.00 

 

 From Table 4.8, CLO has the greatest diclofenac, imidacloprid and ciprofloxacin loading 

of 60, 48 and 29 molecules per cell, respectively since, CLO has large diameter, 10.06 A. 
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Conversely, the loading of all other zeolites was relatively low. For example, TSC, is in 

second place in terms of loading of diclofenac and chloramphenicol with 19 and 13 

molecules per cell, respectively. This is a significant discrepancy that can be attributed to 

differences in the two zeolites' mass, density, helium vacancy percentage, and diameter. 

ITV is closely followed by FAU, where loading of chloramphenicol (9 versus 8 molecules 

per cell) and diclofenac (11 versus 9 molecules per cell) is observed. However, 

ciprofloxacin's (9 verses 11) indicates that ITV has a higher ciprofloxacin loading than 

FAU. This shows that ITV is a good adsorbent for ciprofloxacin compared to FAU. DFO, 

SBT, SBE and SBS recorded lower loading for the three pharmaceuticals due to their small 

pores. It is important to note that all zeolites exhibited positive total energy showing that 

the process is endothermic. 

4.3.3 Adsorption isotherms of diclofenac, ciprofloxacin and chloramphenicol on 

various zeolites 

According to Kalam and co-workers, (Kalam et al., 2021) adsorption isotherms are 

classified into  four groups. The first group is the C-shaped adsorption isotherm which 

describes a linear increase of the pollutant’s adsorption loading with the equilibrium 

concentration of pollutant in solution. The second category is the L-shaped isotherm that 

occurs when the adsorbent has a limited number of adsorption sites, leading to the 

appearance of a plateau in the adsorption isotherm after a specific equilibrium 

concentration of pollutants, suggesting the saturation of the adsorbent. Thirdly, the H-

shaped isotherms that indicate that the adsorbent have a higher affinity for pollutants, and 

lastly, the S-shape that is attributed to a higher attraction between the pollutants at the 

surface of the adsorbent (Inglezakis et al., 2018).  
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The sorption isotherms for diclofenac on zeolites that gave the best and one with zero 

loading is shown in Figure 4.19.  

 

Figure 4. 19: Adsorption isotherms of diclofenac on various zeolites at 298 K 

 

Among the various zeolites tested, it was observed that only CLO exhibited the L-shape 

isotherm with an almost maximum loading and a pronounced inflection at a maximum 

loading of 60 molecules per unit cell (Figure 4.19).  

Conversely, all the other zeolites exhibited low loading. For example, the MFI zeolite a 

high silica zeolite, a medium pore zeolite, featuring a 10-ring pore opening with a diameter 

of approximately 5.5 Å and a chemical formulae AI27Si69O165), showed no loading, due to 

its narrow channel openings (Martucci et al., 2012) and as a result the cations tend to be 

located in the intersections, blocking the favorable adsorption sites. Also, the UCSB-

10Ga29 (SBT), UCSB-8CO (SBE), faujasite (FAU) and Tschortnerite (TSC) type of 

zeolites with chemical formulae Ga36Zn36P72O288, AI32CO32P64O256, Al58Si134O384 and 

Al192Si192O768 respectively, exhibited low loading of 3, 5, 8 and 12 molecules (Figure 4.19) 
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of diclofenac per unit cell, respectively.  SBT is 3-dimensional structure, with a 12 - ring 

pore (7.2 × 7.4 nm in diameter) and a cage number of 5, 13 which is small hence low 

loading of 3 diclofenac molecules per cell.  

On the other hand, SBE zeolite is almost the same to SBT though the loading is 5 molecules 

per cell. Faujasite (FAU) has a 3-dimensional channel system with large pore openings 

formed by 12 rings (7.4× 7.4 nm in diameter), hence relatively high loading of 8 molecules 

per cell. The Tschortnerite (TSC) structure contain 8-ring channels or pores (4.2× 4.2 nm 

in diameter). The channel has intersections, or cavities, and the cavities and cages fused 

together which makes it have more loading compared to FAU-zeolite. 

The adsorption is minimal when the size of pollutant is larger than the pore opening size 

of zeolite making the zeolites behave as molecular sieves (Pham et al., 2016). Sorption 

fields of diclofenac on the several representative zeolites are also shown in Figure 4.20. 

 

Figure 4. 20: Sorption fields for diclofenac on the zeolites 
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 It is seen that CLO has more sorption fields for diclofenac compared to other zeolites.  For 

the best performing zeolite CLO, the adsorption sites are distributed evenly throughout the 

framework structure. This fields are attributed to the number of oxygen atoms which are 

the active sites providers. Then the rest, the active sites are specifically distributed as shown 

in Figure 4.20, 4.23 and 4.26. For comparison, the adsorption of ciprofloxacin and 

chloramphenicol was also studied. It shows that the adsorption follows the same trend as 

discussed for diclofenac. It is clear from Figure 4.21 that the diclofenac molecule prefers 

to locate at the intersections in CLO zeolite structure. The simulation results indicate that 

CLO is a promising adsorbent for the removal of diclofenac and it demonstrates that the 

very good packing of diclofenac is directly related to the probability of crossing and 

bending at the intersections of CLO. The most stable adsorbed configurations of the 

pharmaceuticals in the CLO zeolite alongside the corresponding adsorption energies was 

also probed as observed in Figure 4.21 A 

 

Figure 4. 21: (A) Structures of the most stable configuration of diclofenac adsorbed onto 

the CLO. (B). Calculated Gibbs energies for the diclofenac desorption processes from 

CLO. 
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Diclofenac molecule was observed to be located at the centre of the 20-ring channel, facing 

the direction of the channel, while the phenyl group directly lie on the phenyl ring. 

Adsorption energy of -78.23 kcal/mol was observed for the most stable configuration. On 

the other hand, Figure 4.21 B shows desorption products of diclofenac outside the zeolite 

structure through dehydrogenation, dehydroxilation and dechlorination. It is seen that 

dechlorination is the most favoured route with △G of 16.38 kcal/mol. 

  The adsorption behavior of ciprofloxacin on several representative zeolites were studied.  

Figure 4.22, shows the adsorption isotherms for ciprofloxacin on CLO, SBT, MFI, SBE, 

FAU and TSC zeolites.  

 

Figure 4.22: Adsorption isotherms of ciprofloxacin onto various zeolites at 298 K 

 

Among the various zeolites, only CLO exhibited the L-shape isotherm with maximum 

loading and a pronounced inflection at a maximum loading of 29 molecules of 



 

126 
 

ciprofloxacin per unit cell which is less compared to sorption of diclofenac (60 molecules 

per cell). It is also seen that MFI showed zero loading. The SBT, SBE, FAU and TSC 

exhibited low loading of 1, 3, 4 and 8 molecules of ciprofloxacin per unit cell, respectively. 

The loading on the same zeolites exhibits the same trend as the diclofenac case, however 

in each instance, a lower loading was noted, most likely because it was larger molecule 

than diclofenac. Additionally, CLO has more sorption fields compared to SBT, SBE, FAU 

and TSC. Figure 4.23 shows the sorption fields of ciprofloxacin on different zeolites while 

Figure 4.24 shows the most stable configuration of ciprofloxacin on CLO zeolite. 

 

Figure 4. 23: Sorption fields for ciprofloxacin on the zeolites 

 

 Figure 4.24A, visualizes the lowest-energy configuration of ciprofloxacin in the CLO 

structure. The central part of the molecule occupies a 20-ring window connecting two super 

cages, while the phenyl moieties and the side chain are located to the side assemblies of 

the 20-rings bordering these cages of the 8 rings. The most stable configuration energy of 
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ciprofloxacin gave absorption energy of -84.46 kcal/mol compared to -78.23 kcal/mol of 

diclofenac meaning that it is more stable compared to diclofenac. Figure 4.24 B, shows 

desorption of ciprofloxacin outside the zeolite structure through dehydrogenation, 

dehydroxilation and dichlorination where dechlorination is the most favored route with △G 

of 315.24 kcal/mol.        

 

Figure 4. 24: (A) Structures of the most stable configuration of ciprofloxacin adsorbed on 

the CLO. (B). Calculated Gibbs energies for the ciprofloxacin desorption processes from 

CLO. 

Figure 4.25 shows the adsorption isotherms of chloramphenicol on the CLO, SBT, MFI, 

SBE, FAU and TSC representative zeolites. 
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Figure 4. 25: Adsorption isotherms of chloramphenical on various zeolites at 298K 

Just like for diclofenac and ciprofloxacin, it is only CLO that exhibited the L-shape 

isotherm with maximum loading and a pronounced inflection at a maximum loading of 48 

molecules of chloramphenicol per unit cell. It is interesting to note that diclofenac sorption 

on the CLO is higher compared to the ciprofloxacin and chloramphenicol. It is also seen 

that just like sorption of diclofenac and ciprofloxacin, chloramphenicol showed zero 

loading on MFI.  The SBT, SBE, FAU and TSC exhibited low loading of 4, 3, 6 and 13 

molecules of chloramphenicol per unit cell, respectively.  It is also seen that CLO has more 

sorption fields for chloramphenicol compared to SBT, SBE, FAU and TSC as shown in 

Figure 4.26.  
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Figure 4. 26: Sorption fields for chloramphenicol on the zeolites 

 

Figure 4.27 A, shows structures of the most stable configuration of chloramphenicol 

adsorbed on the CLO while Figure 2.27 shows the desorption of chloramphenicol.  
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Figure 4. 27: (A) Structures of the most stable configuration of chloramphenicol adsorbed 

on the CLO. (B). Calculated Gibbs energies for the chloramphenicol desorption processes 

from CLO. 

The conformation of chloramphenicol adsorbed in CLO is very similar to that of the free 

molecule just like ciprofloxacin. The central part of the molecule occupies a 20-ring 

window connecting super cages, and both phenyl moieties with the side chain are located 

to the upper and down assemblies of 20-rings bordering these cages. The most stable 

configuration gave absorption energy of -173.23 kcal/mol which is two folds lower than 

that of diclofenac and ciprofloxacin.  The desorption of chloramphenicol outside the zeolite 

structure can be through dehydrogenation, dehydroxilation and dichlorination. 

Dechlorination is the most favored way of desorption of adsorbed chloramphenicol with △G of -105.016 kcal/mol. 

According to the molecular simulation results of this study, CLO zeolite is the most suitable 

for the adsorption of diclofenac, ciprofloxacin and chloramphenicol. Given the large 

amount of drug contaminants found in the current environment and the structural 
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variability of zeolites, this screening strategy has considerable potential to facilitate the 

development of new adsorptions for wastewater treatment. Looking beyond zeolites, they 

could also be used to compare the performance of adsorbents from different categories. 

4.4 Computational Studies of Selected Organic Pesticides  

This study aimed at evaluating the adsorption of diuron, chlorpyrifos and imidacloprid onto 

several zeolites.  The study of the three pesticides were employed as models because of 

their extensive use and the prevalence with which they have been traced in water. For 

detailed methodology of this section, refer, to subsection 3.2 

4.4.1 Frontier Molecular Orbitals of Pesticides 

The frontier orbitals and respective energies of the optimized structures of the selected 

pesticides are shown in Figure 4.28.  

 

Figure 4. 28: The frontier molecular orbitals of (a) diuron, (b) chlorpyrifos and (c) 

imidacloprid 
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Table 4. 9: DFT-calculated Key quantum chemical descriptors for the three pesticides 

Compound 

Dipole 

Moment(μ) 

Polarizability 

(α) 

EHOMO 

(eV) 

ELUMO 

(eV) 

ΔEHOMO-

LUMO (eV) 

Chlorpyrifos 2.06 209.26 -6.85 -2.02 4.83 

Diuron 5.77 157.75 -6.30 -1.00 5.30 

Imidacloprid 3.31 166.53 -6.79 -2.60 4.19 

 

 Analyzing the HOMO and LUMO is very vital in the study of the frontier molecular 

orbitals. The HOMO-LUMO helps to characterize the chemical reactivity and stability of 

the molecules. A compound with narrow energy gap indicates less stability and higher 

chemical reactivity, while a compound with wide energy gap portrays higher stability and 

less chemical reactivity (Tao et al., 2016).  

For chlorpyrifos, the most suitable sites for electrophilic attack are oxygen and sulfur 

atoms, while hydrogen atoms on the pyridine ring are the most ideal sites for nucleophile 

attack. This active site may be crucial in adsorption onto zeolite. The band gap of 

imidacloprid and chlorpyrifos are relatively lower (4.19 eV and 4.83 eV, respectively) 

compared to diuron (5.30 eV). This high band-gap energy shows that diuron molecule is 

stable among the three pesticides. However, when the band gap of imidacloprid and 

chlorpyrifos are compared then the latter is more stable. The imidacloprid lower or 

moderate chemical hardness value 4.19 eV confirms that it is highly reactive compared to 

diuron and chlorpyrifos. Polarizability of molecules depends on the complexity of the 

structure and on the distortion of electron cloud by the incoming charges (Morad et al., 

2023). It is important to note that chlorpyrifos being large sized molecule compared to 

imidacloprid and diuron it is more polarizable, which is consisted with the values recorded 

in Table 4.9. Dipole moment accelerates the chemical bond formation, various non-bonding 
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interaction and binding energy affinity.  The dipole moment of the compound results from 

non-uniform distribution of charges on the atoms in the molecule. Mostly it is used to 

examine the intermolecular interactions. In this study, diuron has highest dipole moment 

(5.77 μ) while chlorpyrifos recorded the lowest dipole moment (2.06 μ). The high dipole 

moments represent the binding position within a specific structure and stronger the 

intermolecular interactions (Morad et al., 2023). This therefore, show that chlorpyrifos and 

imidacloprid have weak interactions compared to diuron. 

4.4.1.1 Molecular Electrostatic Potential (MEP) 

The molecular electrostatic potential is a critical factor in determining the reactivity of a 

chemical. MEP is a derivative of total charge density created by displaying distinct sets of 

electron density magnitudes using color codes. It is therefore, a map or graphic 

representation of the potential difference between electron donating, electron accepting, 

and neutral zones (Refaat, et al., 2023). Green represents neutral character, red represents 

electron rich zone, and blue represents electron deficient zone (Rezaei-Sameti & Zarei, 

2018). It is used in determining the reactivity of molecules to electrophilic and nucleophilic 

attacks.  Figure 4.29 shows the molecular electron potential of the three pesticides.  
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Figure 4. 29: Molecular electrostatic potential of (a) chlorpyrifos (b) diuron and (c) 

imidacloprid 

The results demonstrate that pesticide oxygenated groups have a significant negative 

electron density and are delocalized on these functional groups (red color). This suggests 

that these groups could serve as nucleophilic attack sites for the pesticides. On the other 

hand, the amine groups are the electrophilic attack sites. As a result, this location will attract 

electrophiles, whereas the regions indicated in blue will have the opposite effect. From 

these results, the H atoms indicate the strongest attraction and O atom indicates the 

strongest repulsion. Charge density distribution near oxygen atom of the carboxyl 

group shows regions of large negative electrostatic potential. These images 

show that the carboxyl-end of the molecule is electron rich relative to the phenyl end. 
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4..4.1.2 The IR Spectrum the Pesticides  

The simulated spectra of diuron, chlorpyrifos, and imidacloprid molecules are depicted in 

Figure 4.30-4.32, indicating that the presence of unique functional groups results in 

different bands, resulting in spectral disparities between the IR spectra of different 

compounds. In the case of imidacloprid (Figure 4.30), the bands at 1572 and 1548 cm-1 

clearly show the pyridine group's =CH- stretching. The -NO2 symmetric stretching band is 

detected between 1300 and 1250 cm-1, while the bands between 1420 and 1500 cm-1 and 

1109 cm-1 are most likely due to aromatic =CH- and aryl-Cl stretching, respectively.  

 

Figure 4. 30: Simulated IR Spectra of Imidacloprid 

The infrared spectra of chlorpyrifos (Figure 4.31) exhibited bands at 3,444 and 1,627 cm-

1, which correspond to the N-H and C=O, respectively. C=C features can be discovered at 

peak locations of 1,415, 1,050, 845, and 670 cm-1. The peak at 634.59 cm-1 is caused by 

P=S stretching, which is typical of chlorpyrifos, and the peak at 537.12 cm-1 is caused by 

P-O stretching, which is also typical of chlorpyrifos. Armenta et al., (2005) reported C-N 

stretching, C-Cl stretching, and P-S stretching absorption bands for chlorpyriphos.  
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Figure 4. 31: IR Simulated IR Spectra of Chlorpyrifos 

Figure 4.32 shows the IR spectrum of diuron.  

 

Figure 4. 32: Simulated IR Spectra of Diuron 

The peaks at 3320 cm-1 and 1620 cm-1 represent the vibrational adsorption peaks of N-H 

symmetric stretching and the most intense carbonyl bands, respectively. In addition, the 

benzene ring stretched at 1525, 1476, and 1394 cm-1. Other absorption bands of the benzene 

ring are located at 1586 cm-1 (due to C-C stretching vibration) and 1189 cm-1 (due to C-H 

in-plane bending vibration). Peaks at 816, 866, and 755 cm-1 are attributed to benzene ring 

C-H out-of-plane bending vibration, as well as C-Cl stretching vibration. The peaks at 3243 

cm-1 and 1620 cm-1 could be interpreted as N-H and O-H vibration absorption peaks, 

respectively. 
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4.4.1.3 Loading Capacity of Pesticides 

Different force fields were evaluated and it was found that universal force field was the 

best for the three halogenated pesticides as shown in Figure 4.33  

 

Figure 4. 33: Loading of a) imidacloprid, b) diuron and c) chlorpyrifos on CLO using 
various force fields. 

 Based on this force field, the adsorption of the three pesticides on the different zeolites 

was studied. The results are tabulated in Table 4.10. Several structural parameters of 

zeolites' porous domains such as the mass (M), density (D), helium void fraction (HVF), 

accessible pore volume (APV), gravimetric surface area (GSA), and dimensionality of the 

pore system (Di) are important in determining the loading of the molecules.  

As shown in Table 4.10, CLO showed the highest loading of the pesticides per cell. These 

were 90, 89 and 51 molecules per cell for imidacloprid, diuron and chlorpyrifos, 

respectively. This can be due to the fact that CLO has the lowest mass and density among 

the 23 studied zeolites, with a higher helium vacancy percentage (HVF), larger ring pore 

system, diameter pore volume, and volumetric surface area. Conversely, the loading onto 

the other zeolites was relatively low.  
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Table 4. 10: The structural characteristics and loading capacity of imidacloprid, diuron and chlorpyrifos on the best performing 
zeolites.  

 

CODE M D HV
F 

APV VSA GSA DPS Di Loading of 
Imidaclopr
id 

TE Loading 
of 
Diuron 

TE Loading of 
Chlorpyrif
os 

TE 

CLO 11728.18 1128.76 0.55 0.49 2069.69 1833.61 3 15.33 75 543
9.94 

84 2486.5
9 

51 7132.1
1 

LTN 46144.74 1695.18 0.31 0.18 1181.64 697.06 0 0 6 348.
27 

8 146.35 1 61.24 

TSC 23072.37 1318.71 0.49 0.37 1472.61 1116.72 3 15.87 16 134
3.48 

19 332.33 12 1263.8
9 

ITV 11792.17 1075.18 0.55 0.51 2110.04 1962.51 3 8.54 17 118
9.87 

21 435.65 10 1120.3
1 

PAU 40376.65 1585.70 0.36 0.23 1639.21 1033.75 3 10.08 1 62.5
7 

0 0.00 0 0.00 

FAU 11536.19 1327.65 0.49 0.37 1615.92 1217.14 3 10.69 11 712.
15 

14 206.48 8 618.86 

DFO 7931.13 1485.63 0.43 0.29 1625.72 1094.30 3 10.89 10 602.
62 

9 120.57 2 208.14 

LTA 1442.02 1414.17 0.47 0.33 1674.58 1184.14 3 10.24 8 488.
57 

0 0.00 0 0.00 

SBT 8652.14 1368.16 0.47 0.34 1585.49 1158.84 3 10.41 6 382.
30 

9 123.31 3 312.31 

SBE 7690.79 1370.15 0.46 0.34 1514.00 1104.99 3 12.09 6 379.
69 

8 108.18 3 308.93 

IRY 4598.41 1115.15 0.60 0.44 1701.51 1525.79 3 10.69 8 547.
23 

8 136.21 5 537.05 

JSR 5768.09 1225.53 0.52 0.42 2271.20 1853.23 3 7.43 4 242.
22 

3 41.19 1 34.57 

EMT 5768.09 1328.95 0.49 0.37 1618.80 1218.11 3 11.00 6 388.
72 

7 101.08 3 312.57 
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IMF 17304.28 1744.41 0.30 0.17 1261.47 723.15 2   6.70 5 156.
31 

0 0.00 0 0.00 

IWV 9132.81 1498.62 0.41 0.27 1455.32 971.11 2 8.14 4 254.
12 

6 73.92 0 0.00 

SBS 5768.09 1368.86 0.47 0.34 1585.68 1158.39 3 10.97 4 261.
75 

6 81.98 2 200.39 

BOG 5768.09 1602.00 0.38 0.24 1486.24 927.74 3 7.49 2 115.
37 

2 18.06 0 0.00 

BOZ 5527.76 1290.63 0.46 0.36 2017.67 1563.33 3 8.31 2 129.
42 

0 0.00 0 0.00 

KFI 5768.09 1493.77 0.41 0.28 1638.56 1096.93 3 10.16 2 122.
08 

0 0.00 0 0.00 

HEU 2163.04 1748.00 0.29 0.17 1335.49 764.01 2 5.22 1 121.
11 

2 28.24 0 0.00 

Table key; D=density [kg/m3], M=mass [g/mol]; HVF=helium void fraction; APV=accessible pore volume [cm3/g]; 

VSA=volumetric surface area [m2/cm3]; GSA=gravimetric surface area [m2/g]; DPS=dimensionality of the pore system; 

Di=largest overall cavity diameter [A]; L= loading is given in molecules per cell Average total energy =ATE 
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For example, ITV, is in second place in terms of loading of imidacloprid and diuron 

molecules with 17 and 21molecules per cell, respectively. This is a significant difference 

between CLO and ITV loading can be attributed to differences in their mass, density, 

helium vacancy percentage. ITV is closely followed by TSC for the adsorption of 

imidacloprid and diuron, this is because ITV has a larger cavity width than TSC (8.54 vs. 

15.87 m2/cm3). On the other hand, despite having a higher Di than ITV, FAU has a lower 

loading capacity (11 molecules per cell). This could be attributable to FAU's larger bulk 

and density. FAU and DFO have about identical loads (11 vs. 10 molecules per cell for 

imidacloprid). This could be due to a similarity in their Di (10.69 vs.10.89 m2/cm3). LTA 

and IRY have similar loading (8 molecules per cell), whereas LTN, SBT, SBE, and EMT 

have lower loading (6 molecules per cell), which may be due to similarities in their HVF 

and Di. JSR and SBS exhibit similar loading (4 molecules per cell). This may be attributed 

to having almost similar densities and their negligible differences in HVF, APV and Di  

In the case of chlorpyrifos, CLO is still the best candidate for its adsorption with an uptake 

capacity of 51 molecules per cell.  This is equivalent to 50% weight percentage adsorption 

capacity of chlorpyrifos. The trend of adsorption of chlorpyrifos is generally similar to 

those of imidacloprid and diuron. 

4.4.1.4 DFT Adsorption Isotherms 

It is observed that CLO exhibited the L-shape isotherm for imidacloprid, chlorpyrifos and 

diuron with a maximum loading of 75, 51 and 84 for per unit cell, respectively (Figure 

4.34). This shows that the molecules experience stepwise multilayer adsorption onto the 

CLO zeolite, that occurs only when the surface has various adsorption sites types with 

energetically diverse properties. The low loading of chlorpyrifos compared to the rest is 



 

141 
 

due to it has high molecular weight of 350.60 g/mol. Imidacloprid and diuron exhibited 

close loading onto CLO, due to their close molecular weight of 255.66 and 233.09 g/mol, 

respectively. The lower molecular mass allows more packing of the pesticides in the CLO 

structure cavities/pores.  

 

Figure 4. 34: Adsorption isotherms of diuron, imidacloprid and chlorpyrifos loading onto 

CLO at 298 K 

As expected, when compared with other zeolites (TSC, ITV and FAU) (Figure 4.35), CLO 

showed the highest loading. The loading of TSC, ITV and FAU were relatively low with 

nearly a horizontal plateau isotherm. This is attributed to the limited surface-active sites 

for the pesticides (Amutova et al., 2023).  



 

142 
 

 

Figure 4. 35: Adsorption isotherms showing the adsorption of a) diuron, b) imidacloprid 

and c) chlorpyrifos on the selected best performing zeolites 

4.4.1.5 Stable Configurations of Diuron, Imidacloprid and Chlorpyrifos on CLO 

. In the most stable conformation, the chlorpyrifos molecule is adsorbed at almost the center 

of 20- ring window of CLO, while diuron is located in the extreme upper left in 20-ring 

window connecting super cages and the two oxide moieties. The imidacloprid molecule is 

located in the to the extreme left of 8-ring window.  After the sorption of the pesticides on 

CLO zeolites, the binding energy, was computed. Binding energy influences the structural 

stability of molecules, with a negative value indicating that the structure is stable (Liu et 

al., 2020).  Figure 4.36, shows structures of the most stable configuration of diuron, 

imidacloprid and chlorpyrifos adsorbed onto CLO 
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Figure 4. 36: Structures of the most stable configuration of a) diuron, b) imidacloprid 

and c) chlorpyrifos as adsorbed on the CLO  

Consequently, the highest negative value observed for chlorpyrifos on CLO structure was 

-96.57 kcal/mol while lowest negative value was observed for diuron at -56.127 kcal/mol. 

Binding energy for Imidacloprid was -89.45 kcal/mol. It can be concluded from binding 

energy results that sorption of chlorpyrifos and imidacloprid were the most favorable on 

the CLO zeolite with more stable and lowest energy value. This argument can be justified 

from previous studies in which higher negative values were measured for bond length 

imposes significant effects on adsorption process (Mo et al., 2021). The strong bonds 

possess smaller bond lengths than weaker bonds. The more negative values of adsorption 

and enthalpy energies show that the pesticides have strong chemical interaction with CLO, 

thus the stable adsorbed structures are formed. 

Conclusion  

In conclusion, CLO zeolite was the most suitable for the adsorption of diuron, imidacloprid 

and chlorpyrifos compared to other zeolite structures. Chlorpyrifos forms the most stable 

configuration with CLO compared to the other two pesticides. Diuron had the highest 
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stability, with an energy gap of 5.30 eV, followed by imidacloprid (4.83 eV) and 

chlorpyrifos (4.19 eV). This implies that it will be more persistent in the environment. Also, 

sorption of chlorpyrifos and imidacloprid were the most favorable on the CLO zeolite with 

more stable and lowest energy value compared to diuron based on the binding energy. 

Objective 3; To determine the kinetics and mechanisms of the adsorption of the selected 

pollutants onto the HEU zeolite: Experimental Study 

4.5. Characterization of the HEU Zeolite 

4.5.1 Chemical Composition 

Elemental data results obtained from the EDX analysis showed that SiO2 is the most 

abundant compound in the zeolite followed by Al2O3 (Table 4.11).  

Table 4. 11: Chemical composition of the HEU zeolite 

Oxide SiO2 Al2O3 MgO K2O CaO 

Weight % 76.35 11.66  4.59 3.39 1.61 

  

The Si/Al ratio in the zeolite was 3.7. This affirmed that the zeolite used in this study is  a 

heulandite zeolite since the ratio is less than 4 (Diale et al., 2011). Since the Si/Al ratio in 

the zeolite is less than 5, it can be said that, this is low silica zeolite and therefore more 

acidic making it ideal for ion-exchange reactions (Auerbach et al., 2003; Nair et al., 2013). 

In addition, the zeolite contained little amounts of K, Ca and Mg. However, there were no 

traces of lead, cadmium, nitrogen and phosphorous in the zeolite structure. 
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4.5.2 Crystallinity of the HEU zeolite 

The XRD patterns of the zeolite are shown in Figure 4.37 and 4.38. The structure of the 

zeolite was analyzed in 4° ≤ 2θ ≤ 90° range. The zeolite mainly composed of heulandite-

K, heulandite-Ca, clinoptilolite-Ca, orthoclase, and SO2. The peaks from K-type heulandite 

(DB card No. 9012215), Ca-type heulandite (DB card No. 9000150), Ca-type clinoptilolite 

(DB card No. 9009578), orthoclase (DB card No. 9006347), and SiO2 (DB card No. 

9006291).  

 

Figure 4. 37: X-ray diffraction patterns for zeolite 
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Figure 4. 38: X-ray diffraction peak profile for the zeolite  

 

Distinct peaks of the zeolite were observed at 2θ = 9.8, 11.1, 13, 22.3, 22.6, 25.9 and 30°.  

This agrees with work done by Treacy, (1996). The peaks observed at 2θ = 22.3° and 9.8° 

corresponds non-amorphous SiO2 and Al2O3, respectively (Barlokova, 2008; Galli et al., 

1983; Treacy   et al., 1996). The recorded pattern coincides with the reported simulated 

patterns for the HEU with peaks at 9.85, 11.07, and 22.22o, with heulandite (Si/Al=3.88) 

(Treacy   et al., 1996).  The results   reveal that the zeolite sample was crystalline given the 

symmetrical peaks that were sharp and of high intensity. Due to the high crystalline 

behavior of the HEU its active sites can easily attract the heavy metals (Pb2+ and Cd2+ ions), 

anions (PO4
3-and NO3

-) and selected halogenated pesticides and pharmaceuticals 

(Sihombing et al., 2018). Figure 4.39 shows the PXRD zeolite profile view or pattern of 

the zeolite with most observed peaks being highly intensive and sharp; an indication of its 

high crystallinity and porous nature and therefore stable for the adsorption studies 

(Sihombing et al., 2018) 
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4.5.3 Functional Groups Analysis 

FT-IR analysis was used to provide information regarding functional groups on the surface 

of the zeolite adsorbent over a spectra range of 4000–400 cm−1 (Figure 4.39).  

 

Figure 4. 39: FT-IR spectrum of the HEU zeolite  

The broad band at 3000-3600 cm-1 is attributed to the stretching vibration of hydroxyl 

groups on the surface of the zeolite and adsorbed water molecules, which possess the 

bending vibration mode at 1637 cm-1  The strong absorption band at 1036 cm-1 is 

attributable to silicate oxygen bond  (Si-O-Si) while the bands at 540 and 1000 cm-1 are 

due to bending vibration for Al-Al-O (Mir, 2020).  The existence of the heulandite phase 

is confirmed by the appearance of 593 cm-1 band (Christidis et al., 2003). The existence of 

593 cm-1 shows the presence of heulandite type -II”(Perraki & Orfanoudaki, 2004). 

Furthermore, the most intensive vibration frequency is between 1100 and 1020 cm-1; a 
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result of the structural units of the Si-O-Al of the natural zeolite confirming the main 

composition of the material used in this study. The bands located at about 500 – 430 cm-1 

is assigned to a T-O bending mode where (T =AI or Si).  

4.5.4 Scanning Electron Microscopy (SEM) Analysis 

Scanning electron microscopy (SEM) is a valuable tool for precise measurement and 

analysis of extremely small features and morphology of the sample. Figure 4.40 shows the 

SEM micrograph of HEU zeolite before adsorption.  

 

Figure 4. 40: Natural heulandite before adsorption pollutants 

It is evident from Figure 4.41 that SEM image of natural heulandite zeolite exhibits a highly 

heterogeneous and rough surface with large number of micropores. It is clear that the 

zeolite has pores that provides high surface area for potential adsorption of pollutants. This 

roughness is due to the presence of Al2O3 and SiO2 in the zeolite matrix as shown in the 

XRD and EDX (Figure 4.38 and Table 4.11). 
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4.6 Experimental Studies 

4.7 Removal of Pb2+ and Cd2+ from Water Using South African Heulandite Zeolite: 

Experimental and Computational Study 

In this study the efficacy of HEU zeolites in removing Pb2+ and Cd2+ from aqueous solution 

was investigated through batch experiments and molecular simulations. Monte Carlo 

simulations computed the adsorption isotherms in the Grand Canonical Ensemble 

(GCMC), which were used in evaluating the performance of the undoped and doped HEU. 

Therefore, this study provides valuable insights into the use of HEU zeolite as an 

efficacious adsorbent for the removal of Pb2+ and Cd2+ from water to alleviate water 

pollution.     

4.7.1 Results  

The effects of several physical factors on the adsorption of the selected heavy metals onto 

the HEU zeolite was investigated.  

4.7.1.1 Effect of Contact Time on Pb2+ and Cd2+ Adsorption on Heulandite  

Figure 4.41 shows the efficiency of Pb2+ and Cd2+ removal by the zeolite as a function of 

contact time. The initial Pb2+and Cd2+ were 10 and 1.5 ppm, respectively.Adsorbent mass  

of 1.0 g and 0.1 g, volume of 100  and 10 mL, respectively and temperature 25 oC. 
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Figure 4. 41: Effect of contact time on the adsorption of Pb2+ and Cd2+ onto zeolite 

The maximum adsorption capacity for Pb2+ and Cd2+ was reached after 3 hours. A sharp 

and rapid adsorption of Pb2+ onto the adsorbent was observed in the first 60 min. On the 

other hand, adsorption of Cd2+ was slow in the first 60 min. However, the adsorption rate 

increases rapidly between 60 and 120 min. Thereafter, in both cases, the adsorption rates 

gradually slowed down reaching an equilibrium after 180 min. The adsorption behavior of 

the two metal ions can be explained by the fact that there were more active sites and a 

larger surface area for adsorption at the start of the experiment, which increased mass 

transfer. The subsequent slow adsorption is due to the decrease in driving force caused by 

a decrease in active sites, up until maximum capacity is attained (El-Araby et al., 2019; 

Matei et al., 2019). The percent adsorption increased gradually as the contact time was 

extended to 4 hours, recording 99.7% and 76.7% removal for Pb2+ and Cd2+, respectively. 

The higher removal rate of Pb2+ compared to Cd2+ is due to its higher electronegativity 

(2.33) compared to that of Cd2+ (1.69) hence readily adsorbed onto the HEU zeolite. This 
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is because a high electronegativity is responsible for the strong covalent formation between 

the metal ion and oxygen atoms on the zeolite surfaces (Zhao et al., 2020). These results 

compare favorably with published results whereby most zeolites have a higher cation 

exchange capacity for Pb2+ than Cd2+ (Velarde et al., 2023). 

4.7.1.2 The Adsorption Kinetics Model  
 
To study the kinetics of adsorption of Pb2+and Cd2+ onto the HEU zeolite, the pseudo first-

order and pseudo second-order models were used. Figure 4.42 and Table 4.12 show the 

kinetic model fits and results of adsorption for Pb2+ and Cd2+. 

 

Figure 4. 42: Kinetic models of adsorption for (a) Pb2+ and (b) Cd2+ pseudo-first-order and 

pseudo-second-order  
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Table 4. 12: Kinetic model parameters for Pb2+and Cd2+ uptake by HEU 

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

Parameters Qe k1 R2 (χ2) Qe k2 R2 (χ2) 

Pb2+ 1.1288 1.05×10-2 0.9811 2.53×10-3 1.583 1.5×10-3 0.9748 3.37×10-3 

Cd2+ 0.0304 5.31×10-3 0.9414 1.35×10-6 9.9418 5.22×10-7 0.9364 1.46×10-6 

 

For Pb2+ and Cd2+ from Table 4.12 the pseudo first-order kinetic model best fit the 

adsorption process of Pb2+ and Cd2+ due to superior R2 values compared to pseudo- second 

order. This indicates that physisorption was primarily responsible for the adsorption of both 

ions onto the HEU zeolite (Wan et al., 2021). Besides the qe obtained from this model for 

pseudo- first order were consistent with the experimental values of adsorption capacity.  

From pseudo first-order rate constants, it is clear that the adsorption of Pb2+ onto the 

zeolites was faster than that of the Cd2+.  Furthermore, the pseudo-first order was found to 

have a lower chi-squared (χ2) value (0.00253) for Pb2+ than the pseudo-second order. For 

Cd2+ having a lower chi-squared (χ2) value (1.35×10-6) in the pseudo-first order compared 

to pseudo-second order, indicating that the pseudo-first order is more accurately represents 

the data. 

4.7.1.3 Effect of Initial Concentration of Lead and Cadmium ion on Adsorption onto 

HEU Zeolite 

The initial concentration of adsorbate in the solution determines the number of heavy metal 

ions in the bulk solution which may be available for binding to active sites of the adsorbent.  

The effect of the initial metal ion concentration on the adsorption of the selected metal ions 

onto the HEU zeolite was investigated by varying Pb2+ and Cd2+ initial concentration from 
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5 to 30 ppm and 1 to 3 ppm, respectively, adsorbent mass 1.0  0.1 g, respectively and 

reaction temperature 25 oC (Figure 4.43). 

 

Figure 4. 43: Effect of concentration of (a) Pb2+ and (b) Cd2+ removal by zeolite   

It was observed that the 5 ppm Pb2+ attained equilibrium after 60 min while the other 

concentrations reached equilibrium after 150 min. Thereafter, no appreciable changes in 

adsorption occurred after 150 min.  

In the case of Cd2+, the adsorption followed the same trend as Pb2+ with lower 

concentrations reaching equilibrium faster than the higher concentrations. For example, the 

1 ppm reached equilibrium after 150 min, while the 2 ppm reached equilibrium after 175 

min.  

From Figure 4.47, 20 and 30 ppm of Pb2+ show high adsorption compared to 5 and 10 ppm 

h show same trend with Cd2+.This is so because by increasing the number of metal ions 

there is increase in the competition for the limited surface-active binding sites of the 

adsorbent, thereby resulting in increased adsorption capacity because the active sites 

become saturated (El-Araby et al., 2019). Researchers have carried out several studies on 

the effect of initial concentration on metal removal by different adsorbents. For example, 
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Kumar et al., (2012) reported that an increase in Cd2+ concentration from 80.1 to 66.6 %, 

resulted in a decrease in percent removal. Also, Nurain et al., (2021) reported a similar 

trend in the removal of Pb2+ by banana peel where at high Pb2+ concentration (100 ppm), 

the removal efficiency was lower 89.5%, while at low concentration (50 ppm) the 

percentage removal was 87.65% ( Nurain et al., 2021)  

4.7.1.4 Effect of Adsorbent Dosage. 

By varying the zeolite dose from 0.3 to 2.0 g at initial concentrations of 10 and 1.5 ppm of 

Pb2+ and Cd2+ ions, respectively, it was possible to determine the impact of adsorbent 

dosage on the removal of Pb2+ and Cd2+ from water. This was carried out for 60 minutes 

and reaction temperature of 25 oC. The percent removal of Pb2+ and Cd2+ from water at 

different zeolite quantities is depicted in Figure 4.44. 

 

Figure 4. 44: Effect of adsorbent dose on adsorption of Pb2+ and Cd2+ions on zeolite 
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An increase in the amount of   zeolite increases the removal percent of Pb2+ and Cd2+ ions 

up to a maximum amount of 1.0 g. This is attributed to increased adsorption active sites as 

the adsorbent mass increases. The findings are comparable with previous report for 

adsorption of Pb2+ and Cd2+, respectively (Bao et al., 2013; Sayed & Khater, 2013). Further 

increase in the amount of HEU zeolite beyond 1.0 g led to decrease in the adsorption. This 

can be attributed to reduced mass transfer due to increased viscosity (Yousefi et al., 2018). 

4.7.1.5 Adsorption Isotherms Studies for Pb2+ and Cd2+ Adsorption onto HEU 

Adsorption models can be used as the reference in evaluating the characteristic 

performance of an adsorbent. In order to determine the uptake capacity of the Pb2+ and 

Cd2+ ions adsorption onto the HEU zeolite, non-linear Langmuir, Freundlich, Redlich-

Peterson and Sips isotherms models were employed. The best-fitted model was then 

decided from the comparison of the R2 values from the fitted models as shown in Figure 

4.45 and 4.46.   
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Figure 4. 45: Non-linearized (a) Langmuir, Freundlich, Redlich-Peterson and Sips 

isotherms for Pb2+ adsorption by HEU zeolite 
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Figure 4. 46: Non-linearized (a) Langmuir, Freundlich, Redlich-Peterson and Sips 

isotherms for Cd2+ adsorption by HEU zeolite 

The Langmuir, Freundlich, Redlich-Peterson and Sips isotherms parameters and 

coefficients obtained for the adsorption of the two heavy metal ions onto the HEU zeolite 

are collected in Table 4.13.  
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Table 4. 13: Isotherm parameters for the adsorption of Pb2+ and Cd2+ onto HEU zeolite 

                                  Langmuir Isotherm 
Ion 
 

qmax K.L. R.L. R2 

Pb2+ 0.6681 0.8676 0.920 0.3771 
Cd2+ 
 

0.1072 1.4079 0.516 0.9106 

Freundlich Isotherm  
Ions KF 1/n R2 
Pb2+ 0.4408 0.1124 0.9142 
Cd2+ 0.0610 0.3914 0.9671 
                                           Redlich-Peterson 
Ions A B G R2 
Pb2+ 0.6058 1.0168 0.9579 0.1921 
Cd2+ 0.1588 1.5608 0.9295 0.8795 
                                             Sips 
    
 Qms As Bs R2 
Pb2+ 3.3437 0.1545 0.1266 0.8687 
Cd2+ 0.2848 0.2747 0.5037 0.9401 

 

From the non-linear regression correlation coefficient (R2) values obtained, the adsorption 

of the two metal ions fits best in the Freundlich isotherm. The Freundlich isotherm model 

describes the adsorption of Pb2+ and Cd2+ onto zeolite as nonuniform type of adsorption on 

the outer surface of the adsorbent and each site has different affinity. This means that 

adsorption of the two heavy metal ions is multilayer on the heterogeneous surface of 

heulandite zeolite. Freundlich’s 1/n value is related to adsorption strength. The values of 

1/n obtained for the adsorption of Pb2+ and Cd2+ was 0.1124 and 0.3914, respectively. This 

indicates that adsorption of the two ions was spontaneous and  when more adsorbates are 

present in the adsobent free energies is enhanced for futher adsorption (Shukuku et al.,  

2015). The KF values in Freundlich model, shows that the sorption capacity of Pb2+ was 

higher than that of Cd2+.  
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Table 4.14 compares these results with results obtained in previous studies on the 

adsorption of Pb2+ and Cd2+onto different zeolites (Gupta et al., 2021; Tare et al., 1992). 

The results obtained in this study are comparable with those reported in other studies.    

Table 4. 14: Reported adsorption capacities (mgg-1) of natural zeolite for heavy metal 
ions 

Type of zeolite 
. 

Cd2+  Pb2+ References 
Adsorption 
capacity 
(mg/g) 

Adsorption 
capacity 
(mg/g) 

 

Greek Natural zeolite 1.4 1.2 (Malliou et al., 
1994) 

Bulgaria Clinoptilolite  1.6 2.4 (Babel et al., 2003) 
Synthetic zeolite SZM-5 30.6 24.4 (Mukti, 2016) 
Ukraine Clinoptilolite 13.0 4.2 (Sprynskyy et al., 

2006) 
Turkey Clinoptilolite 27.7 - (Karatas, 2012) 
Iranian Natural zeolite  52.6 29.4 (Ghahfarokhi et 

al., 2014)] 
Iranian sepiolite zeolite 50.0 19.2 (Ghahfarokhi et 

al., 2014) 
Bulgaria Clinoptilolite 1.6 2.4 (Shaheen et al., 

2012; Zamzow et 
al., 1990) 

Na-A zeolite 224.7 118.3 (Bao et al., 2013) 
Iranian Modified 
clinoptilolite zeolite 

91.3 78.3 (Mirbaloochzehi et 
al., 2020) 

South African Haundatite 0.5 0.29 This study 

(Experimental) 
Activated biocarbon 2.9 2.8 (Singanan, 2011) 
p-type zeolite 3.9 - (Mingyue et al., 

2020) 
Cow manure  102.77 38.11 (Zhu et al.,  2017) 
Extracellular polymeric 
substance (EPS) 

31.55 23.42 (Cui et al., 2020) 

Carbon nanotubes 23.4 10.5 (Šolić et al., 2021) 
Iron phosphate-modified 
pollen microspheres as 
adsorbents 

 

6.13 4.62 (X. Zhang et al., 
2021) 
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4.7.1.6 Computational Adsorption Isotherms of Pb2+ and Cd2+onto Heulandite 

The structure of the HEU zeolite was obtained from the Zeolite database (Baerlocher et al.,               

2007).  Material Studio 17.0 software was used for the molecular simulations. First-

principles DMol3 method was applied for the geometry optimizations of the of Pb2+ and 

Cd2+ (Delley, 2000). Natural bond orbital (NBO) population calculations were conducted 

using NBO 3.1 program embedded in the Gaussian 09 program (Frisch et al., 2010). The 

quantum theory of atoms-in-molecules (QTAIM) investigation was done using Multiwfn 

3.7 software (Lu and Chen, 2012b).  

The adsorption isotherm at a given temperature, T and the number of adsorbed ions per 

cell as a function of the pressure of the fluid in contact with the porous material was 

determined.   

The percent weight capacity was calculated using as follows, 

Percent weight (%𝑤𝑡) = 𝑀𝑎𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 ℎ𝑒𝑎𝑣𝑦 𝑚𝑒𝑡𝑎𝑙 𝑖𝑜𝑛𝑀𝑎𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑧𝑒𝑜𝑙𝑖𝑡𝑒 𝑢𝑠𝑒𝑑+𝑚𝑎𝑠𝑠 𝑜𝑓 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 ℎ𝑒𝑎𝑣𝑦 𝑚𝑒𝑡𝑎𝑙 𝑖𝑜𝑛 × 100%                           

Adsorption capacity depends on the initial conditions of the adsorbent, the fluid-phase 

concentration and the temperature within the adsorbent. It is observed that Pb2+ exhibited 

a linear- H-shaped isotherm with a pronounced inflexion at a maximum loading of 8 ions 

per unit cell giving a weight capacity of 43.36%. The H-type isotherm implies a progressive 

saturation of the adsorbent, by achieving high adsorption properties at low adsorbate 

concentrations due to the very strong adsorbate−adsorbent affinity (Bonilla-Petriciolet et 

al., 2017; de Vargas et al., 2021). 

Cd2+ exhibited a C-shaped isotherm adsorption capacities on HEU with loading of 7 ions 

per unit cell loading, giving a lower weight percentage capacity of 26.60%. In this study, 
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adsorption increased sharply because HEU was not saturated with ions. The adsorption of 

Cd2+ is not yet at equilibrium due to the availability of more sites to accommodate ions 

packing, as shown in Figure 4.47. The loading of Pb2+ is higher than that of Cd2+ since the 

Pb2+ ions are smaller in size than Cd2+; hence it can enter the pores easily. 

 

Figure 4. 47: Adsorption isotherms for Pb2+ and Cd2+ ions (a) loading capacity and (b) 

percentage 

For both Cd2+ and Pb2+, the maximum weight capacity was below 50% due to the small 

interlinked /unintercalated pores of the zeolite. This makes HEU adsorb less heavy metal 

ions as it cannot trap more ions in its structure. Interestingly, the percent weight and loading 

obtained from this computational study follow the experimental trend of 50% and 29.2% 

for Pb2+ and Cd2+, respectively. The small variation between the experimental and 

computational results might be due to amorphous and crystalline impurities that are 

inevitably present in natural HEU zeolites that are not considered intrinsic constituents, as 

well as the high rate of water sorption capacity and the hydration of the metal ions during 

the experiment.   

The adsorption data obtained from the Morte Carlo simulations fitted well to the Freundlich 

adsorption isotherm model, as depicted in Figure 4.47, which shows the variation in the 
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average loading of Pb2+ and Cd2+ adsorbed by unity mass of HEU zeolite with the pressure 

of the system from 10 kPa to 1000 kPa at 298 K.  

4.7.1.7 The effect of temperature on adsorption of pb2+ and cd2+ (Computational 

study)  

The adsorption isotherms of Pb2+ and Cd2+ ions at different temperatures and pressures 

were studied ranging from 10 to 1000 kPa and temperatures ranging from 298 to 398K, as 

shown in Figure. 4.48.  

 

Figure 4. 48: Averaging loading of (a) Pb2+ and (b) Cd2+ onto HEU zeolite as a function 

of pressure at different temperatures 

From the results obtained, the adsorption of Pb2+ ions exhibit no significant effect with 

temperature increase. The loading of Pb2+ per cell remains at 8 ions across all the 

temperatures studied. On the other hand, the adsorption of Cd2+ ions per cell onto HEU 

zeolite decreased as the temperature was increased. This can be due to the breaking of 

hydrogen bonds between the adsorbent and the Cd2+ at high temperature. The loading of 

Cd2+ per cell decreases, recording 7, 5, 4, 4, 3 and 2 ions per cell observed at temperatures 

of 298,308, 328, 338, 358 and 398 K, respectively. The adsorption difference of Pb2+ and 
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Cd2+ ions regarding temperature dependence is due to differences in the nature of the 

interactions between the HEU zeolite and the metal ions.  

4.7.1.8 The Most Stable Configuration of Pb2+ and Cd2+ Adsorbed on the HEU 

Adsorbent 

Figure 4.49 displays the most stable structural configurations of Pb2+ and Cd2+ adsorbed 

onto the HEU zeolite.  

 

Figure 4. 49: Most stable configuration of Pb2+ and Cd2+ onto the HEU zeolite 

In the case of Pb2+, the ions are adsorbed at the window of HEU zeolite, equidistant from 

two adjacent oxygen atoms on the structure. This suggests that Pb2+ ions form stable bonds 

with the oxygen atoms in the zeolite framework structure. In contrast, the Cd2+ ions are 

adsorbed on the upper left side of the 8-ring HEU window connecting super cages, and the 

two oxide moieties located in the upper right segment of the 8-ring. The adsorption energy 

of Pb2+ and Cd2+ on the HEU zeolite structure was -12.51 and - 4.22 kcal/mol, respectively. 

The adsorption process is exothermic as indicated by the negative energy. Based on the 

binding energy results, it can be inferred that Pb2+ sorption onto the HEU zeolite is 

preferable to Cd2+ sorption.  The more negative adsorption energy observed for 
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Pb2+suggests stronger interactions between the Pb2+ ions and the zeolite structure 

framework, indicating a more stable adsorption for Pb2+ on the HEU zeolite structure. 

4.7.1.9 Natural Bond Orbital (NBO) Analysis 

Information on charge density transfer and molecular stabilization due to electronic 

delocalization is the key aspect that provides valuable insights into chemical bonding and 

reactivity.  This allows for the evaluation of the extent to which electronic delocalization 

or charge density transfer contributes to molecular stabilization. Natural bond orbitals are 

a useful tool in scrutinizing the chemical characteristics of a given compound. It can 

provide information on the basicity, stability, intra- and intermolecular charge transfer. In 

addition, it provides information on the link between donor and acceptor molecular orbitals 

(Louis et al., 2022). In this study, NBO analyses were conducted to gain insights on the 

charge delocalization and molecular stabilization in Pb-HEU and Cd-HEU complexes. The 

second-order perturbation energies and the various sites of contribution from different 

excitation types for the Pb-HEU and Cd-HEU complexes were analyzed and are recorded 

in Table 4.15.  

  



 

164 
 

Table 4. 15: The Pb-HEU and Cd-HEU complexes Second order perturbation energy at 

ὠB97XD with def2svp basis set  

Donor NBO (i) Acceptor NBO (j) E2 
Kcal/mol 

E(j) – E(i) a.u F(i,j) a.u. 

Pb-HEU complex 

σ*Si3-O16  σ*O1-Si3  10.11 0.02 0.060 
LP (3) O1 LP (1) Al2 30.30 0.74     0.191 
LP (3) O1 LP*(2) Al2 15.09     0.68 0.127 
LP (3) O5 LP(4) Al10 19.50     0.82     0.161 
LP (2) O13 LP* Al2 13.20     0.51 0.107 

Cd-HEU complex 
LP (3) O1 LP*(1) Al2 36.99 0.80 0.220 
LP (3) O1 LP*(3) Al2 18.54 0.88 0.162 
LP(3) O4 LP*(1) Al2 34.28 0.84     0.217 
LP(3) O4 LP*(3) Al2 24.99 0.92 0.192 

 

Thus, the total stabilization interaction for the charge transfer (LP→LP*, LP→LP, σ*→ 

σ*) was reported with respect to Mohammadi and coworkers, (2022).  The results presented 

in table 4.17 elucidate that the stabilization energies of Pb-HEU complex ranged from 

10.11 to 30.30 kcal/mol, with σ→ σ) interaction having the lowest E(2)  contribution of 

10.11 kcal/mol. In comparison, the stabilization energy is between 18.54 to 36.99 kcal/mol 

for the Cd-HEU complex, with the LP→LP* molecular orbital contributing the highest 

stabilization energy of 114.8 kcal/mol. The high stabilization energy values demonstrate 

the system's stability as a result of a robust donor-to-acceptor intermolecular connection. 

As a result, the Cd-HEU complex system with the highest E(2) value is the most stable. 

Nevertheless, the total change in charge density transfer for the Pb-HEU complex was 

49.80 kcal/mol for (ΔETLP → L.P.) and 28.29 kcal/mol for (ΔETLP → L.P*), which 

contributed to the stability of the Pb-HEU complex.  
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The delocalization of charge density in molecules is crucial for predicting an isolated 

system's conformation character and reactivity. Delocalization and Mulliken charge 

analysis play a crucial role in charge transformative process, electronegativity equalization, 

and potential energy surface (Hussain et al., 2020; Louis et al., 2022).  

Mulliken analysis is calculated at the ɷBb97XD/def2svp theoretical level to compare and 

analyze the total charge density distribution and delocalization over the whole complex 

(Mohammadi et al., 2022). This analysis can help in understanding how the electron 

density is distributed and transferred during chemical reactions, as well as in identifying 

the most reactive sites in a molecule Figure 4.50 shows Mulliken population charge 

analysis of the Pb-HEU and Cd-HEU complexes. It was observed that the two complexes 

have higher negative density due to the presence of negatively charged oxygen between 

two hydroxyl groups (O.H.—O—O.H.) and linked to Silicon (Si—O). This clearly shows 

that these immensely negatively charged oxygens attract a higher electronic distribution 

than other charged atoms in the complexes.  

 

Figure 4. 50: Mulliken population Charge analysis of the Pb-HEU and Cd-HEU 

complexes 
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Remarkably, the presence of positively charged aluminum in both complexes results in a 

shift in the electronic charge delocalization, with the Pb- HEU complex shifting from -0.75 

to 1.33 eV and from -0.80 to 1.0 eV for the Cd-HEU complex.   

4.7.1.10 Quantum Theory of Atoms in Molecule (QTAIM) Analysis 

Quantum Theory of Atoms in Molecules (QTAIM) which is a theoretical framework was 

utilized extensively to understand better the behavior of inter- or intramolecular hydrogen 

bonding interaction molecular and atomic levels using electronic charge density. 

Furthermore, it provides insights into chemical reactivity and molecular recognition. The 

QTAIM theory partitions a molecule into atoms using its electronic charge density, which 

could be obtained computationally or experimentally (Wilson et al., 2021). Various critical 

points are identified by evaluating the first and second derivatives of the electron density, 

which are used to characterize a number of non-covalent interactions such as 

intermolecular hydrogen bonding within atoms in the molecule. QTAIM can also be used 

to identify and characterize molecules which possess non-covalent bonds. Therefore, 

information on the electron density at different bond critical points (bcps) of an intra- or 

intermolecular hydrogen bond interaction can be utilized to determine the strength of the 

hydrogen bond (Shiroudi et al.,2024). Hence, the concept of QTAIM formulated by 

Malloum and coworker was used to study Pb-HEU and Cd-HEU complexes to characterize 

the features of the intermolecular hydrogen bonds present (Malloum & Conradie, 2022). 

Figure 4.51 illustrates the critical point (C.P.) between each intramolecular interaction, 

providing insights into the strength of hydrogen bonding within Pb-HEU and Cd-HEU 

complexes. Hence, the concept of QTAIM formulated by Richard F.W was used to 
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characterize the features of the intermolecular hydrogen bonds present in the studied Pb-

HEU and Cd-HEU complexes (Bader, 1991). 

 

Figure 4. 51: The critical point (C.P.) between each intramolecular interaction in the Pb-

HEU and Cd-HEU complexes 

Table 4.16 provides additional information on the nature and strength of the bonding 

interactions within the studied Pb-HEU and Cd-HEU complexes. The Laplacian of electron 

density (2ρBCP), ellipticity (Ɛ), kinetic energy density G(r), potential energy density V(r), 

total energy H(r), binding energy at each critical point and the ratio of G(r)/V(r) ratio are 

all given in Table 4.16. Thus, the binding energy at the bond critical points (BCPs) [ EO5-

O15, EO22-H26] for the Pb-HEU and Cd-HEU complexes was -188.88 and -23.79 kcal/mol, 

respectively. It is worth noting that no critical point of interaction exists between Pb and 

other atoms detected, indicating weak or no interaction. In contrast, a significant 

chemisorption interaction for O22-Cd 30 and Cd30-O27 bond critical points, with a binding 

energy (B.E.) of -148.72 and 72.87 kcal/mol, respectively. This suggests a strong 

interaction between Cd and the oxygen atoms, which can have significant implications for 
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the properties and behavior of the complex. The higher binding energy observed for the Cd 

and O interaction indicates stronger stability of Cd-HEU complexes, which is the 

complex's second-order perturbation energy E(2). This is because BE is directly 

proportional to stability of a complex (Louis et al., 2022; Chandrasekaran & Betouras, 

2022). The positive Laplacian electron density observed in Pb HEU and Cd-HEU 

complexes show that the most prominent interactions in the two complexes is electrostatic 

in nature (Table 4.18). The concept of ellipticity (Ɛ), which is calculated using the negative 

Hessian of the electron density at Bond Critical Points (BCPs), is expressed as Ɛ = λ1/λ2 – 

1, where λ1 and λ2 represent the eigenvalues of the negative Hessian of electron density at 

BCPs. As a result, the parallel expansion λ1/λ2 and ellipticity values for the Pb-HEU 

complex and Cd HEU complex systems are less than one, indicating a highly strong 

intermolecular interaction between the HEU zeolite and the heavy metal ions. The 

investigated compounds have high stability, with the Cd-HEU combination having the 

most stable chemisorption bonds with an oxygen atom at the aromatic ring.
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Table 4. 16: QTAIM parameters for Pb-HEU and Cd-HEU complex systems 

QTAIM parameters for Pb-HEU and Cd-HEU complex systems 

Systems Parameters Bond p(r) 2 p(r) G(r) K(r) V(r) H(r) G(r)/V(r) ELF Ɛ λ1 λ2 

 

λ3 

Pb-HEU 
complex 

BCPs O5-O15 0.8
5 

0.76 0.18 -0.52 -0.17 -0.52 -1.06 0.61 0.0
4 

-0.15 -0.16 0.10 

 BE(EO—O) -188.88             
 BCPs O18-H26 0.1

1 
0.91 0.24 0.13 -0.25 -0.13 -0.96 0.91 0.0

1 
0.13 -0.20 -0.21 

 BE(EO—H) -23.79             
               
Cd-HEU 
complex 

BCPs O22-
Cd30 

0.6
7 

0.36 0.98 0.72 -0.10 -0.72 -9.80 0.94 0.0
1 

0.52 -0.77 -0.78 

 BE(EO—Cd) -148.72             
 BCPs Cd30-

O27 
0.3
3 

0.14 0.36 0.14 -0.36 -0.14 -1.00 0.73 0.0
5 

0.20 -0.32 -0.31 

 BE(ECd—O) -72.87             
 BCPs Cd30-

O18 
0.2
4 

0.92 0.22 -0.60 -0.21 0.60 -1.05 0.65 0.0
5 

0.13 -0.19 -0.20 

 BE(ECd—O) -52.79             
 BCPs O22-O22 0.3

2 
0.14 0.33 -0.19 -0.31 0.19 -1.06 0.77 5.2

8 
-0.28 0.17 -0.45 

 BE(EO—O) -70.64             
 BCPs O25-H29 0.3

5 
0.13 0.33 -0.55 -0.32 0.55 -1.03 0.10 0.0

3 
0.26 -0.63 -0.61 

 BE(EO—H) -77.33             
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Conclusion 

In conclusion the experimental and computational studies revealed that the percent weight 

capacity of the zeolite for the two ions followed the decreasing order of Pb2+ > Cd2+. This 

trend suggests that the zeolite had a higher adsorption capacity for Pb2+ ions compared to 

Cd2+. Furthermore, the BE at the BCPs for the Pb-HEU complex was -188.88 kcal/mol 

and -148.72 kcal/mol for the Cd-HUE complex. The stronger binding energy of the 

interaction between Pb and HEU provides a rationale for Pb's greater percent weight 

capacity on the zeolite compared to Cd, as shown by the experimental results. The results 

suggest that different excitation types contribute differently to the stabilization energy and 

charge transfer in these complexes, with the Cd-HEU complex showing a higher degree of 

stabilization than the Pb-HEU complex. These findings could have implications for 

understanding the properties and behavior of these complexes in environmental 

remediation. Meanwhile, being locally available, and freely abundant with a considerably 

high adsorption capacity, natural zeolite is an attractive choice for removing metal ions 

from water. 

4.8 Removal of PO4
3- and NO3

- from Wastewater using Heulandite Zeolite 

The study herein aims to exploit HEU zeolite as a cost-efficient and highly potent adsorbent 

for PO4
3– and NO3

– ions in synthetic wastewater, employing a batch mode. Optimization 

was conducted for parameters including contact time, initial concentration, adsorbent 

dosage, and temperature in the removal of PO4
3– and NO3

– by the HEU zeolite. 

Additionally, the investigation encompassed the examination of adsorption isotherms, 

kinetics, and thermodynamics concerning the adsorption of the two anions onto HEU 

zeolites  
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4.8.1 Characterization  

The morphology of HEU zeolite before and after adsorption of two anions is displayed in 

Figure 4.52. 

 

Figure 4. 52: SEM micrographs of the natural heulandite zeolite (a) before adsorption and 

after adsorption for (b) NO3
- and c) PO4

3-  

As it can be seen, the zeolite before adsorption has a rough texture surface with irregular 

particles with different sizes with cavities distinguished as dark areas. After adsorption, the 

surface of the anion-loaded adsorbent shows that the surface was covered with anions 

(NO3
- and PO4

3-). The surface of HEU zeolite became smooth after the adsorption of anions 

and the pores appear to be smooth due to the adsorption of anions onto the pores of the 

adsorbent.  

4.8.2 Adsorption Studies  

 The effects of different physical factors on the adsorption of the PO4
3- and NO3

- onto the 

natural zeolite was investigated.  
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4.8.2.1 Effect of Contact Time on PO4
3- and NO3

- Removal from Aqueous Solution 

using HEU Zeolite  

Contact time influence adsorption of the selected anions onto the HEU adsorbent. The 

effect of contact time on adsorption capacity is given in Figure 4.53. Figure 4.53 shows 

efficiency of PO4
3- and NO3

- removal by the zeolite as a function of contact time (0 to 120 

min). The initial PO4
3- and NO3

- concentrations were  both 4 ppm the adsorbent dose was 

1.0 g and volume of  the solution was 100 mL at 25 oC.  

 

 

Figure 4. 53: Effect of contact time on the adsorption of PO4
2- and NO3

- onto HEU zeolite  

The results in Figure 4.53 show that HEU has a strong selectivity for the selected anions. 

The adsorption of the two anions removal occurred in two stages; a rapid and a slow phase.  

For the first 45 min adsorption was rapid which was followed by slow removal then it 

reached equilibrium after 60 min. At initial stage, adsorption was fast due to presence of 
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more binding sites. As the contact time progressed, available effective surface for binding 

has reached its maximum capacity within the first 60 min for two the anions. The data also 

shows that the adsorption of NO3
- was higher compared to PO4

3-. This could be because 

PO4
3- is larger size and weight (94.97.03g/mol) than the NO3

- whose molar mass is 62.03 

g/mol, since a lower mass and ionic size allows for more packing in the zeolite structure 

but less mobility within the structure. Furthermore, the charge of the ions is important. 

Nitrate is a monovalent negatively charged ion, whereas phosphate is a trivalent negatively 

charged ion. The higher phosphate charge leads to repulsion between the phosphate ion 

and the negatively charged zeolite framework, lowering the phosphate's overall adsorption 

capacity (Capa-Cobos et al., 2021).  

4.8.2.2 Adsorption Kinetics   

Adsorption kinetics describes the rate of adsorption. The pseudo first-order and pseudo-

second-order kinetic models were used to evaluate adsorption of PO4
3- and NO3

- ion onto 

HEU-zeolite.  

Figure 4.54 and 4.55 show kinetic models of adsorption for PO4
3- and NO3

- onto the HEU 

zeolite. pseudo-first-order and pseudo-second-order at the concentration of 4 ppm, 

adsorbent dose of 1.0 g and at reaction temperature of 25 oC.  
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Figure 4. 54: Kinetic models for the adsorption for PO4
3- onto the HEU zeolite 
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Figure 4. 55: Kinetic models of adsorption for NO3
- onto the HEU zeolite 
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Table 4.17 shows compared parameters of kinetic model constants of NO3
- than PO4

3- 

adsorption onto HEU zeolite. The best-fit kinetic model was then selected based on the 

coefficient of determination (R2) as shown in Table 4.17 

 Table 4. 17: Compared parameters of kinetic model constants of NO3
- and PO4

3- 

adsorption onto HEU zeolite 

Pseudo-First order 

Adsorbate 𝑞𝑒 (exp) 𝑞𝑒 (cal) 𝑘1 S (rate) t 1/2 𝑅2 

NO3
- 0.0236 0.0252 0.0262 0.0007 26.54 0.9368 

PO4
3- 0.0206 0.0217 0.0345 0.0008 20.08 0.9457 

Pseudo-Second order 

Adsorbent 𝑞𝑒 (exp) 𝑞𝑒 (cal) 𝑘2 S (rate) t 1/2 R2 

NO3
- 0.0236 0.0340 0.6579 0.0008 44.66 0.9167 

PO4
3- 0.0206 0.0278 1.2159 0.0009 29.72 0.8941 

 

It is clear from Table 4.17 that the pseudo-first-order model describe the adsorption of PO4
3- 

and NO3
- onto HEU-zeolite more precisely. It can be concluded that adsorption of PO4

3- 

and NO3
- may be affected by many factors, but physisorption interactions between the HEU 

zeolite and the anions play a significant role. Previous studies  on adsorption of nitrate and 

phosphate ions adsorption on zeolite also demonstrated that pseudo-first order kinetic 

model  provided  a better description of the adsorption data kinetics (Revellame et al., 

2020; Onyango et al., 2010). 
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The adsorption kinetics fitted the pseudo-first order kinetic model, suggesting that 

adsorption is primarily controlled by adsorbate diffusion rather than surface control. In this 

case, the calculated 𝑞𝑒 values for the anions are almost the same as the experimental value. 

The higher values obtained for NO3
- indicate that the HEU is more energetically suitable 

adsorption for NO3
- than PO4

3-.  

4.8.2.3 Intraparticle Diffusion  

The diffusion that occurs within the adsorbents pores is described by intraparticle diffusion. 

Furthermore, as the regression lines fortwo anions in Figure 4.56 do not pass through the 

origin, the intraparticle diffusion is not the rate-determining (Kimosop et al., 2016)  

 

Figure 4. 56: The intraparticle diffusion plot for the removal of NO3
- and PO4

3-   

When the intraparticle diffusion is the rate determining step the plot of qt verses t1/2 passes 

through the origin, which is not the case in the adsorption of selected anions. Hence it can 
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be concluded that other multiple processes, bulk, and film diffusion could be rate 

determining step for adsorption of anions onto HEU zeolite surface. From Figure 4.56, the 

two anions were adsorbed in two phases, where at first there were a rapid diffusion of NO3
- 

and PO4
3- on the external surface of the adsorbent and later an intraparticle diffusion occurs. 

On the other hand, the second phase is an indicative of complete utilization of all binding 

sites since the ions migrated from the outside of the adsorbents into their pores where 

adsorption took place (Liu et al., 2014).  

4.8.3 Adsorption Isotherm  

The adsorption isotherm is the ratio between the quantity adsorbed to what remains in the 

solution at a fixed temperature. This explains how the adsorbent’s adsorption capacity is 

determined since it describes the relationship between the adsorbent and adsorbate 

interaction. In the present study, the data obtained was fitted to Langmuir, Freundlich, Sips 

and Redlich-Peterson isotherms models. The adsorption equilibria data were studied and 

feasibility of the models were evaluated using the coefficient of determination (R2). The 

non-linear adsorption isotherms are presented in Figure 4.57and 4.58. The isotherm 

constants are presented in Table 4.20.  
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Figure 4. 57: Adsorption of NO3
- onto HEU zeolites 

The non-linearized Langmuir, Freundlich, Sips and Redlich-Peterson adsorption isotherms 

for PO4
3- sorption onto HEU adsorbent are presented in Figure 4.58 below. 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

0.0184

0.0186

0.0188

0.0190

0.0192

0.0194

0.0196

0.0198

0.0200

0.0202

0.0204

0.0206

 qe

 Freundlich

 Langmuir

 Redlich Peterson

 Sips

qe
 (m

g/
g)

Ce (ppm)

 

Figure 4. 58: Adsorption of PO4
3-onto HEU zeolite 
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From the parameters determined in Table 4.18, it can be concluded that the Langmuir 

isotherm equation is not suitable to describe the adsorption of the two anions due to lower 

R2 values and theoretical maximum adsorption which is 0.02. 

Table 4. 18:  Isotherm parameters for the adsorption NO3
- and PO4

3-onto zeolite  

Langmuir isotherm 

      

Ion 𝑞𝑚𝑎𝑥 𝐾𝐿 𝑅𝐿 R2 Chi-sqr 

NO3
- 0.01995 115.829 0.9261 0.70204 9.15×10-8 

PO4
3- 0.01969 98.4776 0.9270 0.65409 4.32×10-7 

Freundlich isotherm 

 𝐾𝐹  1/n R2 Chi-sqr 

NO3
- 0.01958 45.87 0.94649 1.64×10-8 

PO4
3- 0.01927 35.41 0.85409 1.82×10-7 

Sips isotherm 

 qms as Bs R2 Chi-sqr 

NO3
- 0.09677 0.25372 0.02727 0.9283 2.52×10-8 

PO4
3- 0.0416 0.8637 0.05163 0.5647 2.52×10-7 

Redlich-Peterson isotherm 

                 g aR Kr R2 Chi-sqr 

NO3
- 0.9948 121.26 2.41534 0.6826 9.75×10-8 

PO4
3- 0.9881 108.79 2.13335 0.20113 4.62×10-7 

 

 The Langmuir isotherm profile can be used to evaluate the nature of the adsorption based 

on the values of RL which can be irreversible (𝑅𝐿 = 0), favorable (0 <𝑅𝐿<1), linear (𝑅𝐿 =1), 
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or unfavorable 𝑅𝐿> 1) (Worch, 2021). From Table 4.18, the 𝑅𝐿 values of PO4
3- and NO3

- 

samples were found to be between 0 and 1, implying the adsorption of NO3
- and PO4

3- ions 

is favorable. The values of 𝐾𝐿 are higher than 1 for the two anions, implying that the ions 

interacted more strongly with surface functionalities on the HEU.  Furthermore, the high 𝐾𝐿   indicate that the binding forces are weak, which could imply the presence of physio-

sorption (Shikuku et al., 2020).  

The Freundlich isotherm model is most ideal for NO3
- and PO4

3- since it has highest R2 

value of 0.94649 and 0.85409, respectively and least error function (1.64×10-8 and 

1.82×10-7, respectively). Also, the 1/n values obtained are higher than 1, suggesting 

favorable physisorption of NO3
- and PO4

3- onto HEU zeolite surface.  

The constant KF has a linear dependence on the adsorption capacity of the adsorbent, i.e., 

the lower kF values, the lower the adsorption capacity. The Freundlich intensity capacity 

parameter also shows the surface heterogeneity, where it becomes more heterogeneous as 

its value gets closer to zero (Shikuku et al., 2020). Thus, while the adsorption isotherm 

validates that the adsorption is spontaneous, the question remaining is the type of molecular 

mechanism that plays a role in this process.  

The equilibrium data for NO3
- was suitably fitted to Sips isotherm due to high coefficient 

of determination R2 = 0.9283) For the adsorption of PO4
3- the R2 value of 0.525 was 

observed. Additionally, the differences between Langmuir and Freundlich isotherm models 

were identified using heterogeneity index (Bs) values.  The lower heterogeneity values 

obtained in this study indicate a heterogenous system (Shukuku et al., 2020).  Lastly, the 

low Redlich-Peterson isotherm R2 values of 0.2011 for NO3
- compared to PO4

3- (0.6826) 

shows its inapplicability to account for the sorption of NO3
- onto HEU zeolite.   
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4.8.4 The effect of adsorbent dose on the adsorption of PO4
3- and NO3

- onto HEU 

zeolite 

The effect of adsorbent dose on the elimination of PO4
3- and NO3

- from aqueous solution 

is an important descriptor that establishes the HEU zeolite's capacity. Figure 4.62 shows 

the effect of adsorbent dosage on the removal efficiency of PO4
3- and NO3

- ions from 

aqueous solution under the condition of concentration 4 ppm, contact time of 60 min and 

temperature of 25 ℃.  

 

Figure 4. 59: Effect of adsorbent dosage on the adsorption of PO4
3- and NO3

- onto HEU 
zeolite 

It is reasonable to assume that the rise in natural zeolite quantity is responsible for the 

increased number of active adsorption sites for PO4
3- and NO3

- at higher dosages, which in 

turn leads to an improvement in removal efficiency. Consequently, the zeolite adsorbent 

studied in this work can be an ideal and potential material for treating effluents that contain 

traces of PO4
3- and NO3

- (El Ouardi et al., 2015).  
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4.8.5 Effect of Temperature on Adsorption of PO43- and NO3- onto HEU Zeolite 

Temperature presents an important role in PO4
3- and NO3

- adsorption onto HEU zeolite; 

hence temperature studies were carried out at 25, 30, 60 and 75ºC, as shown in Figure 

4.60. 

  

Figure 4. 60: Effect of temperature on the removal efficiency of PO4
3- and NO3

- onto 

HEU zeolite  

The results show that increase in temperature increases anions sorption. This could be 

because of a higher frequency of collisions, that increases the ions mobility between the 

ions and HEU zeolite. It may also be attributed to the enlargement of pore size and 

activation of the adsorbent surface when temperature increases (Masukume et al., 2013; 

Wang & Zhu, 2006). The increase in temperature positively affects the adsorption capacity, 

implying an exothermic process.  
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The thermodynamic parameters of anions (PO4
3- and NO3

-) adsorption onto the HEU 

zeolite structure were calculated and the results are shown in Table 4.19. The slope and the 

intercept as displayed in Figure 4.61, were used to calculate the values of ΔH and ΔS.  

 

Figure 4. 61: The relationship between In Kc with 1/T for (a) NO3
- and (b) PO4

3- 

Table 4. 19: The thermodynamic parameters for NO3
-and PO4

3-adsorption onto HEU. 

 

Adsorbat

e 

Temperature 

(K) 

Gibb’s free energy 

∆G (kJmol-1) 

Enthalpy(kJmol-1) Entropy (JK-1mol-

1) 

 

 

NO3
- 

298 -6.63  

 

-10.235 

 

 

57.14 

303 -7.15 

333 -8.71 

348 -9.68 

 

 

PO4
3- 

298 -5.80  

 

-11.958 

 

 

61.01 

303 -6.91 

333 -8.21 

348 -9.62 
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The sorption process was found to be favorable and spontaneous as shown by the negative 

∆G values  (Alagha et al., 2020). The results indicate that increase in temperature leads to 

enhanced adsorption of PO4
3- and NO3

- onto the HEU.  It’s important to note that the values 

of ∆G which are in a range between 0 and -20kJ/mol show the process is physical 

adsorption (Hu et al., 2018). The enthalpy change (ΔH) values were negative for both PO4
3- 

and NO3
- adsorption indicating that the process was exothermic. The sorption process at 

the adsorbent and solution interface shows an increase in randomness, as indicated by the 

positive value of entropy change. In conclusion, the negative Gibbs free energy and 

positive entropy values revealed that the PO4
3- and NO3

- adsorption was favorable. 

4.8.6 Comparison of Experimental Results of Adsorption of PO4
3- and NO3

- onto 

HEU zeolite  
The NO3

- and PO4
3- removal values obtained in this study are comparable with those 

reported in other studies are shown in Table 4.20. In this study, values of 0.024 and 0.020 

mg/g-1 removal for NO3
- and PO4

3-, respectively were obtained.  

Table 4. 20: The PO4
3- and NO3

- adsorption capacities of HEU zeolite. 

Zeolite adsorbent 
 Adsorbate Adsorption 

Capacity (mg/g) 

Reference 

Clinoptilolite PO4
3-      20 (Hamdi & Srasra, 2012) 

Natural clinoptilolite NO3
- 1.3 (Murkani et al., 2015) 

Chinese clinoptilolite NO3
- 0.016  (Du et al., 2005) 

Iran clinoptilolite NO3
- 2.03 Sepehri et al., 2014 

Heulandite NO3
- 0.0231 This study 

Heulandite PO4
3-      0.0194 This study 
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4.8.7 Computational Study Results 
Computational simulation modeling was performed to generate adsorption isotherms, 

which are useful in developing and optimizing adsorption processes, understand the 

sorption behavior of the anions on the HEU zeolite. Grand canonical Monte Carlo (GCMC) 

simulations were used to investigate the capability of HEU zeolite for the adsorption of 

PO4
3- and NO3

-. Figure 4.62 show adsorption isotherms for PO4
3- and NO3

- adsorption onto 

the HEU zeolite. In both cases, it gave favorable isotherms that have convex shapes which 

represent a large amount of adsorption at a lower partial pressure. Irreversible adsorption 

is the favorable isotherm, with maximum adsorption occurring at extremely low partial 

pressures. Figure 4.62 shows that the loading of NO3
- ion is higher than that of PO4

3- since 

the NO3
- is smaller in size than PO4

3- hence it can easily enter and move in the pores easily 

and gets attached even within the HEU structure. Furthermore, it was found that the 

adsorption of NO3- and PO4
3- was exothermic due to negative values of adsorption energy 

of -962.25 and -12099.04 kcal/mol.  

 

Figure 4. 62:  Adsorption isotherms for PO4
3- and NO3

- on the HEU zeolite 
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The most stable adsorbed configurations of the PO4
3- and NO3

- ion onto the HEU zeolite 

using the simulated annealing approach (Kirkpatrick, 1983) was explored. Figure 4.63, 

shows the structure of the most stable configuration of PO4
3- and NO3

- adsorbed on the 

HEU zeolite.  

 

Figure 4. 63: Structures of the most stable configuration of the (a) PO4
2- and (b) NO3

- ion 

HEU zeolite  

The most stable configuration of the adsorbed PO4
3- is located equidistance at the center of 

10-ring window of HEU. On the other hand, the NO3
- is located at the lower left side of the 

HEU structure. From Figure 4.63, PO4
3- has a higher binding energy (-326.86 kcal/mol) 

compared to NO3
- (-20.32. kcal/mol). Hence, PO4

3- is more stable than the NO3
- in the HEU 

zeolite. This suggests that the PO4
3- ions are more strongly interacted with the surface 

functionalities of the HEU zeolite than NO3
-.  

The effect of temperature on adsorption of the PO4
3- and NO3

- ion onto the HEU zeolite 

using the  sorption simulation program was investigated. Figure 4.64, shows the isotherms 

of PO4
3- and NO3

- adsorbed on the HEU zeolite.  
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Figure 4. 64: Effect of temperature for adsorption (a) NO3
- and (b) PO4

3- ions using HEU 

zeolite  

Adsorption of PO4
3- and NO3

- onto HEU was conducted at several reaction temperatures 

(298, 333 and 348 K). It was found that NO3
- adsorption increased before reaching 

equilibrium with varying loading capacity, with the loading increasing from 17 to 18 ions 

for temperature (348K). The PO4
3-, on the other hand, increased from 15 to 16 ions per cell 

due to an increase in entropy caused by an increase in temperature.           

In conclusion, heulandite adsorption equilibrium was achieved after 60 minutes for NO3
- 

and PO4
3- ions. The loading capacity of NO3 was greater than PO4

3- onto HEU zeolite. The 

kinetics fitted the pseudo-first order model, indicating a physisorption mediated rate 

determining step. The sorption of NO3
- and PO4

3- of ions gave a negative average total 

energy which shows that the sorption is an exothermic process. Therefore, the adsorption 

process was multi-mechanistic.  The adsorption thermodynamic functions, namely ∆G 

values, enthalpy (∆H = -10.23 and -11.96 kJmol-1) and positive entropy (∆S = 57.14 and 

61.01 JK-1mol-1) respectively, indicated that adsorption exothermic and spontaneous with 

the increased disorder at the solid-liquid interphase. It was observed that interactions, 
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binding energy, and operational conditions all affect the adsorption capacity. These factors 

are made clear by molecular simulations, which aid in understanding the anion adsorption 

process. 

4.9 Removal of selected pesticides (Chlorpyrifos and Imidacloprid) from water onto 

Heulandite Zeolite; Experimental Study 

This study aimed to evaluate the removal of chlorpyrifos and imidacloprid from water 

using HEU zeolite. The two halogenated pesticides were used because of their extensive 

use and their detection in the environment  

4.9.1 Characterization 

From the SEM images it can be observed that the HEU zeolite before adsorption has rough 

texture surface with irregular particles with different sizes and cavities distinguished as 

dark areas. SEM images of adsorbent before and after adsorption with imidacloprid and 

chlorpyrifos are shown in Figure 4.68. 

 

Figure 4. 65: The SEM images of HEU zeolite before (a) after adsorption of (b) 

chlorpyrifos and (c) imidacloprid 



 

189 
 

It can be observed that the surface of HEU zeolite after adsorption changed. The cavities 

of the surface of the HEU zeolite have smoothened due to being filled up by the pesticides. 

It is evident from SEM images of the two selected pesticides loaded HEU zeolite (Figure 

4.65) that their surfaces have become smooth and shiny with less cavities due to the 

attachment of pesticides after adsorption. 

4.9.2 Effects of contact time on adsorption of the selected pesticides onto HEU 

zeolite  

Contact time is one of the most important parameters for practical application. The effect 

of contact time was studied at 25 0C. Initial chlorpyrifos and imidacloprid concentration of 

4 ppm, and 100 mg adsorbent dosage. Figure 4.66 illustrates how contact time of up to 120 

min affects the HEU zeolite’s ability to removal chlorpyrifos and imidacloprid from water.  

 

Figure 4. 66: Effect of contact time on the adsorption of imidacloprid and chlorpyrifos 

onto HEU zeolite 
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There are a lot of active surface sites available for adsorption at the initial stage. During 

the first 30 min, there is a rapid accumulation of adsorbates on the zeolite. Then, after 45 

min the zeolite attained maximum adsorption capacity for the two pesticides.  In both cases, 

it took 45 minutes to reach equilibrium, suggesting that this was enough time to reach the 

adsorption equilibrium. Similar results were obtained by Dehghani et al., (2019), who 

observed that the amount of adsorption is nearly constant and reaches equilibrium after 15 

minutes. They also found that the removal efficacy of diazinon by carbon nanotubes 

improves with a commensurate increase in contact time.  Furthermore, similar findings 

were reported for the removal of trichloroethylene on multiwall carbon nanotubes 

(Naghizadeh et al., 2011).  

4.9.3 Adsorption Kinetics 

The mechanism of sorption and potential rate-controlling steps have been studied using 

kinetic models, which is useful in selecting the optimum operating conditions for the full-

scale batch process. Figure 4.67 and Table 4.21 shows that the pseudo-first-order and 

pseudo-second order model adequately describes the adsorption kinetics of imidacloprid 

and chlorpyrifos onto HEU-zeolite. 
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Figure 4. 67: Pseudo -first order and b) Pseudo-second order for imidacloprid and 

chlorpyrifos adsorption onto the HEU zeolite 

It may be concluded that the adsorption of imidacloprid and chlorpyrifos is influenced by 

a variety of parameters, but that interactions between the HEU and these pesticides during 

physio sorption play a major effect. The greater the k value, the faster the attainment of the 

equilibrium. Table 4.21 displays the correlation coefficients for the pseudo-first and 

pseudo-second orders along with the best fit values of 𝑞𝑒, k1, and k2. The linear regression 

correlation coefficient (R2) was then used to choose the kinetic model that fit the data the 

best. Regression coefficients R2 of the pseudo-first order kinetic model for imidacloprid 

and chlorpyrifos, respectively, were found to be 0.9950 and 0.9898, indicating the best fit. 

For the two pesticides also, pseudo-second order kinetics showed higher R2 values, 

suggesting that the removal of the pesticides follow pseudo-second order kinetics. The 𝑞𝑒, 
experimental (0.0231 and 0.0194 mg/g) for imidacloprid and chlorpyrifos was closer to the 

calculated values 𝑞𝑒,  (0.0230 and 0.0207mg/g) in the pseudo-first order.  

Table 4. 21: Calculated kinetic parameters for Imidacloprid and Chlorpyrifos adsorption 

onto HEU 
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Model  Parameter  Imidacloprid  Chlorpyrifos  

Pseudo first order 𝑞𝑒,, exp (mg/g) 0.0231 0.01941 

 𝑞𝑒,, cal (mg/g) 0.0230 0.0207 

 k1 (min–1) 0.0416 0.0286 

 R2 0.9950 0.9898 

 ꭓ2 3.2861 x 10–5 1.5505 x 10–4 

 SSE 5.3940 x 10–7 2.0360 x 10–6 

Pseudo second  

order 

 𝑞𝑒, cal (mg/g) 0.0277 0.0271 

 k2 (g/mg min) 1.7108 0.9716 

 R2 0.9941 0.9749 

 ꭓ2 3.5680 x 10–5 3.7400 x 10–4 

 SSE 5.8181 x 10–7 4.9789 x 10–6 

 

Its worthy to note that the 𝑅2  values from the two   models sufficiently describe the 

adsorption of the two pesticides, a higher 𝑅2 and lower ꭓ2 and SSE values, confirm that 

adsorption process of these pesticides follow the pseudo-first order. This demonstrates that 

the adsorption of the pesticides is facilitated by both physisorption and chemisorption. 

Similar finding was reported for simazine, 2, 4-dichlorophenoxyacetic acid and 1, 1’-

dimethyl-4, 4’-bipyridinium ion adsorption onto zeolite carbon composites (Andrunik et 

al., 2023; Pukcothanung et al., 2018)   
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4.9.4 Intraparticle Diffusion  

Figure 4.68 and Table 4.22 show the intraparticle diffusion plot and parameters of 

imidacloprid and chlorpyrifos removal, respectively. 

 

Figure 4. 68: The intraparticle diffusion plot for the removal of imidacloprid and 

chlorpyrifos by HEU zeolite 

Table 4. 22: Intraparticle diffusion parameters of Imidacloprid and Chlorpyrifos onto HEU 

zeolite. 

Model  Parameter  Imidacloprid  Chlorpyrifos  

Intraparticle 

diffusion  Kid (mg/g min1/2) 0.001594 0.001774 

 Ci 0.007051 0.001903 

 R2 0.8659 0.9069 

 ꭓ2 7.3200 x 10–4 1.4000 x 10–3 

 SSE 1.2064 x 10–5 1.8520 x 10–5 
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From Figure 4.68 and Table 4.22 the initial phase shows a rapid adsorption which is 

characteristic of boundary or surface adsorption. The second phase exhibit decreased 

adsorption attributed to attempts of imidacloprid and chlorpyrifos molecules to enter 

through the smaller pores and channels of the HEU zeolite. While the final step is a plateau 

region which indicate dynamic equilibrium has been established. Conversely, Ci ≠ 0   for 

imidacloprid (0.007051) and chlorpyrifos (0.001903) (Table 4.22) indicates the existence 

of some degree of boundary layer control, depicting that intraparticle diffusion does not 

solely govern the rate-limiting step. 

The regression lines for the pesticides in Figure 4.68 do not pass through the origin, 

implying that intraparticle diffusion is not the rate determining step.  It was also observed 

that the adsorption plots were not linear indicating a multi-step mechanism of the 

adsorption process. Therefore, it can be concluded that the mass transfer of pesticides from 

the aqueous solution to the HEU surface by bulk and film diffusion could be rate 

determining step (Bruzzoniti et al., 2016). Similar multi-mechanistic stages have been 

reported before by Shikuku et al., (2015) during the removal of tebuconazole from aqueous 

solution using zeolite (Shikuku et al., 2015).  

4.9.5 Effect of initial concentration on Pesticide Removal by Adsorption 

The effect of initial pesticide concentration on the removal of imidacloprid and 

chlorpyrifos by HEU zeolite was investigated by varying initial concentrations (2, 2.5, 3.4, 

5 and 6 ppm), at an adsorbent dose of 0.1 g and temperature of 25 °C. Figure 4.69 show 

the effect of initial pesticide concentration of imidacloprid and chlorpyrifos on their 

adsorption onto HEU zeolite  
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Figure 4. 69: Removal capacity as function of initial concentrations of imidacloprid and 

chlorpyrifos adsorption onto HEU zeolite  

Figure 4.69 show that when the initial concentration is varied from 2 to 6 ppm, imidacloprid 

removal capacity increased from 0.0187 to 0.0211 mg/g while chlorpyrifos increased from 

0.0163 to 0.01824 mg/g. Increase in initial concentration of the two pesticides led to 

increase in adsorption capacity which slowed down at high concentration. This was due to 

the reduction in the ratio of the available surface binding sites to the number of the 

pesticide’s molecules in solution since a constant mass of adsorbent has a fixed adsorption 

site. Furthermore, at higher concentrations the surface attachment sites which had higher 

affinity for pesticides were fully saturated. Adsorption capacities were found to increase 

with increased initial pesticides concentration and were fitted in the adsorption isotherms. 
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The removal of imidacloprid was higher than chlorpyrifos due to its lower molecular mass 

(255.7 g/mol) compared to chlorpyrifos (350.6 g/mol). This can be credited to the chemical 

structure of the pesticides and their geometrical fit within the shape of the pores of the 

adsorbent (Chen et al., 2020)  

4.9.6 Adsorption Isotherms 

Various adsorption isotherms were used to describe the equilibrium created between the 

adsorbed pesticides on the HEU’s surface and pesticides in solution. The pesticides 

equilibrium concentration with the quantity of pesticides adsorbed at constant temperature 

gives the sorption isotherms.  To determine the potential adsorption capacity of HEU 

zeolite toward the investigated pesticides, the experimental data were fitted with Langmuir, 

Freundlich, Sips and Redlich-Peterson models. The accuracy of the adsorption isotherms 

was estimated by the correlation coefficient R2 value. The adsorption isotherms and their 

parameters are presented in Figure 4.70 and Table 4.24, respectively. 
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Figure 4. 70: Langmuir isotherm b) Freundlich isotherm, c) Sips isotherm, and d) Redlich-

Peterson isotherm models for imidacloprid and chlorpyrifos adsorption over zeolites 
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Table 4. 23: Parameter and error function data for sorption isotherm models of 

imidacloprid and chlorpyrifos onto zeolites. 

Model  Parameter  Imidacloprid  Chlorpyrifos  

Langmuir isotherm qmax exp (mg/g) 0.0206 0.0183 

 KL (L mg-1) 73.1810 22.4242 

 RL  0.0032 0.0112 

 R2 0.9819 0.9379 

 ꭓ2 2.3869 x 10–6 8.6478 x 10–6 

 SSE 4.8021 x 10–8 1.500 x 10–7 

 qmax cal (mg/g) 0.0206 0.0183 

Freundlich 

isotherm 

KF (mg/g) 0.0201 0.0176 

 1/n 0.0277 0.0437 

 R2 0.9081 0.9715 

 ꭓ2 1.1338 x 10–5 3.9339 x 10–6 

 SSE 2.2490 x 10–7 6.9670 x 10–8 

 KF (mg/g) 0.0201 0.0173 

Sips isotherm qS (mg g−1)  0.0414 0.0188 

 KS (L mg−1) 0.3230 4.5748 

 BS  0.0538 1.8264 

 R2 0.9171 0.9305 

 ꭓ2 1.0367 x 10–5 0.000764 

 SSE 2.0589 x 10–7 1.0511 x 10–5 

Redlich-Peterson 

isotherm A (Lg−1),  2.0593 0.6966 

 B (Lmg−1) 100.68 39.15 

  Β 1 0.9766 

 R2 0.9974 0.9769 

 ꭓ2 3.5031 x 10–7 3.9597 x 10–6 

 SSE 7.1098 x 10–9 6.6420 x 10–8 
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The Freundlich and Langmuir models are the most widely used adsorption models (Majd 

et al., 2022). From the linear regression coefficient of determination (R2) values obtained, 

the adsorption of Imidacloprid fits best in the Langmuir isotherm. This means that the 

adsorption of the Imidacloprid onto HEU zeolite forms a mono-layer on the surface of the 

adsorbent with finite number of identical binding sites. On the other hand, chlorpyrifos 

fitted on Freundlich model based on having higher R2 (0.9715) compared to imidacloprid 

(0.9081). Using HEU zeolite, the maximum adsorption capacity of imidacloprid was 

greater than chlorpyrifos. From the parameters determined it can be concluded that 

Langmuir and Freundlich isotherm model are suitable to describe the adsorption 

mechanism of imidacloprid and chlorpyrifos, respectively. The adsorption of imidacloprid 

and chlorpyrifos is suitable for monolayer and multilayer process, respectively.  

The Langmuir KL which is used for the quantification of the interaction between adsorbent 

and adsorbate also had higher values for imidacloprid (73.18) than for chlorpyrifos (22.42). 

This implies that interaction of imidacloprid and HEU zeolite are more stable compared to 

the interactions between chlorpyrifos same zeolite. Regarding the separation factor range 

which were found to be in the range 0 < RL < 1, indicating a favorable adsorption process.  

The regression results shows that Redlich-Peterson isotherm fitted the experimental data 

better than the others. Since, imidacloprid, the highest R2 of 0.9974 and the lowest SSE 

and ꭓ2 values of 7.1098 x 10–9 and 3.5031 x 10–7, respectively. For, chlorpyrifos, also 

correlated the most like for imidacloprid with the highest R2 of 0.9769 and the lowest SSE 

and ꭓ2 values of 6.6420 x 10–8 and 3.9597 x 10–6, respectively. From the Freundlich 

parameters, the magnitude of 1/n values of imidacloprid and chlorpyrifos samples were 

found to be between 0 and 1, this indicates that the interaction between HEU zeolite and 
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imidacloprid and chlorpyrifos corresponds to physisorption and the interactions were 

weak.    

Based on Giles et al. (1974) classification the adsorption of imidacloprid and chlorpyrifos 

displayed L-type curves where L-shaped stands for Langmuir which in essence is 

consistent with data in this study fitting more onto Langmuir model.  The overall, the 

equilibrium were described by the isotherms in the order Redlich-Peterson, Langmuir, 

Freundlich and Sips. All the isotherms give an R2 of more than 0.90 implying that the 

adsorption of the two pesticides is multi-mechanistic. 

4.9.7 Effect of Adsorbent Dosage on Removal by Adsorption of Chlorpyrifos and 

Imidacloprid 

The adsorbent dosage is also a paramount factor since it indicates the adsorption capacity 

of an adsorbent in a given initial concentration. Figure 4.71 shows the effect of adsorbent 

dosage on the removal efficiency of imidacloprid and chlorpyrifos from aqueous solution 

under the condition of concentration 4 ppm, contact time of 60 min and temperature of 25 

℃.  
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Figure 4. 71: Effect of adsorbent dosage for adsorption of Imidacloprid and Chlorpyrifos 

using HEU zeolite.  

Figure 4.71 shows that the removal of imidacloprid and chlorpyrifos by the zeolite 

increases with increase in the adsorbent dosage. The removal of imidacloprid is higher than 

that of chlorpyrifos since molecular weight of imidacloprid (255.66) is lower compared to 

chlorpyrifos (350.60). The lower molecular mass allows more packing of the pesticides in 

the HEU zeolite cavities.  This can be attributable to increased availability of adsorption 

active sites and surface area as the adsorbent mass increases for adsorption.  This agrees 

with the findings given by Sou et al., (2019) who reported pesticide removal by activated 

carbon increased with increase in adsorbent dosage due to availability of surface area for 

adsorption. 



 

202 
 

4.9.8 Effect of temperature on the adsorption of selected pesticides 

The effect of temperature on the adsorption capacity of imidacloprid and chlorpyrifos were 

conducted at 298, 313, 333 and 348 K with constant pesticides concentration (4 ppm), 

adsorbent dosage (100 mg) and contact time (60 min).  From the results sorption efficiency 

of pesticides increased with increase in temperature from 25 to 75 ℃ and results are 

presented in Figure 4.72.  

 

Figure 4. 72: Effect of different temperatures on adsorption capacity of imidacloprid and 

chlorpyrifos solution 

The results show that increase in temperature increases pesticides sorption capacity. It can 

be due to the increase in collision frequency which increase the pesticides molecules 

mobility between the molecule and HEU zeolite. The imidacloprid molecules move more 

quickly in the solution, increasing their efficiency in the adsorption when the temperature 
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was varied from 25 to 75°C, demonstrating the endothermic character of the process. High 

temperature increases pesticide mobility and improves the penetration of adsorbed 

molecules into the internal pores of adsorbent by decreasing solution viscosity, thus 

promoting adsorption. Similar observation was  reported in the study on sorption of 

glyphosate on natural clay and porous clay heterostructure (Besghaier et al., 2021).   

Figure 4.73 show plots of InKc and 1/T of imidacloprid and chlorpyrifos adsorption onto 

HEU zeolite. 

 

Figure 4. 73: InKn and 1/T of imidacloprid and chlorpyrifos adsorption onto HEU 

zeolite. 
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Table 4. 24: Thermodynamic parameters for imidacloprid and chlorpyrifos adsorption 

onto HEU 

Adsorbate Temper

ature 

(K) 

∆G  

(kJmol-1) 

∆H 

(kJmol-1) 

∆S 

(JK-1mol-1) 

Absorbate Tempe

rature 

(K) 

∆G 

(kJmol-1) 

∆H 

(kJmol-1) 

∆S 

(JK-

1mol-1) 

 

 

Imidacloprid 

298 -5.53  

 

3.038 

 

 

30.196 

 

 

Chlorpyrifos 

298 -5.21  

 

3.916 

 

 

30.86 

313 -6.18 313 -6.09 

333 -6.62 333 -6.54 

348 -7.50 348 -6.84 

 

The plot of ln Kc versus 1/T for pesticides provide regression lines that are used to calculate 

the thermodynamic parameter values. Table 4.24 displays the thermodynamic parameters 

for adsorption of the two pesticides. Depending on the magnitude of the enthalpy change, 

the adsorption process can be divided into two categories: chemisorption and physical 

adsorption. An adsorption process is considered physical if the enthalpy change magnitude 

is within the range of 5–10 kJmol-1, and belongs to chemisorption if it is within the 30-80 

kJmol-1 range (Besghaier et al., 2021). From the results the ∆H is positive for the two 

pesticides indicating that adsorption is an endothermic process while the negative ∆G°, 

indicates that adsorption is a spontaneous process. Furthermore, the low values of ∆G° 

demonstrates that the adsorption was a spontaneous and a physisorption process, 

respectively. The decrease in the value of ∆G with increase in temperature indicates that 

the adsorption process of the pesticides on zeolite is more favorable at high temperatures 

(Yan et al., 2008). The presence of degree of freedom at the solid-liquid interface during 

the adsorption process of imidacloprid and chlorpyrifos was indicated by a positive value 
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of ∆S°.  This study aligns with  other research reported prior which observed the adsorption 

process to be spontaneous (Balarak et al., 2015; Tran et al., 2022). 

In conclusion the equilibrium data for imidacloprid and chlorpyrifos adsorption were best 

described by the Freundlich isotherm models with a maximum multi-layer adsorption 

capacity of 0.0231 and 0.0194 mg/g. The percent removal of imidacloprid and chlorpyrifos 

by HEU zeolite were 50.25 and 48.43 %, respectively. The adsorption kinetics followed 

both pseudo-first order model indicating both physisorption and chemisorption. The 

reaction was spontaneous and exothermic.  

4.10 Application of Zeolites as Adsorbents for the Removal of pharmaceutical 

Pollutants from water 

The study aimed to investigate the adsorption capacity and performance of natural HEU 

zeolite in removing diclofenac, ciprofloxacin, and chloramphenicol from water.  

4.10.1 Characterization 

Figure 4.74 shows the SEM images of HEU zeolites before and after 2 hours contact with 

pharmaceuticals. 

 

Figure 4. 74: The SEM-micrograph of HEU zeolite before and after adsorption of (a) 

ciprofloxacin and (b) chloramphenicol 
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The mineral sample had a fairly uneven structure, with sporadic appearances of macropores 

all of which had roughened surfaces and some cracks with white spots that might have been 

caused by pharmaceutical adsorption. Because of the rough surface, the zeolite sticks 

together and becomes uneven, forming cavities that allow the pharmaceuticals to attach 

and cause adsorption. 

4.10.2 Effects of contact time on adsorption of selected pharmaceuticals by 

adsorption 

Figure 4.75 shows the effect of contact time on removal of diclofenac, ciprofloxacin and 

chloramphenicol by HEU adsorbent at initial concentration 10 ppm and adsorbent dose of 

1 g at the temperature of 25 °C 

 

Figure 4.75: The effect of contact time on removal of pharmaceuticals by HEU adsorbent 
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From Figure 4.75 it was observed that removal of diclofenac, ciprofloxacin and 

chloramphenicol was high at the initial step within the first 30 minutes of adsorption 

process. Thereafter, the rate of adsorption slowed down (Wang et al., 2017). In terms of 

percent removal, diclofenac recorded highest removal (82.3 %), followed by ciprofloxacin 

(69.2 %) then lastly chloramphenicol (51.2 %) after 180 minutes. Diclofenac has more 

packing on the surface of the adsorbent because it is a smaller molecule (296.1 g/mol) than 

ciprofloxacin 331.34 g/mol, which is even smaller than chloramphenicol 323.13 g/mol. 

Chloramphenicol recorded lower percent removal since it has neutral charge and its more 

hydrophilic compared to diclofenac and ciprofloxacin which reduces its interaction with 

the HEU zeolite. It should be noted that the removal rate of adsorbate is rapid initially , but 

gradually decreases with the contact time until it attains equilibrium due to diminished 

available active sites onto the adsorbent Also the adsorption sites become exhausted, the 

rate of removal is controlled by the rate of transport from the exterior to interior sites 

adsorbent (Liu et al., 2013; Wang et al., 2018).  

4.10.3 Kinetics of Adsorption of the Pharmaceuticals and Model Fittings 

The kinetic dynamics data for diclofenac, ciprofloxacin and chloramphenicol onto 

heulandite was analyzed using two nonlinear kinetic models, pseudo-first-order model, 

pseudo-second-order model and intraparticle diffusion model. At the onset, when all the 

adsorption sites are vacant, HEU zeolite had the highest initial adsorption rate due to the 

highest number of accessible sites. With time, however, the equilibrium was attained as all 

the binding sites were saturated, and their after, the equilibrium shifted towards desorption. 

The results of the kinetic modeling are displayed in Figures 4.76 and the kinetics constants 

are shown in Table 4.25, 
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Figure 4. 76:  Nonlinear plots of experimental data for the selected pharmaceutical 

adsorption onto HEU zeolite, (a) Pseudo first order, (b) Pseudo second order, and (c) 

Intraparticle diffusion models. 

The applicability of the model to describe the kinetics was decided based on the closeness 

between experimental 𝑞𝑒, , exp and model calculated (𝑞𝑒, , cal) equilibrium adsorption 

capacities using the R2, ꭓ2 and SSE. 
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Table 4. 25: The calculated parameters for the Pseudo-first-order, Pseudo-second- order 

and intraparticle kinetic models for adsorption of pharmaceuticals onto 1.0 g heulandite 

zeolite adsorbent. 

Model  Parameter  Diclofenac  Ciprofloxacin  Chloramphenicol 

Pseudo-first order 𝑞𝑒,, exp (mg/g) 0.8291 0.6923 0.5121 

 𝑞𝑒,, cal (mg/g) 0.8265 0.6657 0.4973 

 k1 (min–1) 0.0389 0.0375 0.0619 

 R2 0.9485 0.9902 0.9461 

 ꭓ2 4.0191 x 10–3 4.7095 x 10–3 9.9731 x 10–4 

 SSE 2.864 x 10–3 1.8676 x 10–3 4.8815 x 10–4 

Pseudo-second 

order 

  𝑞𝑒, cal (mg/g) 0.9251 0.7612 

 

0.5267 

 k2 (g/mg min) 0.0653 0.0723 0.2788 

 R2 0.8906 0.9830 0.9698 

 ꭓ2 7.7377 x 10–3 1.1470 x 10–3 3.1895 x 10–4 

 SSE 5.5795 x 10–3 6.5011 x 10–4 1.5210 x 10–4  

Intraparticle 

diffusion  

Kd 

(mg/g min1/2) 0.0290 0.02917 

 

0.0092 

 Cd 0.4791 0.3398 0.3928 

 R2 0.6592 0.8552 0.85608 

 ꭓ2 2.1073 x 10–2 5.4000 x 10–3 1.4020 x 10–3 

 SSE 1.4933 x 10–2 1.9825 x 10–3 6.3700 x 10–4 
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The kinetic results showed that the pseudo-first order model was suitable for describing 

the diclofenac and ciprofloxacin adsorption onto heulandite adsorbent, since they have 

higher correlation coefficient, R2 (0.9485 and 0.9902, respectively). In addition, the 

pseudo- first order model calculated and experimental qe values are almost the same for 

diclofenac and ciprofloxacin. Chloramphenicol fitted best on pseudo second order 

recording R2 value of 0.9698. The adsorption of diclofenac and ciprofloxacin onto HEU 

zeolite implied that adsorption is physical process. On the other hand, since the adsorption 

of chloramphenicol onto the HEU zeolite can be described by pseudo-second order 

kinetics, it implies the adsorption process is a chemical process.  The results were in 

accordance with results presented in the literature regarding adsorption of pharmaceutical 

onto the adsorbent (Tran et al., 2022). Therefore, the pseudo-first order was suitable for 

describing diclofenac and ciprofloxacin while pseudo-second order described 

chloramphenicol adsorption onto HEU zeolite. The coefficient of determination of 

intraparticle diffusion model was lower compared to pseudo first and second models. Also, 

none of intraparticle diffusion plots passed through the origin, indicating that this 

mechanism is not the rate limiting step of adsorption process (Shikuku et al., 2015). 

4.10.4 Effect of Initial Concentration of Pharmaceuticals Removal onto Heulandite 

In the current study, the experiments were done at different initial concentration (5, 10. 15, 

20, 30 and 40 mg/L) to determine the effect of initial diclofenac, ciprofloxacin and 

chloramphenicol concentrations on percent removal efficiency. Figure 4.77 shows effect 

of initial concentration on the adsorption of the selected pharmaceuticals onto the HEU 

zeolite.  
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Figure 4. 77: Adsorption capacity and percentage removal for adsorption of (a) 

Diclofenac, (b) Ciprofloxacin, (c) Chloramphenicol by HEU zeolite 

The adsorption of diclofenac, ciprofloxacin and chloramphenicol decreases from 99.8, 97.4 

and 94.6% to 22.03, 16.45 and 13.85 % on increasing the initial pharmaceutical 

concentration from 5 to 40 ppm. From the Figure 4.85 the percent removal efficiency of 

diclofenac, ciprofloxacin and chloramphenicol decreased from 5 to 40 mg/L, while the 

adsorption capacity increased with increase in initial concentration. According to Figure 

4.77, there is a high adsorption removal at low concentrations because the active sites and 

surface area is substantial, and the pharmaceutical molecules were easily adsorbed and 

removed. On the other hand, at high initial concentration, the removal percentage 

efficiency decreases since the total available adsorption binding sites are limited, thus 
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resulting in a decrease in percentage removal of the pharmaceuticals. Moreover, higher 

force to overcome the various mass transfer resistances of the pharmaceuticals from the 

aqueous solution to the solid phase resulting in higher probability of collision between the 

pharmaceuticals and the active sites (Avcu et al., 2021). According to Abbas et al., (2017), 

the observed that there is an increase in adsorption capacity onto activated onion skin by 

increasing initial concentration of diclofenac and (Abbas et al., 2017). Besides, Fernandez 

et al., (2015) reported that that at an initial concentration of 40 mg/L, there were more 

pollutants adsorbed onto activated carbon from orange peels than there were at 5 mg/L. 

Therefore, the higher the initial concentration of pollutants, the higher amounts of 

pharmaceuticals adsorbed onto the adsorbent (Fernandez et al., 2015).  

4.10.5 Adsorption Isotherm  

The adsorption of diclofenac, ciprofloxacin and chloramphenicol onto HEU adsorbent in 

batch experiment were conducted with initial concentrations in a range (5 to 40 mg/L) with 

adsorbent dose (1.0 g) at 298 K in order to determine the isotherms constants for the non-

linearized Langmuir, Freundlich, Sips and Redlich-Peterson models. Plotting the solute 

adsorbed (qe) against the solute's equilibrium concentration (Ce) yielded the adsorption 

isotherms. The data on adsorption equilibria were examined, and the coefficient of 

determination (R2) was used to evaluate the models' feasibility (Table 4.28). The non-

linearized Langmuir, Freundlich, Sips and Redlich-Peterson adsorption isotherms for 

diclofenac, ciprofloxacin and chloramphenicol sorption onto HEU adsorbent are presented 

in Figures 4.78. 
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Figure 4. 78: a) Langmuir isotherm b) Freundlich isotherm, c) Sips isotherm, and d) 

Redlich-Peterson isotherm models for diclofenac, ciprofloxacin and chloramphenicol 

adsorption onto HEU zeolite 
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Table 4. 26: Parameter and error function data for sorption isotherm models of diclofenac, 

ciprofloxacin and chloramphenicol onto the HEU zeolite 

Model  Parameter  diclofenac  Ciprofloxacin  Chloramphenicol 
Langmuir 
isotherm 

qmax (mg/g) 0.8396 0.6276 0.5257 

 KL (L mg-1) 145.9896 26.1453 18.7648 
 RL  0.0068 0.0038 0.0053 
 R2 0.9341 0.7867 0.9389 
 ꭓ2 7.596 x 10–3 5.6187 x 10–3 5.98 x 10–3 
 SSE 6.368 x 10–3 3.503 x 10–3 3.0122 x 10–3 
 qmax (mg/g) 0.7819 0.6018 0.5127 
Freundlich 
isotherm 

KF (mg/g) 0.7099 0.5421 0.4696 

 1/n 0.0689 0.0549 0.04158 
 R2 0.9775 0.9872 0.9827 
 ꭓ2 2.9881 x 10–3 4.4956 x 10–4 2.8381 x 10–3 
 SSE 2.2093 x 10–3 2.5097 x 10–4 9.22x 10–4 
 KF (mg/g) 0.7822 0.6018 0.5127 
Sips isotherm qS (mg g−1)  1.4442 0.9263 0.6882 
 KS (L mg−1) 1.0273 14.1048 44.2159 
 nS  0.1367 0.1399 0.1326 
 R2 0.9919 0.9779 0.9757 
 ꭓ2 1.0367 x 10–3 7.02 x 10–4 2.431 x 10–3 
 SSE 2.0589 x 10–4 4.1888 x 10–4 1.252 x 10–3 
Redlich-
Peterson 
isotherm A (Lg−1),  270.9731 308.1909 

 
 
896.7064 

 B (Lmg−1) 235.4325 563.461 1869.7951 
 Β 0.9546 0.9484 0.9651 
 R2 0.9966 0.9846 0.9771 
 ꭓ2 4.1656 x 10–4 4.8355 x 10–4 2.1609 x 10–3 
 SSE 3.4757 x 10–4 2.902 x 10–4 1.114 x 10–3 

 

From the nonlinear fits of the applied isotherm models and parameters in Table 4.26, it can 

be observed that the adsorption of diclofenac, ciprofloxacin and chloramphenicol onto 

HEU zeolite is better described by Freundlich isotherm model since the value of the 

coefficient (R2) were high (0.9775, 0.9872 and 0.9827, respectively), compared to 

Langmuir. This may be due to the fact that the HEU zeolite has heterogenous surfaces and 
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thus the pharmaceutical molecules have multiple adsorption sites. Also, the exponent β 

(from Redlich Peterson isotherm) is not equal to 1 indicating that the adsorption of the 

three pharmaceuticals are likely to follow the Freundlich model than Langmuir model. 

However, in relation to error functions it was observed that the experimental data fitted 

well Freundlich model. From the Freundlich model parameters, the magnitude of (n) for 

diclofenac, ciprofloxacin and chloramphenicol demonstrates the favourability of 

adsorption process. Further 1/n (0.0689, 0.0549 and 0.0416) is less than 1 for diclofenac, 

ciprofloxacin and chloramphenicol adsorption onto HEU zeolite, respectively, indicating 

weak adsorbate-adsorbent forces corresponding to an overall physisorption (Shikuku et al., 

2020). Furthermore, the adsorbent surface's heterogeneity is indicated by the value of ns; 

the closer the value is to zero or value lower than 1, the more heterogeneous the surface 

hence its heterogeneous adsorption. The calculated values of RL for diclofenac, 

ciprofloxacin and chloramphenicol are 6.8 x 10–4, 3.8 x 10–3and 5.3 x 10–3, respectively. 

This show that in all the cases, RL values fall between 0 and 1, indicating favourable 

adsorption (Mouni et al., 2018). 

4.10.6 Effect of adsorbent dose on pharmaceuticals removal onto HEU zeolite 

The amount of adsorbent in the adsorption system determines the number of available 

binding sites and exchanging molecules for the adsorption. As a result, by increasing the 

adsorbent dose, the adsorption capacity of an adsorbent at a given initial concentration 

demonstrated an increase of sorption percentage. Figure 4.79 illustrates the removal 

efficiency of diclofenac, ciprofloxacin, and chloramphenicol molecules from an aqueous 

solution having fixed initial concentration of 10 mg/L at varying HEU zeolite amounts 

(0.2– 2 g) at a constant temperature of 25℃. 
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Figure 4.79: Effect of adsorbent dose on diclofenac, ciprofloxacin and chloramphenicol 

adsorption capacity. 

It was observed that the percent removal of the three pharmaceuticals by the heulandite 

zeolite increases with an increase in the adsorbent dose up to 1.2 g. This can be attributable 

to increased availability of adsorption binding active sites and surface area as the adsorbent 

mass increases (Derikvand et al., 2019; Zeng et al.,  2021). Further increase in adsorbent 

dose (beyond 1.2 g) reduced adsorption capacity due to aggregation of the adsorbent thus 

reducing the surface area available for adsorption This result agrees with the report given 

by Ngeno and coworkers (2019) who reported removal of caffeine and ciprofloxacin by 

zeolite which increase with increase in adsorbent dosage due to availability of surface area 

for adsorption (Ngeno et al., 2019). 
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4.11 Removal of selected pharmaceutical from environmental wastewater sample 

To apply the obtained optimal conditions for the removal of selected pollutants by the 

HEU zeolite from environmental wastewater samples. 

4.11.1 Selectivity of the Method 

The selectivity of the method refers to the extent to which a particular analyte can be 

determined in a complex mixture without interference from other matrix components 

(Sahoo et al., 2018; Vessman et al., 2001). This was done for the pesticides and 

pharmaceutical compounds studied. This was verified by comparison of the 

chromatograms obtained from samples with known concentration of the standard and those 

samples free from pollutants. Blanks samples did not present any peak at the retention time 

of the pharmaceuticals and pesticides standards. Moreover, the chromatograms of the 

pharmaceuticals and pesticides standards and sample extracts presented satisfactory 

chromatographic resolution. Chromatograms of some of the studied pollutants are shown 

in Figure 4.80 and 4.81. The peaks for ciprofloxacin and chloramphenicol at retention time 

of 1.3 and 2.7 minutes, respectively. The peaks for chlorpyrifos and imidacloprid occurred 

at retention time 7.97 and 2.7 respectively 

 

Figure 4. 80: The LC chromatogram of (a) ciprofloxacin, (b) chloramphenicol standards.  
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Figure 4. 81: The LC chromatogram of (a) Imidacloprid and (b) Chlorpyrifos standards. 

   

These standards peaks were used to identify the peaks of the analytes in the extracted 

samples.   

For real water analysis the standard solutions of selected pesticides (imidacloprid and 

chlorpyrifos) were 20, 50, 100, 200, 300, 400, 600 ppb, were prepared by serial dilution 

from the 4 ppm standard stock solution of imidacloprid and chlorpyrifos into 25 mL 

volumetric flasks and diluting to the mark with water solution. The linear equations and 

regression coefficients of the pesticides are shown below in Table 4.27. 

Table 4. 27: Linear equations and regression coefficients (R2) obtained for Imidacloprid 

and chlorpyrifos 

Pesticides Regression equation 

(Y) 

Regression 

coefficient (R2) 

LOD ppb 

Imidacloprid y=42.5601x+ 246.172      0.999      <0.1 

Chlorpyrifos y = 65.4198x -649.065      0.997     <0.1 
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Regression coefficient (R2) ranged between 0.997 and 0.999 with most analyte giving a 

regression coefficient of determination (R2 ≥ 0.99) which were adequate for residues 

analysis as reported by Ouma et al. (2021). All the limit of detection values were 0.1 which 

were below the maximum residue limits (MRLs) of the respective pesticides. For real water 

samples, the correlation coefficients (R2) obtained was above 0.99 (R2>0.99) and the 

equations of the lines y=163.377x + 49.1311 and y= 1705x + 1732.21 for ciprofloxacin 

and diclofenac respectively, were used for quantification of the compounds in the real 

water samples. The correlation coefficients (R2) obtained was above 0.99 which showed a 

good linearity of the detector response within the specified ranges making the calibration 

curve useful for quantification. 

4.11.2 Detection and quantification limits 

Limit of detection (LOD) and limit of quantification (LOQ) are the two important 

performance characteristics used in method validation for this work. Method detection 

limit was set at a signal-to-noise ratio of the sample in the sample chromatograms. In this 

study, the limit of detection was the injected amount in terms of volume that resulted in a 

peak with a height at least three times as high as the baseline noise level. The Quantification 

limit of the target chemicals was evaluated for each sample based on the average blank 

concentrations plus five times the standard deviation of the blanks.  

Also, the detection and quantification limits of the two pharmaceuticals analyzed are shown 

Table 4.28. 
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Table 4. 28:  Detection and quantification limits of pharmaceuticals analyzed. 

Pharmaceuticals                 limit of detection µg/mL               Limit of 

Quantification µg/mL 

Ciprofloxacin                        0.05 ± 0.001                                    0.01 ± 0.002 

Diclofenac                             0.02 ± 0.001                                    0.01 ± 0.001 

Chloramphenicol                  0.01 ± 0.001                                    0.01 ± 0.001 

4.11.3 Analysis of Environmental Wastewater Samples for Pharmaceuticals 

The samples were collected from Kisumu wastewater treatment plant at Kisat. The residue 

levels of the pharmaceutical of interest was determined by LC-MS/MS. Out of the three 

pharmaceuticals, only ciprofloxacin was found at a concentration of 2771.4µg/L. The high 

concentrations of this antibiotics in the raw wastewater are likely to be present due to the 

high levels of pharmaceuticals consumption rate. The findings of this study are consistent 

with other studies where high concentrations of pharmaceuticals have been found in 

wastewater. Higher ciprofloxacin concentrations were reported in Italy (630 ng L-1) (10) 

and Spain (2200 ng L-1). The study by Gracia-Lor and coworkers, (2012) detected 

pharmaceuticals in the influents of urban wastewater sample with salicylic acid having the 

highest concentration (276.7 ng mL−1) (Gracia-Lor et al., 2012). The greatest concern is 

the antibiotics which is not surprising, may be due more intense use of antibiotics. The 

health risks associated with exposure to a large number of pharmaceuticals, even at low 

concentrations, cannot be ignored.  Hence the effluents are a big concern because are they 

are point sources of pollutants to the receiving waters that act as habitants for aquatic 

organisms and may find their way into drinking waters. This clearly indicates that the 

current wastewater treatment plants are ineffective in removing pollutants. 
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4.11.4 Removal of pharmaceuticals from wastewater by the HEU zeolite 

Adsorption of ciprofloxacin was studied at a constant heulandite zeolite dose of (1.0 

gram). Table 4.29 presents the results obtained from the study of pharmaceuticals 

removal before and after 120 minutes time.  

Table 4. 29: Percentage removal of ciprofloxacin by HEU zeolite 

Initial concentration (µg/L) Concentration of remaining 

in solution(µg/L) after 120 

min 

Ciprofloxacin percent 

removal (%) 

 2771.4 27.32 99.01 

 

The concentration of ciprofloxacin decreased from 2771.4 µg/L to 552.6 µg/L within the 

first 30 min then further decreased to 27.32 µg/L after 120 min. This translates to 99.01 % 

removal after 120 minutes. The LC-MS/MS results indicate that the HEU zeolite has a high 

adsorption capacity for ciprofloxacin.  

4.12 Removal of Selected Pesticides from Wastewater 

It is important to note that contamination of water due to a wide range of toxic heterocyclic 

molecules is a serious environmental problem owing to their organisms’ toxicity. Hence, 

there is urgent need to improve on technologies that can remove such toxic pollutants from 

wastewaters. Recently, adsorption on heulandite adsorbent is becoming more popular 

method for the removal of pollutants from the wastewater.  

The initial concentration of imidacloprid and chlorpyrifos in the water samples were 75.6 

and 600 ppb, respectively. The 0.1 g HEU zeolite reduced imidacloprid from its initial 
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concentration of 75.6 ppb to 10.1 ppb after 60 minutes at 25 °C representing a 86.6 % 

removal. After 60 min, the concentration of chlorpyrifos reduced from 600 to 180 ppb 

representing a percent removal of 70%. This implies that the adsorbent surface has higher 

affinity for the pesticides, which makes it good material for removal of pesticides. The 

results are satisfactory and therefore the method was reliable and can be used to remove 

pesticides in environmental water samples.  
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CHAPTER FIVE 

CONCLUSION AND RECOMMENDATIONS 

5.1 Conclusions 

• According to the molecular simulation results, only the zeolites with high diameter 

pores exhibited appreciable loading of the Pb2+ and Cd2+ these were CLO, FAU, 

PAU, TSC, LTA LTN, and MWF. CLO exhibited the L-shape isotherm with 

maximum loading and a pronounced inflection at a maximum loading of 728 lead (II) 

ions per unit cell. On the other hand, MWF exhibited the highest loading of 440 

cadmium (II) ions. Machine learning showed that, total energy is most important 

parameter which is in agreement with molecular simulation results for the best 

performing zeolite structures showed negative values, thus an exothermic process. It 

is seen that the adsorption energy of the cations on the zeolite framework is directly 

related to the loading capacity, whereby a trend of Pb2+ > Cd2+. Experimental results 

indicate that the maximum adsorption for the two ions onto Heulandite (HEU) zeolite 

occur at pH 6 and after 240 minutes of contact time. The percentage removal of Pb2+ 

and Cd2+ ions were 97.7 % and 76.6 %, respectively. The adsorption of the two 

cations Freundlich and Sips isotherm models and the pseudo-first order predicting 

physisorption. 

• Furthermore, the BE at the BCPs for the Pb-HEU complex was -188.88 kcal/mol and 

-148.72 kcal/mol for the Cd-HUE complex. The stronger binding energy of the 

interaction between Pb and HEU provides a rationale for Pb's greater percent weight 

capacity on the zeolite compared to Cd, as shown by the experimental results. The 

results suggest that different excitation types contribute differently to the stabilization 

energy and charge transfer in these complexes, with the Cd-HEU complex showing 



 

224 
 

a higher degree of stabilization than the Pb-HEU complex. These findings could have 

implications for understanding the properties and behavior of these complexes in 

environmental remediation.  This study shows that the doped or modified HEU 

zeolite shows high sorption ability toward all cations studied. This suggests that the 

modified zeolite has the potential to effectively adsorb different cations. Meanwhile, 

being locally available, and freely abundant with a considerably high adsorption 

capacity, natural zeolite is an attractive choice for removing metal ions from 

wastewater 

• A screening process involving an initial selection of zeolites based on the pore-

limiting diameter was done and it was found that. CLO, LTN, MWF, TSC, ITV, 

PAU, FAU and DFO zeolites are the best performing in terms of loading. Overall 

cavity diameter, mass and accessible pore volume are the three most important 

parameters in the removal of nitrates and phosphates from water.  

• Using experimental techniques, the potential of heulandite (HEU) zeolite for the 

removal of PO4
3– and NO3

– ions from wastewater in batch mode was explored. The 

adsorption of PO4
3– and NO3

– onto the HEU zeolite follows the Freundlich isotherm 

model. The percentage removal of PO4
3– and NO3

– was 59.15 and 51.39 %, 

respectively, whereas the corresponding maximum adsorption capacity of the 

adsorbent was 0.0236 and 0.0206 mg/g. The adsorption kinetics of both anions by 

HEU fitted well in the pseudo-first order (PFO) kinetics model indicating a 

physisorption-mediated rate-determining step. It was revealed that the adsorption 

process was multi-mechanistic spontaneous and exothermic. 
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• The CLO zeolite was the most suitable for the adsorption of diuron, imidacloprid and 

chlorpyrifos compared to other zeolite structures. Diuron had the highest stability, 

with an energy gap of 5.30 eV, followed by imidacloprid (4.83 eV) and chlorpyrifos 

(4.19 eV). Also, sorption of chlorpyrifos and imidacloprid were the most favorable 

on the CLO zeolite with more stable and lowest energy value compared to diuron 

based on the binding energy. 

• Furthermore, the adsorption of imidacloprid and chlorpyrifos adsorption were best 

described by the Freundlich and Langmuir isotherms with a maximum multi-layer 

adsorption capacity of 0.0231 and 0.0194 mg/g ie. percentage removal of 50.25 and 

48.43 %, respectively. The adsorption kinetics followed both pseudo- first order and 

second order kinetic models indicating both physisorption and chemisorption. The 

reaction was spontaneous  

• According to the molecular simulation results, CLO zeolite has proved to be the 

satisfactory zeolite suited for adsorption of diclofenac, ciprofloxacin and 

chloramphenicol, since its structure has more adsorption sites. The most stable 

adsorbed configurations of the adsorbed pollutants on the CLO zeolite showed that 

diclofenac, ciprofloxacin and chloramphenicol molecules get adsorbed at the pores 

with reasonably high adsorption energies (−78.23, −173.68 and − 84.46 kcal/mol for 

diclofenac, chloramphenicol and ciprofloxacin, respectively). The larger adsorption 

energy at the pores appears due to the strong electrostatic interactions between the 

symmetric, electron-rich pore. Thus, these simulations have proven to be very useful 

for the initial screening of adsorbents, prior to experimental work. This screening has 
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considerable potential that can lead to the development of new remediation 

techniques for wastewater treatment.  

• Onto the HEU zeolite, the maximum adsorption capacity of diclofenac, ciprofloxacin 

and chloramphenicol was 0.7099, 0.5421and 0.4696 mg/g with corresponding 

percentage removal of 82.3, 69.2 and 51.2 %, respectively. The equilibrium data of 

diclofenac, ciprofloxacin and chloramphenicol were best described by Freundlich 

and Sips isotherm models. The kinetics followed pseudo-first order for diclofenac 

and ciprofloxacin, while pseudo-second order for chloramphenicol predicting 

physisorption and chemisorption, respectively. 

• The HEU zeolite recorded 99.02 % removal of ciprofloxacin from real water. It was 

also effective in removing imidacloprid and chlorpyrifos from environmental water 

samples with percent removal of 86.6 and 70.13 %, respectively.  

5.2 Recommendations 

• The simulations in this study have proven to be very useful for the initial screening 

of adsorbents, prior to experimental work. Further experimental work on the 

synthesis and application of CLO, FAU, TSC, MWF and PAU as adsorbents in 

environmental remediation is recommended. 

• Zeolite shows a potential for use in water treatment due to its capability on 

removing the pollutants. Therefore, it is recommended that a gadget or zeolite based 

water filter for water purification and/or treatment for portable water and 

wastewater be developed. 

• Modification of zeolite using nanoparticles of elements should be exploited and its 

effect on removal of the investigated and other pollutants. 
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•  Based on the findings of this study, further work should be carried out to continue 

the scientific development and generation of knowledge about environmental 

remediation; Other groups of compounds should be simulated in order to classify 

them with their associated adsorbents. 

• Remediation measures for collecting, storage and recycling surface water runoff 

and wastewater from agricultural farms and industrial establishments should be 

instituted before water is discharged to the river. 
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APPENDICES 

Appendix 1: List of 242 zeolites, in terms of loading of Pb2+ ions on the zeolites, as 

[determined from the Monte Carlo simulations  

CODE Structure 
Total 
density 

Pore 
size 
(Å) 

Averag
e 
Volum
e% 

Total 
Volum
eÅ3 

Loa
din
g 
Pb2

+ 

Total 
Energy 
(kcal/m
ol) 

CPU 
of 
time 
in 
minut
es 

ABW Orthorhombic 
       
0.70370     4.24 5.19% 454.9 2 -15.226 

 
   1.33 

ACO Cubic 0.666      4.5 8.68 971.8 6 -72.516 2.43 

AEI Orthorhombic 0.58308     7.33 17.31 3189.4 20 -216.301 4.21 

AEL Orthorhombic 0.76697 5.64 6.77 2084.8 5 -51.079 2.43 

AEN Orthorhombic 0.85777 4.43 4.02 2384.7 8 -98.832 2.52 

AET Orthorhombic 0.69792 8.41 12.88 3953.2 16 -143.248 3.47 

AFG Hexagonal 0.69333 6.37 0 2834.8 12 -153.781 3.35 

AF1 Hexagonal 0.7022 8.3 14.07 2834.8 6 -56.583 2.41 

AFN Monoclinic 0.66111 5.25 7.82 1420.6 6 -68.292 2.43 

AFO Orthorhombic 0.76968 5.43 7.23 2082.5 5 -49.94 3.10 

AFR Orthorhombic 0.59923 8.36 19.62 2109.8 12 -124.408 3.14 

AFS Hexagonal 0.56875 9.51 21.6 3827.8 26 -240.262 2.21 

AFT Hexagonal 0.58571 7.75 17.28 4780.6 31 -514.902 5.48 

AFV Trigonal  0.60952 7.08 15.29 1906.4 10 -103.325 3.24 

AFX Hexagonal 0.58571 7.76 17.28 1389.2 20 -207.366 4:22 

AFY  Trigonal 0.48889 7.82 21.88 1136.2 9 -74.456 3.30 

AHT Orthorhombic 0.72916 3.95 0 1248.8 4  -41.116 1.43 

ANA Cubic 0.8011 4.21 0 2497.2 16 -202.539 3.28 

APC Orthorhombic 0.69629 4.23 4.8 1808.7 8 -85.822 2.30 

APD Orthorhombic  0.75901 4.93 5.73 1779.1 0  0 
       

2.59 
AST Cubic 0.625 7.94 0 2528.8 8 -83.768 2.54 

ASV Tetragonal 0.66667 5.43 6.98 1047.2 3 37.971 3.32 

ATN Tetragonal 0.70374 5.91 7.3 898 2 -26.513 2.44 

ATO Trigonal 0.7601 5.74 6.93 1917.1 3 -34.75 2.49 

ATS Orthorhombic 0.6400 7.3 15.64 1493.1 6 -52.614 2.50 

ATT Orthorhombic 0.64762 5.42 9.18 702.6 8 -96.289 3.09 

ATV Orthorhombic 0.81666 6.86 3.92 1269 4 -57.909 1.10 

AVE Trigonal 
      
0.65541 6.86 12.39 8707.7 31 -331.65 

6.59 

AVL Trigonal 0.61718 7.14 14.36 2653.3 16 -151.309  
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4.28 

AWO Orthorhombic 0.70884 5.16 5.36 2632.8 8 -111.212 3.07 

AWW Tetragonal 0.65608 7.48 12.04 1417.8 12 -128.303 3.14 

BCT Tetragonal 0.81481 3.8 0.45 421.9 0 0 0.26 

BEC Tetragonal 0.65664 6.95 21.18 2115.9 10 -75.666 3.54 

BIK Orthorhombic 0.90740 4.17 3.98 642.9 2 -23.224 2.10 

BOF Orthorhombic 
     
0.76190 5.58 9.06 1313.6 4 -51.745 

 
3.14 

BOG Orthorhombic 0.6599 8.05 18.13 5978.9 40 -385.525 2.52 

BOZ Orthorhombic 
     
0.64761 8.71 22.27 7112.1 52 -512.205 

10.28 

BPH Hexagonal 0.56875 9.51 21.65 1914.8 2 -11.414  2.10 

BRE Monoclinic 0.77803 5.29 6.84 874 4 -36.722 2.27 

BSV Cubic  0.71948 5.17 6.59 5134.7 26 -333.14 5.30 

CAN Hexagonal 0.69333 6.27 8.41 710.3 4 -42.975 2.34 

CAS Orthorhombic 0.89595 5.05 3.95 1279.6 4 -61.692 2.58 

CDO Orthorhombic 0.93023 5.89 7.82 1993.9 6 -66.98 3.32 

CFI Orthorhombic 0.76515 7.47 13.38 1908.3 8 -68.416 3.28 

CGF Monoclinic 695238 5.76 2.95 1894.5 6 -77.416 3.26 

CGS Orthorhombic 0.61333 5.86 10.62 1894.2 12 -134.24 3.54 

CHA Trigonal 0.56667 7.37 17.27 2391.6 6 -59.98 3.06 

CHI Orthorhombic 0.83344 3.93 2.39 1410.2 0 0 0.32 

CLO Cubic 0.4432 15.72 33.76 17253. 728 -4807.16 25hrs 

CON Monoclinic 0.67022 7.45 19.18 3566.3 18 -174.604 4.59 

CSV Triclinic  0.65541 7.56 18.01 1231.6 13 -143.89 3.18 

CZP Hexagonal 0.8123 4.26 3.97 1167.8 5 -61.415 2.43 

DAC Monoclinic 0.84119 5.28 9.5 1375.2 6 -71.879 3.12 

DDR Trigonal 0.85080 7.66 9.26 6716 32 -397.225 7.00 

DFO Hexagonal 0.57604 11.29 22.01 8865.1 111 -974.254 9.50 

DFT Tetragonal 0.71111 5.1 6.58 451.7 2 -28.093 3.00 

DOH Hexagonal 0.88219 7.85 0 2005.2 8 -117.802    3.32 

DON Orthorhombic 0.72892 8.79 15.59 3737.9 16 -148.983 4.40 

EAB Hexagonal 0.62859 7.14 14.32 2256.7 12 -131.223 4:19 

EDI Tetragonal 0.66667 5.72 9.52 307.5 2 -27.863 3.01 

EEI Orthorhombic 0.87359 6.96 9.36 11153. 46 -474.891 8.49 

EMT Hexagonal 0.49309 11.54 27.39 7207.5 51 -448.838 11.38 

EON Orthorhombic 0.76967 7.83 12.48 3563 16 -174.653 1.37 

EPI Monoclinic 0.84506 5.47 9.04 1357.2 6 -69.724 3.22 

ERI Hexagonal 0.62857 7.04 15.1 2239.5 12 -118.645 3.44 

ESV Orthorhombic 0.75499 6.22 8.36 2704.3 16 -179.661 4.16 

ETL Orthorhombic 
  
0.87099 6.37 7.27 3989.4 17 -185.056 

4.46 
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ETR Hexagonal 0.5767 10.05 18.97 3107 18 -184.635 4.46 

ETV Triclinic 
       
0.69696 5.85 9.78 808.2 3 -32.842 

3.07 

EUO Orthorhombic 0.87297 7 12.24 6540 28 -296.18 2.12 

EWO  Orthorhombic 
   
0.87532 5.41 3.55 1258.7 4 -54.484 

 
3.10 

EWS Orthorhombic 
     
0.80519 6.12 12.64 

   
5547.7 24 -259.151 

     
4.45 

EZT Orthorhombic 0.639 6.57 13.14 2790.8 10 -97.224  1.21 

FAR Hexagonal 0.633 6.36 0 4915.6 18 217.322 1.52 

FAU Cubic 0.47619 11.24 27.42 14428 128 -1062.16 10.12 

FER Orthorhombic 0.88763 6.31 10.01 2051.3 8 -94.837 1.28 

FRA Trigonal 0.68398 6.67 0 350.7 12 -147.251 1.38 

GIS Tetragonal 0.61111 4.97 9.38 975.8 4 -50.195 1.05 

GIU Hexagonal 0.69333 6.32 0 5604.6 24 -276.918 1.58    

GME Hexagonal 0.58571 7.76 17.29 1594.6 9 -90.797 1.19 

GON Orthorhombic 0.78737 6.32 8.12 1811.8 4 -45.509   1.08 

GOO Orthorhombic 0.71675 4.51 4.83 1687.6 2 -24.325 1.00 

HEU Monoclinic 0.77825 5.97 9.42 2054.8 8 -94.717 1.16 

IFO Orthorhombic  0.66320 7.76 16.89 1852.1 8 -72.263 1.13 

IFR Monoclinic 0.67822 7.24 15.54 1865.5 8 -79.292 1.20 

IFT Orthorhombic 
   
0.48311 10.44 33.37 12525. 100 -760.043 

 
17.39 

IFU Orthorhombic    0.4857 10.99 33.08 10543. 76 -572.817 5.11 

IFW Monoclinic 
   
0.71617 7.7 17.99 4052.2 20 180.245 

 
1.42 

IFY Tetragonal    0.6580 6.94 10.62 2717.8 14 171.733 1.26 

IHW Orthorhombic 0.89896 6.67 9.7 6064.6 17 -182.814 1.44 

IMF Orthorhombic 0.846 7.34 12.12 
16472.

6 62 -703.874 
4.54 

IRN Orthorhombic 
  
0.65283 9.17 17.71 6005.4 35 -376.829 

2.30 

IRR Hexagonal 
      
0.47792 14.46 37.79 4423.1 36 -269.383 

2.37 

IRY Hexagonal 
     
0.45194 11.33 40.9 6847.5 67 -511.989 

4.13 

ISV Tetragonal 0.69453 7.01 21.34 4255.6 22 -180.452 1.48 

ITE Orthorhombic 0.71180 8.3 16.45 4071.1 23 -244.03 1.54 

ITG Monoclinic 
    
0.72034 7 15.72 3377.2 15 -150.61 

1.30 

ITH Orthorhombic 0.79954 6.72 11.59 3213.5 13 -145.4 1.27 

ITR Orthorhombic 
    
0.78528 6.36 11.79 6454 28 -311.757 

5.26 
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ITT Hexagonal 
    
0.54112 11.74 25.1 3556.6 27 -127.889 

5.09 

ITV Cubic 
    
0.28138 9.32 37.82 18212 146 -987.131 

15.09 

ITW Monoclinic 0.76916 4.32 7.83 1354 8 -101.72 3.28 

IWR Orthorhombic 0.651 7.48 19.35 3580.2 18 -167.418 4.37 

IWS Tetragonal    0.6389 8.25 23.19 9194.1 56 -504.419 10.52 

IWV Orthorhombic 0.71241 8.54 22.28 
10119.

6 11 -25.858 
5.30 

IWW Orthorhombic 0.75665 7.07 15.3 6339 27 -258.98 2.28 

JBW Orthorhombic 0.75333 4.29 4.18 319.5 4 -50.094 1.02 

JNT Monoclinic 
     
0.77316 4.72 0 1559 4 -56.171 

1.07 

JOZ Orthorhombic 
     
0.74978 4.92 7.5 1222.1 4 -49.289 

1.04 

JRY Orthorhombic 
   
0.78095 4.59 6.76 1299.1 6 -68.97 

1.05 

JSN Monoclinic 
     
0.67965 5.12 

       
8.04 895.3 4 -51.14 

1.03 

JSR Cubic 
     
0.57229 7.83 28.09 7815.4 60 -563.174 

4.17 

JST Cubic 
     
0.64675 5.35 14.39 3354.8 28 -312.718 

2.02 

JSW Orthorhombic 0.73766 5.38 0 2606.2 8 -100.347 1.15 

KFI Cubic 0.57142 10.67 17.91 6412.1 46 -466.011 3.12 

LAU Monoclinic 0.65820 6.04 9.57 1333.6 4 -50.229 3.14 

LEU Trigonal 0.60571 7.1 14.32 3390.1 18 -184.723 4.59 

LIO Hexagonal 0.69333 6.05 0 2041.8 9 -111.935 3.52 

LIT Orthorhombic 0.69555 3.24 0 1248.2 0 0 0.35 

LOS Hexagonal 0.69333 6.36 0 1423.3 6 -72.958 3.22 

LOV Tetragonal 754446 5.15 7.57 1071.1 4 43.284 3.00 

LTA Cubic 0.53333 11.05 21.43 1693.2 102 -1005.41   8.58 

LTF Hexagonal 0.71428 8.16 11.21 6394.5 34 -336.397 6.09 

LTJ Tetragonal 0.77662 4.1 3.56 862.7 4 -49.967 3.12 

LTL Hexagonal 0.61904 10.01 15.37 2153.1 9 -83.267 3.49 

LTN Cubic 0.69845 10.13 0 
45201.

7 170 -3047.35 
56.42 

MAR Hexagonal 0.69332 6.35 0 4085.2 8 -92.275 5.06 

MAZ Hexagonal 0.69703 8.09 12.72 2161.9 12 -125.564 4.17 

MEI Hexagonal 0.63068 8.06 21.11 2317.9 16 139.612 4.19 

MEL Tetragonal 0.80863 7.72 12.61 5529.9 21 -229.498 5.29 

MEP Cubic 0.95539 0 0 2574.2 8 -129.85 3.59 

MER Tetragonal 622222 6.65 10.37 1954.3 12 -133.65 4.06 
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MFI Orthorhombic 0.82 6.36 9.81 5311.3 20 -229.149 5.15 

MFS Orthorhombic 0.86632 6.81 10.96 2063 8 -94.596 3.36 

MON Tetragonal 0.88580 4.24 5.98 906.4 4 -45.614 2.49 

MOR Orthorhombic 0.80234 6.7 12.27 2827.3 16 -175.605 4.23 

MOZ Hexagonal 0.64285 10.03 13.12 6366.6 26 -264.4 5.15 

MRT Orthorhombic 
      
0.68917 5.97 9.17 1400.2 8 -94.323 

3.22 

MSE Tetragonal 0.753 7.09 16.4 6843.8 25 -245.993 5.05 

MSO Trigonal 0.69444 7.23 0 5048.5 24 -259.583 5.27 

MTF Monoclinic 0.94211 6.25 6.66 2121.5 6 -68.886 3.28 

MTN Cubic 0.92759 7.44 0 7919.9 24 -384.352 6.28 

MTT Orthorhombic 0.88318 6.19 7.98 1318 2 -29.252 3.06 

MTW Monoclinic 0.7760 6.08 9.42 1535.8 9 -95.66 3.58 

MVY Orthorhombic 
   
0.81039 3.76 1 572.1 0 0 

 
0.33 

MWF Cubic 
     
0.63636 10.64 11.44 89581 463 -1518.98 

6.03h 

MWW Hexagonal 0.75212 9.09 17.43 4518.8 22 -2333.12 6.03 

NAB Tetragonal 0.74074 4.31 7.05 621.4 3 -23.338 2.25 

NAT Tetragonal 0.74074 4.52 9.06 1231.5 16 175.163  2.57 

NES Orthorhombic 0.81868 7.04 14.91 8271.1 18 -182.102  4.11 

NON Orthorhombic 0.91532 6.5 0 4987.7 8 -100.406 4.04 

NPO Hexagonal 0.75 4.23 2.8 377.3 1 -7.04 1.53 

NPT Cubic 
    
0.67013 10.28 19.05 2675.5 17 -172.208 

4.41 

NSI Monoclinic 0.86921 4.16 3.48 639.3 2 -19.394 2.31 

OBW Tetragonal 0.68989 9.26 22.73 5971.7 39 -37.4756 7.39 

OFF Hexagonal 0.62857 7 15.09 1118 7 -67.528 3.16 

OKO Monoclinic 
    
0.8216 6.7 14.34 3884.6 15 -152.5 

4.33 

OSI Tetragonal 0.7777 6.66 9.6 1804.1 8 -88.87 3.35 

OSO Hexagonal 0.645 6.07 19.95 675.7 5 -50.739 2.56 

OWE Orthorhombic 0.68571 5.78 10.35 934 5 -58.78 3.06 

PAR Monoclinic 0.66491 4.21 3.67 1643.2 6 -70.152 1.05 

PAU Cubic 0.62337 10.48 12.39 
42282.

4 247 -2897.13 
36.37 

PCR Monoclinic 0.1029 6.03 6.89 3199.9 10 -126.453 2.12 

PHI  Orthorhombic 0.63555 5.49 9.89 1953.7 12 -129.161 1.05 

PON Orthorhombic 0.725 4.93 7.04 1320.6 4 -52.258 1.04 

POR Tetragonal 
      
0.70389 6.14 10.34 3643.2 20 -222.4 

1.43 

POS Tetragonal 
      
0.69783 7.27 19.86 4118.2 22 -199.963 

1.44 
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PSI Orthorhombic 
      
0.81298 5.79 3.84 6971 8 

 -
126.365 

3.55 

PTT Trigonal 
      
0.63982 6.87 10.38 1453.9 5 -90.173 

1.01 

PTY Triclinic   5.11 12.04 588.4 3 -36.847 2.58 

PUN Orthorhombic 
    
0.63290 5.51 14.97 2405.3 19 -193.77 

 
4.10 

PWN Cubic 
   
0.61126 10.47 14.12 15377 94 -1092.77 

 
20.31 

PWW Monoclinic 0.7740 5.23 11.66 2347.1 12 -141.981 4.05 

PWO Monoclinic 
  
0.77922 5.22 11.9 1165.3 6 -72.711 

 
3.27 

RHO Cubic 0.53333 10.43 20.63 3320.6 24 -253.09 5.30 

RON Tetragonal 0.68898 5.74 7.39 2938.4 0 0 0.41 

RRO Monoclinic 0.80146 4.56 6.92 1007.8 6 -59.431 2.18 

RSN Orthorhombic 0.78695 5.15 7.03 2147.5 9 -81.882 3.15 

RTE Monoclinic 0.71587 7.06 11.68 1398.6 7 -70.622 3.14 

RTH Monoclinic 0.69576 8.18 16.03 1988.9 12 -124.448 4.04 

RUT Monoclinic 0.76749 5.96 0 1985.7 4 -54079 3.30 

RWR Tetragonal 0.91965 4.42 4.37 1666.3 8 -114.648 2.30 

RWY Cubic 0.3333 14.4 45.53 6333.4 56 -418.281 3.35    

SAF Orthorhombic 
    
0.76277 6.66 9.86 3368.7 8 -83.206 

 
1.21 

SAO Tetragonal 0.54546 8.64 25.69 3948.1 26 -224.472 1.57 

SAS Tetragonal 0.58667 8.99 18.09 2140.9 12 -111.629 1.21 

SAT Trigonal 0.64444 6.84 13.02 4386.9 14 -134.779 1.40 

SAV Tetragonal 0.58730 8.82 17.85 3284.9 20 -202.483 1.41 

SBE Tetragonal 0.51432 12.54 26.41 9320.8 69 -619.48 13.50 

SBN Hexagonal 
      
0.70399 5.06 8.89 619.3 4 -56.861 

1.03 

SBS Hexagonal 0.53409 11.45 27.23 6997.3 51 -422.910 10.09 

SBT Trigonal 0.52234 11.17 27.25 
10501.

3 77 -676.296 
15.15 

SEW Orthorhombic 
     
0.72381 7.35 16.6 3878.1 10 -112.723 

 
5.21 

SFE Monoclinic 0.76736 6.66 12.61 827.2 4 -48.863 3.03 

SFF Monoclinic 0.76507 7.59 13.99 1793.2 8 -98.711 1.31 

SFG Orthorhombic 0.85044 6.96 11.12 4194.9 16 -171.422 4.22 

SFH Orthorhombic 0.72419 7.63 14.85 3880.5 16 -146.147 4.53 

SFN Monoclinic 0.96283 7.94 1569 1933.2 8 -76.374 4.48 

SFO Monoclinic 0.57508 7.92 19.57 2109.7 13 -124.33 4.10 

SFS Monoclinic 
      
0.75930 7.52 15.96 33.67 16 -168.733 

4.42 
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SFW Trigonal 
    
0.59740 7.78 17.2 7157.8 40 -432.134 

2.55 

SGT Tetragonal 0.86290 7.74 0 3666 16 -171.422 4.42 

SIV  Orthorhombic 0.636 5.38 9.74 3910.8 20 -242.989 1.43 

SOD Cubic 0.66667 6.32 0 718.4 2 -29.753 1.02 

SOF Orthorhombic 
      
0.70736 5.14 12.57 2435.8 16 -180.051 

1.27 

SOR Orthorhombic 
    
0.72381 7.06 13.29 2811.1 8 -77.48 

1.21 

SOS Orthorhombic 0.63175 4.82 9.36 1414.4 8 -86.014 4.17 

SOV Orthorhombic 
      
0.67878 7.25 20.6 8354.3 44 -388.068 

2.54 

SSF Hexagonal 
      
0.71082 7.66 15.63 3281.2 16 -149.658 

3.56 

STF Monoclinic 0.74895 7.63 15.39 1896.3 10 -112.706 1.16 

STI Orthorhombic 0.72034 6.29 13.27 4312.6 12 -120.997 4.03 

STT Monoclinic 0.76071 7.04 13.9 3773 20 -214.297 4.36 

STW Hexagonal 
    
0.70303 5.43 13.93 3660.8 20 -2235.71 

1.46 

SVR Monoclinic 
  
0.75671 5.85 10.75 5349 20 -222.681 

5.20 

SVV Monoclinic 
    
0.73766 6.41 0 3106.6 8 -94.1 

4.06 

SWY Hexagonal 
    
0.63723 7.06 15.07 4478.3 22 -214.331 

5.33 

SYT Tetragonal 
  
0.42424 8.29 27.95 10455 18 -691.186 

 
17.02 

SZR Orthorhombic 0.78 6.27 9.33 2041.8 6 -70.712 3.46 

TER Orthorhombic 0.73932 6.94 12.77 4694.1 18 -201.272 1.47 

THO Orthorhombic 0.66667 5.15 9.94 635.2 11 -120.502 1.11 

TOL Trigonal 0.693 6.37 0 4031.1 18 -228.125 4.36 

TON Orthorhombic 0.86711 5.71 8.04 1322.7 4 -50.864 1.06 

TSC Cubic 0.48254 16.45 27.85 29053 231 -2000.62 2Hrs 

TUN Monoclinic 0.803 8.46 12.93 10904. 44 -490.704 9.39 

UEI Orthorhombic 0.78844 5.6 6.53 2748.9 8 -103.603 3.27 

UFI Tetragonal 0.64132 10.09 19.74 4210 28 -290.115 6.01 

UOS Orthorhombic 
  
0.75584 5.85 9.02 1362.1 6 -70.227 

3.33 

UOV Orthorhombic 0.70216 6.98 17.13 10840 51 -416.808 10.58 

UOZ Tetragonal 0.65844 5.43 0 2047.0 6 -83.127 3.41 

USI Monoclinic 0.59038 6.76 17.46 2514.7 15 -144.935 4.23 

UTL Monoclinic 0.71371 9.3 12.88 4872.5 31 -293.415 6.41 

UWY Orthorhombic 
  
0.72554 8.78 16.18 3680.0 17 -173.645 

 
   4.52 
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VET Tetragonal 0.91374 6.39 7.82 842.4 2 -28.215 2.40 

VFI Hexagonal 0.5625 12.03 25.4 2486.7 14 -114.724 4.28 

VNI Tetragonal 0.89660 4.8 4.66 3415.5 12 -143.613 4.22 

VSV Tetragonal 0.818 4.31 6.43 2142.7 10 -109.305 3.35 

WEI Orthorhombic 0.65586 4.19 7.82 1211.8 0 0 0.33 

WEN Hexagonal 0.64069 5.53 11.58 1208.2 3 -42.519 3.16 

YFI Orthorhombic 
         
0.74199 7.97 15.37 7317.5 36 -401.795 

 
7.24 

YUG Monoclinic 0.79788 4.49 5.7 891.4 4 -39.55 2.40 

ZON Orthorhombic 0.67909 5.83 8.07 1773.1 5 -54.421 3.14 
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Appendix 2: Zeolite characterization FT-IR 
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Appendix 3 Zeolite characterization XRD 
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Appendix 4: Zeolite characterization SEM 
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Appendix 5: Loading data for the Heulandite  

Loading of Pb2+ and Cd2+ions on the zeolites, as determined from the Monte Carlo 

simulations  

CODE Structure 
Total 
density 

Pore 
size (Å) 

Averag
e 
Volum
e% 

Total 
Volume
Å3 

Loadi
ng 
Pb2+ 

Loadi
ng of  
Cd2+ 

Total 
Energy 
(kcal/m
ol) 

HEU Monoclinic 0.7783 5.97 9.42 2054.81 8 
 

7 -94.717 
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Appendix 6: Heulandite zeolite alongside the respective adsorption isotherm for 

Pb2+ and Cd2+ ions 

 

Figure S1, (A) HEU Zeolite, (B) Adsorption isotherm of lead (II) ion on HEU Zeolite 

 

 

Figure S2 (A) HEU Zeolite, (B) Adsorption isotherm of Cadmium (II) ion on ATO 
Zeolite 
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Appendix 7: Average loading Cd2+ ions onto HEU zeolite as a function of pressure at 

different temperatures 

Total 
fugacity 
(kPa) 

 

298 K 

 

308 K 

 

328 K 

 

338 K 

 

358 K 

 

398 K 

10 0.09392 0.07617 0.05262 0.0504 0.03348 0.02209 
109 1.01709 0.85569 0.56325 0.52083 0.39718 0.22726 
208 1.91772 1.48047 1.07812 1.01241 0.69841 0.43475 
307 2.62638 2.09976 1.53632 1.44143 1.04763 0.6649 
406 3.40036 2.86582 1.9987 1.90114 1.37693 0.86673 
505 4.10705 3.1998 2.41301 2.2382 1.76251 1.04661 
604 4.5164 3.96892 2.79891 2.68289 1.90946 1.22232 
703 4.95909 4.48907 3.26418 3.03295 2.26702 1.35949 
802 5.84283 5.112 3.34305 3.16829 2.54368 1.60472 
901 6.50393 5.112 4.163 3.7504 2.783 1.73422 
1000 6.99452 5.112 4.163 3.97732 2.9993 1.92025 

 

 

 

 

 

  



 

299 
 

Appendix 8: Average loading Pb2+ ions onto HEU zeolite as a function of pressure at 

different temperatures 

 

Total 
fugacity 
(kPa) 

 

298 K 

 

308 K 

 

328 K 

 

338 K 

 

358 K 

 

398 K 

10 7.95774 7.9432 7.82495 7.84513 7.35255 6.45129 
109 8 8 8 7.91585 7.74851 7.72772 
208 8 7.98844 8 8 7.96144 7.97875 
307 8 8 8 7.98794 8 7.94099 
406 8 8 8 7.99035 7.99355 7.94123 
505 8 8 8 8 8 7.95972 
604 8 8 8 8 8 7.89387 
703 8 8 8 8 8 7.86688 
802 8 8 8 7.99899 8 7.93963 
901 8 8 8 8 8 8 
1000 8 8 8 8 8 8 
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Appendix 9: Molecular simulation percent weight removal capacity of Pb2+ onto 

HEU 

HEU 

Total fugacity (kPa) 

Average loading Pb2+ (per 
cell) 

Percent weight capacity 
(%wt) 

10 6.5 36.48 
109 7.49 41.78 
208 7.76 42.42 
307 7.89 42.74 
406 7.99 43.05 
505 8 43.36 
604 8 43.36 
703 8 43.36 
802 8 43.36 
901 8 43.36 
1000 8 43.36 
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Appendix 10: Molecular simulation percent weight removal capacity of Cd2+ onto 

HEU 

HEU 

Total fugacity (kPa) 

Average loading Cd2+ (per 
cell) 

Percent weight capacity 
(%wt) 

10 0.09392 0 
109 1.01709 4.9 
208 1.91772 9.I 
307 2.62638 12.3 
406 3.40036 15.11 
505 4.10705 17.6 
604 4.5164 18.9 
703 4.95909 20.4 
802 5.84283 23.21 
901 6.50393 25.2 
1000 6.99452 26.22 
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Appendix 11: Table S1. The structural characteristics and loading capacity of 

phosphate on zeolites  

CODE 
M D HVF APV VSA GSA DPS Di 

L 
Total 
energy 

isoletric 
heats [g/mol] [kg/m3] [-] [cm3/g] [m2/cm3] [m2/g] [-] [A] 

CLO 11728.2 1128.76 0.55 0.49 2069.69 1833.61 3 15.33 420 32592.6 10.82 

LTN 46144.7 1695.18 0.31 0.18 1181.64 697.06 0 0 103 7419.18 16.48 

MWF 86521.4 1603.83 0.35 0.22 1593.89 993.81 3 10.06 99 7086.69 15.84 

TSC 23072.4 1318.71 0.49 0.37 1472.61 1116.72 3 15.87 89 6797.43 12.51 

ITV 11792.2 1075.18 0.55 0.51 2110.04 1962.51 3 8.54 70 5732.67 10.74 

PAU 40376.7 1585.7 0.36 0.23 1639.21 1033.75 3 10.08 61 4455.79 15.22 

FAU 11536.2 1327.65 0.49 0.37 1615.92 1217.14 3 10.69 60 4496.42 13.85 

DFO 7931.13 1485.63 0.43 0.29 1625.72 1094.3 3 10.89 49 3717.5 13.25 

LTA 1442.02 1414.17 0.47 0.33 1674.58 1184.14 3 10.24 48 3583.79 14.65 

SBT 8652.14 1368.16 0.47 0.34 1585.49 1158.84 3 10.41 37 2926.27 13.67 

SBE 7690.79 1370.15 0.46 0.34 1514 1104.99 3 12.09 31 2450.22 13.57 

IRY 4598.41 1115.15 0.6 0.54 1701.51 1525.79 3 10.69 30 2444.57 11.75 

JSR 5768.09 1225.53 0.52 0.42 2271.2 1853.23 3 7.43 29 2286.25 13.65 

EMT 5768.09 1328.95 0.49 0.37 1618.8 1218.11 3 11 28 2220.58 13.49 

IMF 17304.3 1744.41 0.3 0.17 1261.47 723.15 2 6.7 28 2125.03 15.68 

IWV 9132.81 1498.62 0.41 0.27 1455.32 971.11 2 8.14 26 2054.62 13.3 

SBS 5768.09 1368.86 0.47 0.34 1585.68 1158.39 3 10.97 24 1898.87 13.53 

BOG 5768.09 1602 0.38 0.24 1486.24 927.74 3 7.49 16 1244.11 14.26 

BOZ 5527.76 1290.63 0.46 0.36 2017.67 1563.33 3 8.31 16 1265.97 12.7 

KFI 5768.09 1493.77 0.41 0.28 1638.56 1096.93 3 10.16 16 1232.11 14.47 

EEI 12016.9 1789.07 0.25 0.14 921.42 515.03 0   0 1097.42 15.47 

IRN 5527.76 1528.47 0.41 0.27 1503.19 983.46 2 8.62 15 1091.47 14.92 

ISV 3845.39 1500.62 0.43 0.28 1637.06 1090.93 3 6.37 12 938.53 14.07 

SAO 3364.72 1415.19 0.48 0.34 1736.16 1226.8 3 8.21 12 949.95 13.25 

ITR 6729.44 1731.23 0.3 0.17 1341.02 774.61 3 5.96 12 912.46 15.69 

LTF 6489.1 1685.17 0.29 0.18 1210.73 718.47 1 7.76 10 752.03 16.03 

RHO 2884.05 1442.22 0.45 0.31 1710.52 1186.03 3 10.03 10 776 14.65 

EUO 6729.44 1708.43 0.29 0.17 1169.65 684.64 1 6.26 9 684.03 15.31 

MFI 5768.09 1837.96 0.27 0.14 1216.85 662.07 3 5.94 9 680.03 15.86 

SAT 4326.07 1637.54 0.32 0.2 1295.92 791.38 3 6.18 9 656.61 15.73 

MWW 4326.07 1589.73 0.39 0.25 1542.13 970.06 2 9.29 9 701.18 15.04 

MSO 5407.59 1778.68 0.26 0.15 1001.81 563.23 0 0 9 682.46 15.99 

CON 3364.72 1566.66 0.4 0.26 1599.49 1020.96 3 6.77 8 618.6 14.45 
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MTN 8171.46 1713.29 0.34 0.2 1222.69 713.65 0 0 8 576.56 18.89 

TER 4806.74 1700.41 0.32 0.19 1406.58 827.2 2 6.18 8 612.56 14.99 

AEI 2884.05 1501.58 0.4 0.27 1735.45 1155.78 3 6.9 8 576.79 15.06 

SIV  3845.39 1632.79 0.32 0.19 1639.92 1004.37 3 4.98 7 513.61 17.85 

DDR 7210.12 1782.75 0.3 0.17 1174.34 658.73 2 7.07 7 513.24 14.95 

STW 3605.06 3605.06 0.37 0.22 3605.06 1051.52 3 4.91 7 530.89 15.59 

AFX 2884.05 1501.67 0.4 0.27 1732.89 1153.98 3 7.12 7 538.33 15.06 

DON 3845.4 1708.28 0.29 0.17 955.59 559.38 1 8.18 6 476.54 12.62 

EZT 2884.05 1716.04 0.3 0.18 1241.24 723.31 1 5.9 6 419.81 15.8 

EAB 2163.03 1591.65 0.37 0.23 1569.98 986.39 2 6.62 6 402.33 17.38 

ITG 3364.72 1654.42 0.36 0.22 1509.42 912.35 3 6.44 6 464.64 14.25 

TOL 4326.07 1782.23 0.26 0.15 1782.23 583.36 0 0 6 440.73 17.68 

LEV 3244.55 1589.09 37 0.24 1562.33 983.16 2 6.39 6 460.99 14.31 

AET 4326.07 1817.16 0.24 0.13 863.251 475.055 1 7.76 6 478.56 12.33 

LTL 2163.03 1668.22 0.29 0.18 1001.93 600.61 1 9.61 5 386.56 14..84 

CFI 1922.69 1673.04 0.29 0.18 1065.25 636.72 1 7.07 4 310 14.3 

CGS 1922.7 1685.49 0.29 0.17 1411.74 837.58 3 5.32 4 298.82 16.57 

FER 2163.03 1751.02 0.29 0.17 1288.93 736.11 2 5.42 4 295.62 17.18 

STF 1922.7 1683.71 0.35 0.21 1362.86 809.44 1 7.22 4 305.94 15.17 

HEU 2163.03 2163.03 0.29 0.17 1335.5 764.01 2 5.22 4 296.99 16.78 

MAZ 2163.03 1661.45 0.32 0.19 1238.34 745.34 2 5.65 4 305.51 15.03 

MEP 2763.88 1782.92 0.3 0.17 1129.89 633.73 0 0 4 287.32 19.18 

MOR 2884.05 1693.89 0.31 0.18 1265.9 747.33 2 6.2 4 308.35 14.9 

MTW 1682.36 1819.05 0.24 0.13 985.58 541.81 1 5.31 4 304.18 14.83 

RTH 541.81 1605.31 0.37 0.23 1441.09 897.7 1 7.64 4 307.98 14 58 

SFF 1922.7 1780.51 0.32 0.18 1280.5 719.18 1 7.09 4 301.98 16.17 

JSW 2884.05 1837.56 0.22 0.12 969.97 527.86 0 0 4 293.48 17.66 

ATT 721.01 1704.11 0.3 0.18 1512.12 887.34 2 4.9 4 295.92 18.81 

CGS 1922.69 1685.5 0.29 0.17 1411.74 837.579 3 5.32 4 304.09 16.62 

ERI 2163.03 1603.86 0.36 0.22 1497.58 933.737 3 6.31 4 312.53 14.47 

ESV 2884.05 1770.93 0.28 0.16 1161.71 655.99 1 5.67 4 301.71 16.98 

RTH 1922.69 1605.31 0.37 0.23 1441.09 897.7 1 7.63 4 312.948 14.7 

AWW 1442.02 1688.96 0.31 0.18 1264.88 748.909 1 6.89 4 303.79 15.14 

AFN 1922.7 1735.6 0.25 0.14 1178.22 678.85 1 4.75 3 226.42 17.18 

ATN 961.348 1777.69 0.23 0.13 1050.93 591.17 1 5.51 2 143.55 19,19 

CHA 1050.92 591.17 0.24 0.13 1050.93 591.17 1 5.51 2 154.593 14.25 

DOH 2042.87 1691.73 0.34 0.2 1242.56 734.48 0 0 2 148.4 17.34 
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LAU 1442.02 1795.55 0.27 0.15 1186.51 660.81 1 5.47 2 148.03 16.91 

PHI  1922.69 1634.19 0.32 0.2 1601.13 979.77 3 5 2 147.11 16.53 

TON 1442.02 1810.29 0.22 0.12 951.64 525.68 1 5.04 2 147.84 17.04 

MTT 2564.75 3230.8 0.09 0.03 534.47 165.43 1 3.23 2 146.41 17.75 

GIS 961.35 1635.99 0.31 0.19 1686.03 1030.59 3 4.57 2 149.04 17.85 

MFS 2163.03 1740.4 0.28 0.16 1210.58 695.58 2 6.22 2 152.31 14.79 

LOS 1442.02 1682.46 0.31 0.18 1220.65 725.51 0 0 2 148.89 16.59 

SOD 721.01 1661.65 0.33 0.2 1297.96 781.12 0 0 2 140.9 20.81 

BPH 1682.36 1458.96 0.44 0.3 1688.01 1156.99 3 9.11 1 82.23 8.71 

CAN 721.01 1685.65 0.29 0.17 1183.81 702.29 1 5.76 1 75.33 15.6 

GOO 1922.69 1891.93 0.19 0.1 828.18 437.74 2 3.94 1 73.48 17.45 

VET 1021.43 2013.45 0.18 0.09 777.43 386.12 1 5.98 1 76.29 14.65 

WEN 1185.69 1629.64 0.32 0.2 1444.93 886.66 3 4.97 1 72.53 18.41 

ANA 2884.05 1917.78 0.1 0.05 426.01 222.13 0 0 0 0 0 

DFT 480.67 1767.24 0.26 0.15 1125.8 637.04 3 4.19 0 0 0 

BIK 721.011 1862.34 0.16 0.09 816.36 438.35 1 3.76 0 0 0 

SBN 600.84 1610.87 0.29 0.18 1564.36 971.12 2 4.41 0 0 0 

JNT 1922.7 2048.03 0.13 0.06 586.29 286.268 0 0 0 0 0 

MON 961.348 1760.77 0.23 0.13 1265.42 718.67 3 3.76 0 0 0 

PAR 1986.7 1878.31 0.13 0.07 740.048 393.996 1 3.69 0 0 0 

THO 600.84 1570.63 0.31 0.2 1502.63 956.7 3 4.48 0 0 0 

VSV 2163.03 1676.33 0.24 0.14 1243.33 741.7 3 3.75 0 0 0 

LIT 1506.02 2003.63 0.01, 0.01 0 0 0 0 0 0 0 

ITW 1442.02 1768.37 0.27 0.15 1316.49 744.468 1 4.16 0 0 0 

JBW 360.505 1873.75 0.17 0.09 847.475 452.287 1 3.86 0 0 0 

CAS 1442.02 1871.34 0.15 0.08 661.06 353.25 1 4.44 0 0 0 

APD 1922.69 1794.58 0.21 0.12 1014.59 565.36 1 4.22 0 0 0 
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Appendix 12: Lead (ii) ions data for standard calibration curve 

Concentration 
(ppm) 

0.0pp
m 

1pp
m 

5pp
m 

8pp
m 

10pp
m 

15pp
m 

20pp
m 

30pp
m 

ABSORBANC
E 

0.00 0.003 0.015 0.025 0.0301 0.048 0.0624 0.977 
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Appendix 13: Cadmium (ii) ions data for standard calibration curve 

Concentration 
(ppm) 

0.0pp
m 

1ppm 1.5pp
m 

2ppm 3ppm 4ppm 5ppm 8ppm 

ABSORBANC
E 

0.00 0.015
8 

0.0478 0.075
5 

0.093
5 

0.132
7 

0.174
8 

0.263
5 

 

 

  

y = 0.0335x - 0.001
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Appendix 14: Phosphate ion data for standard calibration curve 
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Appendix 15: Nitrate ion data for standard calibration curve 
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Appendix 16: Calibration curve for (a) Imidacloprid and (b) Chlorpyrifos  
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Appendix 17: Calibration curve for pharmaceutical diclofenac, ciprofloxacin and 

chloramphenicol  
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Appendix 18: Adsorption isotherm studies for Lead and Cadmium ions 

 

a) Freundlich and Langmuir data pb2+ 

Co Ce qe Ce/qe Log qe Log Ce 

5ppm 0.001 0.249 0.004 -0.6 -3 

10ppm 0.015 0.4975 0.032 -0.3 1.8 

20ppm 9.521 0.5239 18.17 -0.28 0.98 

30ppm 20.018 0.5991 40.11 -0.3 1.3 

40ppm 30.346 0.5325 56.98 -0.27 1.5 

50ppm 40.523 0.6738 85.53 -0.32 1.61 

 

b) Langmuir and Freundlich data Cd2+ 

Co ppm Ce ppm Qemg/g Ce/qe g/l Log qe Log ce 

1.0 0.02 0.049 0.41 -1.31 -1.69 

1.5 0.34 0.0575 6.09 -1.23 -0.46 

2.0 0.97 0.051 19.22 -1.29 -0.01 

2.5 1.21 0.051 24.60 -1.30 0.089 

3.0 1.83 0.0519 30.84 -1.229 0.26 
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Appendix 19: Effect of Concentration of Cadmium (ii) ions adsorption 
 

Time  1.00 ppm 1.50 ppm 2.00 ppm 3.00 ppm 
0 1.00 1.50 2.00 3.00 
30 0.97 1.45 1.91 2.93 
60 0.83 1.36 1.85 2.65 
90 0.67 1.12 1.56 2.42 
120 0.43 0.96 1.41 2.32 
150 0.02 0.71 1.17 2.17 
180 0.01 0.38 1.01 1.94 
210 0.01 0.35 0.98 1.81 
240 0.02 0.35 0.98 1.82 

  

Appendix 20: Effect of Concentration of lead (ii) ions adsorption 
 

Time (min) Pb2+    Concentrations (ppm) 

0 30.00 ppm 20.00 ppm 10.00 ppm 5.00 ppm 

30 27.39 17.13 7.89 2.93 

60 24.34 15.32 4.12 0.543 

90 24.81 13.27 3.45 0.042 

120 21.48 11.59 1.68 0.002 

150 20.27 10.42 0.89 0.001 

180 20.016 10.02 0.018 0.001 

210 20.014 10.01 0.019 0.001 

240 20.015 10.016 0.018 0.001 
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Appendix 21: Effect of adsorbent dosage (grams) on adsorption 

Pb2+     ion 

Dosage of 

Zeolite 

Grams 0.3g 0.5g 0.8g 1g 1.5g 2g 

pb2+ Co 10  10 10 10 10 10 

Ce 4.23 1.74 1.35 0.016 0.53 1.68 

% 57.7 82.6 86.7 99.8 94.7 83.2 

 

Cd2+     ion 

Dosage of 

Zeolite 

 0.3g 0.5g 0.8g 1g 1.5g 2g 

Cd2+ Co 1.5 1.5 1.5 1.5 1.5 1.5 

Ce 1.15 0.956 0.779 0.35 0.62 0.812 

% 23.4 36.0 48.1 76.7 58.7 46.3 

 

  

Dosage of Zeolite 0.3g 0.5g 0.8g 1g 1.5g 2g 

Pb2+ 57.7 82.6 86.7 99.8 94.7 83.2 

Cd2+ 23.4 36.0 48.0 76.7 58.7 46.3 
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Appendix 22: UV-Vis spectra of pesticides compounds (a) chlorpyrifos (b) diuron 

and (c) imidacloprid 
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Appendix 23: Chromogram for ciprofloxacin (a) before and (b) after adsorption 
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Appendix 24: The LC-MS/MS chromatogram of Imidacloprid (a) before and (b) 

after adsorption for imidacloprid from real water.  
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Appendix 25 Calibration curve for (a) Imidacloprid and (b) Chlorpyrifos  
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Appendix 26: First published paper 
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Appendix 27: Second published paper 
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Appendix 28: Third published paper 
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Appendix 29: Accepted paper: Heliyon 
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Appendix 30: Paper published  

Unlocking the adsorptive effectiveness of naturally occurring heulandite zeolite for 

the removal of PO4
3- and NO3

- anions from wastewater. 

Fred Sifuna Wanyonyi1, Francis Orata1, Ponnadurai Ramasami2,3, Emily Ngeno1,5, Victor 

Shikuku5, Robert O. Gembo6, Gershom Kyalo Mutua1, Anthony Pembere4*. 
1Department of Pure and Applied Chemistry, Masinde Muliro University of Science and 

Technology, P.O Box 190 Kakamega 50100, Kenya 

2Computational Chemistry Group, Department of Chemistry, Faculty of Science, 

University of Mauritius, Réduit 80837, Mauritius 

3Centre for Natural Product Research, Department of Chemical Sciences, University of 

Johannesburg, Doornfontein 2028, South Africa 

4Department of Physical Sciences, Jaramogi Oginga Odinga University of Science and 
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 *Correspondence Email:apembere@jooust.ac.ke 

Abstract 

The mitigation of high levels of phosphate (PO4
3–) and nitrate (NO3

–) and ions in water 

bodies, particularly in agricultural wastewater, holds paramount importance in curbing 

eutrophication within aquatic ecosystems. Herein, using experimental and computational 

techniques, the study explored the potential of naturally occurring South Africa heulandite 

(HEU) zeolite for the removal of PO4
3– and NO3

– ions from synthetic wastewater in batch 

mode. The percentage removal of PO4
3– and NO3

– was 59.15 and 51.39 %, respectively, 

whereas the corresponding maximum adsorption capacity of the adsorbent was 0.0236 and 

0.0206 mg/g. The adsorption kinetics of both anions by HEU fitted well in the pseudo-first 

order (PFO) kinetics model indicating a physisorption-mediated rate-determining step. It 

was revealed that the adsorption process was multi-mechanistic spontaneous and 

mailto:apembere@jooust.ac.ke
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exothermic. Molecular simulations using Monte Carlo (MC) and density functional theory 

(DFT) methods also provided insights into the adsorption mechanisms.  

Keywords: Adsorption; Anions; Zeolites; Molecular simulation; Thermodynamic 

parameters 
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