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Abstract 

Drinking water scarcity is a global crisis even though water covers about three quarters of the 

earth. One of the major causes of this scarcity is water pollution, which is a result of human 

activities. This has been noticed and reported for a number of years but is still unsolved and 

intensifying. Hence, scientists are busy trying to find solutions to this global menace. In this study, 

zinc oxide nanoparticles were synthesised via co-precipitation, a cost reasonable method and 

functionalized by grafting a pyrene ligand on its surface in order to provide a scaffold to which 

many other functionalities can be adsorbed. By so doing, the efficiency and capacity of bare 

nanoparticles is improved. The synthesised pyrene ligand was successfully characterised with 

nuclear magnetic resonance (NMR) and Fourier transform infrared spectroscope (FTIR). The 

adsorbent was characterized using X-ray diffractometer (XRD), scanning electron microscope 

(SEM), transmission electron microscope (TEM), FTIR, energy dispersive x-ray (EDX) and 

thermogravimetric analyzer (TGA). The choice of zinc oxide nanoparticles as preferred adsorbent 

was due to their exceptional properties including large surface area, thermal and chemical 

stabilities. These properties are the reason zinc oxide nanoparticles possess high adsorption 

efficiency and capacity.  

The results of characterization indicated a decreased particle size and improved thermal stabilities 

of the pyrene grafted zinc oxide nanoparticles compared to the zinc oxide nanoparticles, showing 

that this material can be employed even at higher temperatures. The average particle size of the 

bare nanoparticles decreased from 290 to 181 nm after functionalization. Thermal stability 

increased from 550oC in the bare nanoparticles to 650oC in the functionalized nanoparticles. 

Characteristic reflections of zinc oxide nanoparticles in the XRD analysis were maintained even 

after functionalization (i.e. 31.8 o, 34.5 o, 36.3 o, 47.6 o, 56.6 o, 62.9 o, 66.5 o, 68.0 o and 69.2 o). 
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However, diffractogram roughness was noticed for the functionalized nanoparticles due to the 

introduction of the amorphous layer from the ligand.   

This novel material was employed for the removal of an herbicide, simazine as well as two dyes, 

methyl violet and brilliant green from aqueous solutions by batch adsorption experiments. The 

kinetics and isotherm studies of the different adsorption processes were carried out by using three 

of the commonly used kinetic and isotherm models (pseudo-first order, intraparticle diffusion and 

pseudo-second order) and (Langmuir, Temkin isotherms and Freundlich) respectively. From all 

batch adsorption experiments conducted for simazine removal, the adsorbent showed effectiveness 

and high adsorption capacity for the removal of simazine. The highest observed efficiency and 

capacity were 71.3% and 137 mg/g respectively at pH = 2, time = 60 minutes, adsorbent dose = 

20 mg and adsorbate conc = 0. 281 mg/L. Kinetics study for the adsorption of simazine favoured 

pseudo-first order. However, Langmuir isotherm could also be applicable to understand the 

adsorption process. The material also showed reusability potential of up to three cycles for this 

contaminant indicating that this material can be re-used.  

In the case of the removal of methyl violet from aqueous solution, the adsorbent showed a 

reasonable adsorption maximum capacity (qmax) (31.5 mg/g) at contact time = 360 min, adsorbent 

dose approximately = 40 mg, temperature = 20 ± 2oC and pH = 6.5, when compared to other 

adsorbents previously reported for the removal of methyl violet (MV) in literature. Kinetics and 

isotherm studies indicated that the process for the removal of this pollutant with this pyrene grafted 

onto zinc oxide nanoparticles proceeded via pseudo-first order (R2 = 0.931) and Langmuir 

isotherm models (R2 = 0.980) respectively. These results indicated that this material could serve 

as alternate material to already established materials for the removal of recalcitrant organic 
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pollutants from aqueous solutions. Moreover, the adsorbent also showed reusability potential for 

this contaminant. 

Similarly, the adsorbent showed high removal efficiency and capacity in all batch adsorption 

experiments for brilliant green (BG) adsorption. The highest adsorption efficiency of 88.8% was 

accomplished with 79.8 mg at pH 6.50 and temperature of 20 ± 2oC within 360 minutes. BG 

adsorption rate mechanism was best explained by the pseudo-first order kinetic model                       

(R2 = 0.903). Dye adsorption behaviour was best explained using Langmuir isotherm (R2 = 0.980). 

Reusability of the adsorbent showed that the adsorbent is efficient after three runs. The overall 

results of adsorption by a way of comparison of the adsorption capacity of this novel material with 

respect to the contaminants is in this trend: brilliant green > methyl violet > simazine. This study 

indicates that this novel material can serve as new material for the removal of herbicides and dyes 

as well as vast variety of pollutants from wastewater considering its high adsorption efficiency and 

its recyclability. Thus, industries can explore the use of this material for the removal of varying 

pollutants from wastewater. 
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Chapter One 

 Introduction 

Water is the most fundamental substance of life on this planet, and a valuable resource for human 

survival. One of the key sustainable development goals (SDG) is to ensure availability and 

sustainable management of water and sanitation for all, and this is considered, and remains a 

major global crisis as a result of global climate change, industrialization, population growth and 

water quality deterioration (Sandia, 2003; Tyagi, 2016). Water covers about 70% of the earth's 

surface and is a principal receiver of the discharges of both organic and inorganic pollutants. 

Wastewater can be defined as used contaminated or polluted water. Generally, it is classified as 

domestic or industrial wastewater (Carolin et al., 2017). This classification is based on the source 

of origin. Domestic wastewater comprises of liquid and solid discharges from non-manufacturing 

processes, which includes sewage, sanitary outputs, garbage, detergents etc (Tee et al., 2016). 

However, the industrial wastewater is water that results after an industrial process. The release of 

untreated industrial wastewater has been reported as a major source of water pollution (Carolin 

et al., 2017).  

Organic pollutants are carbon-based chemicals like pharmaceuticals, solvents, dyes and 

pesticides, which end up in water streams because of farmlands runoff, factories and wastewater 

discharge. However, inorganic pollutants include toxic heavy metals, which are not carbon-based. 

Both groups of pollutants affect the chemical and physical properties of water and cause a 

significant threat to human well-being. Dyes from industrial effluents (e.g., leather, paper, textiles 

and cosmetics industries) are one of the hazardous materials to water sources specifically and 

environment in general (Yu et al., 2014). Most dyes are highly recalcitrant to conventional 

physical (ion exchange, irradiation, membrane filtration) and biological water treatment (aerobic 

and anaerobic digestion) methods (Zhang and Wu, 2014). These substances are highly resistant 

to biodegradation since their compounds contain complex aromatic structures. Untreated 
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effluents containing dyes when released to large water bodies lead to colour increase in water 

even at low amounts (less than 1 ppb), therefore making polluted water more detrimental (Zhang 

and Wu, 2014). Since water colouration prevents sunlight penetration in water, the dissolved 

oxygen levels are reduced and vice versa for biological oxygen demand (BOD) (Carmen and 

Daniela, 2012). Because of the latter effects, aquatic biota are exposed to greater environmental 

hazard due to dyes’ disposal (Shanker et al., 2017). These substances are also persistent; 

therefore, they can accumulate and cause serious health problems in human through direct 

exposure or food chain. On the other hand, pesticides are various agents that are classified based 

on their potential of killing different types of living creatures (Ahmad et al., 2010). Pesticides are 

distinct from other chemical substances since they are purposely dispersed in the environment 

(e.g. agricultural farmlands) (Corsini et al., 2008). Moreover, they are synthesised to disrupt 

specific living organisms and predictably characterized by variable levels of toxicity (Corsini et 

al., 2008). They are mainly classified by taking into consideration two criteria: target organism 

and chemical classes (Ahmad et al., 2010). Pesticides are used intentionally to protect agricultural 

farmlands from pests; however, their remains can reach beyond their target areas through 

overland, groundwater, atmospheric and subsurface routes as stated by Groenendijk et al. (1994). 

As a result, they have been associated with human health problems. Due to these negative effects 

of the aforementioned pollutants in water and the environment, there is an urgent need for studies 

to be conducted to device means for the removal of these pollutants from water. This serves as 

the motivation of this study.  

1.1. Problem statement and justification 

Availability of water is a global concern as mentioned in the introduction and reported by other 

researchers (Sandia, 2003; Tyagi, 2016) because water is a critical feedstock for many industries 

and homes (Savage and Diallo, 2005). Moreover, water is also essential for all life on earth. It is 

also worth to mention that majority of developing countries heavily rely on agriculture (Praburaj 
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et al., 2018), which uses more water. However, because of water scarcity they struggle to 

maximize their profits. This is why many African countries are still undeveloped. Hence, 

sustainable development goal 6 was developed to counteract this. Water scarcity leads to poverty 

and unemployment since farmers employ fewer workers even though aiming for maximum 

production, which is hardly met because of the aforementioned crisis. Thus, farmers use more of 

supplementary substances such as fertilizers and pesticides to overcome failure to maximize 

production. The use of these supplementary substances contributes to water pollution and 

indirectly intensifies water scarcity as these substances reach up to water stream and pollute them 

(Norse, 2005; Adeyemo, 2003). Water pollution also leads to the growth of illnesses and fatal 

diseases like cancer and endocrine disorders, which has been associated with pesticides (Kim et 

al., 2017; Sanborn et al., 2007). For a number of years, cancer has been reported amongst top 10 

causes of death globally (Rana et al., 2021). Just like pesticides, organic dyes have also been 

associated with cancer due to their carcinogenicity (Decouple, 1979). Even so, their use is still 

intensifying because of population and industrialization growth. Owing to their persistence these 

substances persist in environmental matrices thus causing imbalances on the ecosystem and 

affects people directly or indirectly. Due to these concerns, several methods/techniques have been 

developed and adopted for the removal of these pollutants in water/wastewater. 

 Adsorption has gained more recommendation from these techniques (Esposito et al., 2013; 

Sannino et al., 2013; Auta and Hameed, 2012; Chen et al., 2011). Hence, many adsorbents have 

been developed and adopted for both pesticides and dyes removal from water/wastewater. Even 

though these adsorbent materials including magnetic metal-ceramic nanocomposites (Pansini et 

al., 2018), iron oxide nanoparticles (Eshete et al., 2018), hydroxypropyl-b-cyclodextrin–

polyurethane magnetic nanoconjugates (Nasiri and Alizadeh, 2019), AgI modified TiO2 

nanoparticles (Jafari et al., 2012), ZnS nanoparticles loaded activated carbon (Jamshidi et al., 

2016), graphite oxide nanoparticle (Ghaedi et al., 2014) and so on have shown promises for the 

removal of diverse types of contaminants/ pollutants from water. Their applicability has been 
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ascribed to their surface area and high porosity, their widespread use is limited because of poor 

adsorption capabilities, high cost of preparation, difficulty in disposing and regenerating them. 

Thus other more efficient, easily disposable and regenerated alternatives should be established.  

Literature search revealed that some adsorbent materials and nanoparticles, which have been 

mostly employed for the elimination of contaminants from wastewater especially dyes, have 

concerns such as particle aggregation and agglomeration (Mahl et al., 2013), which leads to 

particle size increase thus decreasing their adsorption capability. Zinc oxide nanoparticles have 

been reported to be more efficient as a result of their increased surface area, great chemical and 

thermal stabilities and ability to graft other functionalities on their surface (Ozgür et al., 2005; 

Kango et al., 2013; Wang et al., 2021). Moreover, zinc oxide nanoparticles are non-magnetic in 

nature therefore they usually experience lesser aggregation compared to magnetic nanoparticles 

thus making their particle size easily controllable. In addition, introducing multidentate ligands 

such as 1-(4-hydroxyphenyl)-4-pyrenyl-2,3-diaza-1,3-butadiene on their surfaces may improve 

their adsorbing capabilities, since these ligands provide them a scaffold onto which other organic 

functionalities can be attached. By doing so, these introduced ligands also reduce aggregation of 

bare nanoparticles even more. 

1.2. Null hypotheses  

I. Pyrene grafted onto zinc oxide nanoparticles will not adsorb organic herbicide. 

II. Pyrene grafted onto zinc oxide nanoparticles will not adsorb organic dyes. 

III. The rate of adsorption will not differ for different organic contaminants. 

IV. The rate of adsorption will not decrease with increasing time. 

1.3.  Aim  

The aim of this research is to synthesize and characterize pyrene grafted onto zinc oxide 

nanoparticles and determine their effectiveness for the removal of organic contaminants 

(herbicide simazine and organic dyes; methyl violet and brilliant green) from wastewater. 
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1.4. Objectives 

I. To synthesize and characterize zinc oxide nanoparticles. 

II. To synthesize and characterize 1-(4-hydroxyphenyl)-4-pyrenyl-2,3-diaza-1,3-

butadiene (pyrene ligand). 

III. To synthesize and characterize pyrene ligand grafted onto zinc oxide nanoparticles. 

IV. To determine the efficiency of pyrene grafted onto zinc oxide nanoparticles for the 

removal of organic contaminants including one herbicide and two dye compounds 

from wastewater through batch adsorption experiments. 

V. To carry out desorption studies for the used adsorbents in order to ascertain their 

reusability. 

1.5. Dissertation overview 

This dissertation contains six chapters that are described briefly below. The novelty of this project 

includes the synthesis of 1-(4-hydroxyphenyl)-4-phenyl-2,3-diaza-1,3-butadiene ligand grafted 

onto zinc oxide nanoparticles by using covalent bonding. It also includes their first time 

application for the removal of one herbicide; simazine and two dye compounds; methyl violet 

and brilliant green from water. In this dissertation, isotherm and kinetic studies were also carried 

out to bring about the understanding of the mechanism of each adsorption process; desorption 

and reusability studies were as well carried out to determine the recyclability and reusability 

potentials respectively of this novel adsorbent. This dissertation is in manuscript format and 

consists of a number of stand-alone chapters. However, the entire dissertation is coherent with 

the objectives of the entire project. 

Chapter 1 includes a brief introduction on water scarcity, causes of water scarcity including 

water pollution. It further highlights the contributing substances/chemicals to water pollution 

especially the ones that are subjects of this research study. Justification of this study, null 

hypotheses, aim and specific objectives are also presented in this chapter. 
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Chapter 2 gives literature review on the topic of the study, description of types and classifications 

of organic dyes and pesticides. It also gives description of their effect and fate, remediation 

techniques, metallic nanoparticles as potent adsorbents. Furthermore, metallic nanoparticles 

synthesis methods and characterization techniques were also discussed under this chapter.   

Chapter 3 includes synthesis and characterization of the novel material synthesized from zinc 

oxide nanoparticles and 1-(4-hydroxyphenyl)-4-phenyl-2,3-diaza-1,3-butadiene ligand, 

evaluation of its efficiency for the removal of simazine through batch adsorption experiments, 

kinetic and isotherm studies. In addition, this chapter also presents the desorption and reusability 

studies of the adsorbent accordingly.   

Chapter 4 presents the synthesis of novel zinc oxide nanoparticles functionalized with chelating 

nitrogenous groups (1-(4-hydroxyphenyl)-4-phenyl-2,3-diazo-1,3-butadiene ligand) and the 

characterization of the synthesized materials. It also includes adsorption, kinetic, isotherm, 

desorption and reusability studies for the removal of methyl violet from aqueous solutions. 

Chapter 5 presents the adsorption, isotherm, kinetic studies, and desorption studies of pyrene 

ligand grafted onto zinc oxide nanoparticles for the sequestering of brilliant green from water. 

Chapter 6 gives the general conclusions and recommendations on this study. 
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Chapter Two 

Literature review 

Due to the negative effects of dyes and pesticides in the environment and human, in this chapter, 

detailed discussion on dyes and pesticides together with their classifications, their effects and fate 

in wastewater will be reported as well as their remediation techniques. In addition, owing to the 

importance of adsorption techniques including their high efficiency, simplicity and flexibility, 

adsorption will be discussed in relation to metallic nanoparticles for the removal of the pollutants 

under consideration in this study. The synthesis routes and characterizations techniques for zinc 

oxide nanoparticles and their functionalization will also be discussed in depth herein. 

2.1. Pesticides and their classifications  

Pesticides are numerous and diverse groups of chemical compounds, with the primary goal of 

eliminating pests in households and agricultural farmlands (Fenik et al., 2011). Their diversity in 

chemical composition results in different physicochemical properties within a chemical class (e.g. 

organochlorine pesticides) and across different chemical classifications. As a result, their use in 

agricultural systems is probably the most important factor, which has contributed to the national 

(Quinn et al., 2011) and worldwide increase in food production (Kim and Smith, 2001). Despite 

their advantages, they are regarded among the most environmentally stable, mobile and toxic 

substances (Fenik et al., 2011).  

2.1.1. Target organism based classifications 

2.1.1.1. Herbicides 

Herbicides are chemicals that are mainly used to kill weeds without causing any harm to the crops 

when properly selected and applied (Qasem, 2011). Herbicides inhibit weeds through metabolic 

processes by interaction with the specific protein (Dayan et al., 2010). Kughur (2012) reported 

that herbicide application is not only limited to crop production, they can also be used in animal 
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production to control infectious diseases and parasites that emerge under extremely crowded 

conditions. Herbicides can either be organic or inorganic chemicals (California Weed 

Conference, 1985). They can be easily selected from botanicals or mycoherbicides (Mo and He, 

2005). However, they are of high public concerns and have received high criticism nowadays 

(Qasem, 2011). Qasem (2011) also reported that synthetic herbicides are still intensively applied 

in developing and developed countries for weed control. Tamang et al. (2015) reported that in 

India, yield loss due to weeds can vary from 40-68% and this is quite high. The authors further 

reported that already existing pre and post emergence herbicides such as oxyfluorfen, quizalofop-

ethyl, pendimethalin and fenaxaprop-p-ethyl (Figure 2.1) can be used to monitor the emergence 

and growth of broadleaved weeds and annual grasses. 
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2.1.1.2. Insecticides  

Insecticides are agents of biological or chemical origins that are used in agriculture, forestry, 

horticulture and domestically to control pests, which may be vectors for animal and human 

diseases (Gupta et al., 2019). Mossa et al. (2018) reported two major types of insecticides, 

synthetic and natural insecticides. Synthetic insecticides, referring to groups of chemicals based 

on their mode of toxic action (i.e. organochlorines, carbamates, organophosphates, and 

pyrethroids) (Figure 2.2) and the natural insecticides including azadirachtin, spinosad, abamectin 

and rotenone. As a result of the widespread and long-term application of synthetic insecticides, 

their residues have accumulated in food, milk, soil, water and other environmental compartments 

(Mossa et al., 2018). Natural insecticides include mineral, chemical and biological materials, 

which may be found in the markets (i.e. pyrethrum, spinosad, neem, abamectin, rotenone, bacillus 

thuringiensis (Bt), garlic, pepper, cinnamon, and some essential oil products) (Kaya and Vega, 

2012). Natural insecticides’ safety and selectivity are not exact and some of the natural 

compounds are toxic; for instance, nicotine and arsenic, these insecticides have been banned in 

most countries (Mossa et al, 2018). 
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Figure 2.1: Chemical structures of some common herbicides. 
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2.1.1.3. Fungicides  

Fungicides are biological organisms or chemical compounds that terminate or prevent the 

development of fungal spores or fungi (Gullino et al., 2000). The chemical structures of some 

commonly used fungicides across the world are shown in Figure 2.3. According to Saladin et al. 

(2003), this happens when fungicides are able to improve plant defence mechanisms through cell 

wall lignification or stimulation of enzymes involved in phenolic and flavonoids compounds 

syntheses.  
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Figure 2.2: Chemical structures of some common insecticides. 
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In agriculture, the effectiveness of fungicides has been mainly focused on fungal pathogens or 

their residues in crops (Saladin et al., 2003). Fungi infections contribute to approximately 20% 

of worldwide yield loss (Gullino et al., 2000). Xia et al. (2006) reported that in the past decades, 

fungicides have become the primary fungi control means on account of their easy application, 

low cost and effectiveness. Mohamed and Akladious (2017) categorized them into systematic and 
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non-systematic fungicides (also referred to as contact fungicides). Systematic fungicides have 

lethal ability to fungus after the parenchyma penetration by the mycelia and the ability to stop 

infection spread within the plant, whereas non-systematic fungicides (e.g. sulphur or copper) have 

defensive action by preventing or killing fungal spores’ prior the mycelia growth and 

development within the plant tissues (Mohamed and Akladious, 2017).  

2.1.2. Classification based on their chemical composition 

2.1.2.1. Organochlorine pesticides  

Organochlorine pesticides (OCPs) fall under the primary subcategory of chemical pesticides 

(Mohamed and Akladious, 2017). Huang and Lee (2015) reported that they have been of great 

use in agriculture, domestic households and industries in the past. This group of pesticides include 

dimethyldiphenyltrichloroethane, hexachlorocyclohexane, methoxychlor, chlordane, dieldrin, 

toxaphene, kepone, mirex and lindane (Table 2.1) (Isegbe et al., 2016). As a result of their 

persistence and bioaccumulation properties, these types of pesticides where banned from the 

market (Huang and Lee, 2015) and their usage has decreased (de Boer et al., 2010). Nevertheless, 

OCPs and their metabolites are still detected in different environmental matrices such as soil (Lin 

et al., 2012), water (Quinete et al., 2011) and air as a result of human activities (Kosikowska and 

Biziuk, 2010). On top of the aforementioned properties of organochlorine pesticides, Kim and 

Smith (2001) mentioned their hydrophobicity and lopophilicity, low vapour pressure and      

photo-oxidation stability to be the main features for their efficacy as pesticides and their 

persistence in the environment. During the period 1946 to 1980, the use of organochlorines was 

extensive in South Korea for rice crops yield improvement (Mansouriieh et al., 2019). For a 

number of decades OCPs have been used against adults and larvae of malaria vectors in some 

areas of the world (Omer et al., 1980).  Omer et al. (1980) reported 

dichlorodiphenyltrichloroethane as the first chlorinated hydrocarbon to control malaria and louse 

borne typhus; this was noticed during Second World War.  
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Table 2.1: Some commonly used organochlorine pesticides across the world. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

However, just like most chlorinated hydrocarbons, this pesticide was banned in 1972 in many 

nations due to its negative effects on the environment (Omer et al., 1980). Benzene hexachloride 

is one of the popular insecticides, which have been broadly used in 20th century, even in this 
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century it is still in use in some developing countries (Yang et al., 2015).  Methoxychlor has been 

reported to induce reproductive defects in male rats. However, that has not been well proven 

(Latchoumycandane et al., 2002). Chlordane was broadly used in both agricultural and residential 

applications and about 70,000 metric tons of chlordane was produced from 1948 to 1988 (Xiao 

et al., 2011). Xiao et al. (2011) further stated that due to their long half-life they still exist in some 

environments. According to Kanthasamy et al. (2005), dieldrin was first synthesized in the 

laboratories of Julius Hyman & Company in Denver, United States of America in 1946 and was 

extensively used as an insecticide mainly for soil pests, grasshoppers, termites, etc.  

However, just like most chlorinated hydrocarbons, this pesticide was banned in 1972 in many 

nations due to its negative effects on the environment (Omer et al., 1980). Benzene hexachloride 

is one of the popular insecticides, which have been broadly used in 20th century, even in this 

century it is still in use in some developing countries (Yang et al., 2015).  Methoxychlor has been 

reported to induce reproductive defects in male rats. However, that has not been well proven 

(Latchoumycandane et al., 2002). Chlordane was broadly used in both agricultural and residential 

applications and about 70,000 metric tons of chlordane was produced from 1948 to 1988 (Xiao 

et al., 2011). Xiao et al. (2011) further stated that due to their long half-life they still exist in some 

environments. According to Kanthasamy et al. (2005), dieldrin was first synthesized in the 

laboratories of Julius Hyman & Company in Denver, United States of America in 1946 and was 

extensively used as an insecticide mainly for soil pests, grasshoppers, termites, etc. 

2.1.2.2. Organophosphorus pesticides 

In the 1980s, a new group of pesticides called organophosphorus (OPPs) became a headline in 

pest management (Mansouriieh et al., 2019). According to Jokanović (2009), OPPs cater for all 

organic compounds with phosphorus in their chemical structure and are applied to kill pests in 

orchards, industrial plantations and vegetable cultivation. They are characterized by their ester 

structure, easy decomposition on plant surfaces and interiors as well as in soils (Jaffrezic-Renault, 
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2001). Organophosphorus pesticides include diazinon, methyl parathion, fonofos, 

chlorfenvinphos, malathion, dichlorvos, metamidofos, chlorpyriphos, phosalone, fenitrothion, 

demeton-S-methyl and monocrotophos, their primary use is to protect plants (Fenik et al., 2011). 

Some these OPPs are presented in Table 2.2. Their use is a result of their insecticidal activity 

based on the inhibition of acetylcholinesterase, which may cause hyperactivity, death and 

asphyxia of pests (Jiao et al., 2018). As a result of their high persistence in the environment and 

high toxicity on exposed organisms, organophosphorus (OP) pesticides are considered as a 

constant hazard to non-target species (Roex et al., 2003).  

OP compounds are one of the toxic compounds known up-to-date. Because of their widespread 

application in modern agriculture and high toxicity of their neurotoxins public concerns has 

increased (Jaffrezic-Renault, 2001). Diazinon is an OP insecticide used to control soil insects, 

fruit and vegetables, field crops insects, and ornamental plant insects (Jiao et al., 2018). Diazinon 

may be found in mixtures with pesticides such as pyrethrins, lindane, and disulfoton as it is 

normally diluted with other chemicals before use in agriculture (Matouq et al., 2008). Methyl 

parathion (MP) was firstly introduced in the agricultural market seven decades ago as an 

organophosphorous pesticide (Diagne et al., 2007). This insecticide is commonly used to control 

sucking and chewing insects in a broad scope of crops, including cereals, vegetables, vines, fruits, 

ornamentals, cotton and other field crops (Arapoglou et al., 2003). Fonofos (O-ethyl-S-

phenylethylphosphonodithioate) that was firstly registered for use with the United States 

Environmental Protection Agency (USEPA) in 1967 as an organophosphate insecticide is used 

to protect plants, most commonly corn but also  sugarcane, tobacco, peanuts, and many various  

crops from diverse worms and it is applied to soils (USEPA, 1999). Fonofos has no domestic 

applications (Mahajan et al., 2006).  
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Table 2.2: Some commonly used organophosphorus pesticides across the world. 
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such as flies, mites and fleas (Roselló-Márquez et al., 2019).  It was banned in United States in 

1991 (Azab and Kamel, 2016). 

2.1.2.3. Organonitrogen pesticides  

Organonitrogen pesticides (ONPs) also play a key part in fighting pests (Zhang and Lee, 2006). 

The term organonitrogen pesticides, is an umbrella name for a large number of organic pesticides 

containing nitrogen (Tankiewicz et al., 2011). These type of pesticides are known by the names 

of several chemical groups. In literature the term ‘organonitrogen pesticides’ normally refers to 

triazines, carbamates and their derivatives (Fenik et al., 2011). ONPs also include phenylureas in 

addition to carbamates, and triazines. Carbamates and OPPs are listed with the most crucial 

chemicals used for agricultural and household pest protection (Fenik et al., 2011). They are less 

stable in the environment compared to OCPs, but however, they can get into the human digestive 

system, thus posing severe health hazard to humans (Fenik et al., 2011). The organonitrogen 

herbicides, alachlor, atrazine and metolachlor (Table 2.3) are among the most widely used and 

sensed pesticides in water streams worldwide (Gascón, 1998). Moreover, they are among the top 

ten most used herbicides in the United States and Europe (Thurman and Meyer, 1996).  

Their widespread application together with their over-use, runoff from mixing and loading areas, 

accidental spills and breakdown waste discharge create environmental threats (Gascón, 1998). 

Their solubility, in water, mobility in surface and ground water, and half-life in soil give 

organonitrogen herbicides capability to reach estuaries whereby they are carried to the sea 

resulting to contamination (Gascón, 1998). 
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Table 2.3: Some commonly used organonitrogen pesticides across the world. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

C
h
e
m

ic
al

 c
la

ss
 

N
a
m

e 
o

f 
p

es
ti

c
id

e 
A

cr
o

n
y

m
 

C
h
e
m

ic
al

 

fo
rm

u
la

 

M
o

la
r 

m
a
ss

 
C

h
e
m

ic
al

 

st
ru

ct
u
re

 

  O
rg

an
o

n
it

ro
g
e
n
 p

es
ti

ci
d

e
 

  A
tr

az
in

e
 

      A
la

c
h
lo

r 
 

      M
et

o
la

ch
lo

r 

       A
ld

ic
ar

b
 

     C
ar

b
ar

y
l 

 

   

  A
T

R
 

      A
L

 

      M
L

 

       A
L

D
 

     C
B

L
 

 

  C
8
H

1
4
C

lN
5

 

      C
1
4
H

2
0
C

lN
O

2
 

      C
1
5
H

2
2
C

lN
O

2
 

       C
7
H

1
4
N

2
O

2
S

 

     C
1
2
H

1
1
N

O
2
 

  

  2
1

5
.6

8
g
/m

o
l 

      2
6

9
.7

7
g
/m

o
l 

      2
8

3
.7

9
g
/m

o
l 

       1
9

0
.2

7
g
/m

o
l 

     2
0

1
.2

2
g
/m

o
l 

 

 

 

 

  
 

 
 

 
 

 
 

 



23 

 

Even though carbamates fall under organonitrogen pesticides (Fenik et al., 2011), they are also a 

class of highly effective commercial pesticides, which are widely used against fungi, insects and 

weeds globally (Zhang and Lee, 2006). Their usage has been increasing due to their lower 

environmental persistence compared to organochlorine and organophosphorous pesticides 

(Zhang and Lee, 2006). According to Wu et al. (2009) their low bioaccumulation potentials, 

broad biological activity, and relatively low mammalian toxicities are the factors that are 

enhancing their usage in agriculture. However, since they are acetylcholinesterase inhibitors, they 

are suspected carcinogens and mutagens. Some carbamate insecticides like carbaryl can be 

teratogenic in large amounts and nitrosated to form strongly carcinogenic nitroso-compounds 

(Fenik et al., 2011). 

2.1.2.4. Pyrethroid pesticides 

Pyrethroids, a synthetic organic insecticides class made from pyrethrins, which have been broadly 

used throughout the world since the 1980s. This is because of their low toxicity and high 

effectiveness in comparison to other insecticides including carbamic ester compounds and 

organophosphorus (Yoo et al., 2016). Pyrethroid pesticides are currently among the three major 

kinds of pesticides (Ying et al., 2012). Based on their molecular structures, they can be divided 

into urban pyrethroids referring to those that are containing no alpha-, characterized by low 

toxicity and agricultural pyrethroids referring to those with an alpha-, with average toxicity. They 

are primarily used for non-agricultural and agriculture pest control, respectively. 

 In addition, they also play a critical role in domestic products such as mosquito-repellent 

perfumes and shampoos (Tang et al., 2018). Cypermethrin, fenpropathrin, deltamethrin, 

bifenthrin, permethrin, fenvalerate, lcyhalothrin, and cyfluthrin are examples of this pesticide 

(Table 2.4) and are widely used in these days (Gong, 2013). At present, pyrethroids are the most 

predominant household insecticides for both outdoor and indoor applications, based on their 
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selective insecticidal activity, relatively lower mammalian toxicity and low persistence in the 

environment than OPPs (Ye et al., 2006). 

 

Table 2.4: Some commonly used pyrenthroid pesticides across the world.  
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Nevertheless, the OPPs and ONPs are still the most used pesticides nowadays and their usage is 

still intensifying, because of their reliability, prices and wide range of applications. After the 

decision of the United States EPA about stopping specific applications of the OP insecticides 

such as chlorpyrifos based on their toxicity to humans, the sales of insecticides containing 

pyrethroids eventually increased sharply (Feo et al., 2010). 

2.2. Dyes and their classifications  

A dye can be defined as a substance characterized by absorbing part (chromophore) which 

absorbs part of the visible light (Benkhaya et al., 2020) and that has colouring ability in solutions. 

Dyes are characterized by a capacity of absorbing radiation within the visible spectrum (380 - 

750 nm) (Benkhaya et al., 2020). The fraction of light reflected by the dye is what is considered 

colour. The colour intensity of the different dyes is associated with their chemical composition 

(Nozet and Majault, 1976). Nowadays, dyes are known as organic compounds that are artificially 

synthetized and that are hydro or oil-soluble whereas it is the opposite for pigments and they 

maintain their particulate form even in solutions (Vazquez-Ortega et al., 2020). Dyes are mostly 

used in textile industry, which emerged in more than 4000 years ago (Benkhaya et al., 2020). 

From the last 150 years of those years, dyes were obtained from natural sources (Ferreira et al., 

2004). A big change in dye industry came after William Henry Perking obtained Mauveine, in 

1856, when trying to synthesize quinine, a medicinal drug used to treat malaria (Abel, 2012). 

Then from that failure, a new generation of dyes emerged (synthetic dyes) (Saratale et al., 2011), 

which are the most commonly used dyes presently. Dyes can be classified into two broad groups, 

which have their own subcategories (i.e. classification based on origin and classification based 

on solution behaviour). 
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2.2.1.  Classifications based on origin  

2.2.1.1. Natural dyes 

Natural dyes are those that are derived from natural sources. Minerals, plants, and insects/animals 

are usually used to synthesize natural dyes (Zerin et al., 2019). Natural dyes have been applicable 

to dye textile fabrics and clothes for thousands of years. Presently these types of dyes are 

considered as positive dyes since natural sounds green whereas sometimes as negative due to 

lesser reliability compared to synthetic dyes (Fröse et al., 2019). According to dos Santos Silva 

et al. (2020), natural dyes are generally less toxic and allergenic in comparison to synthetic dyes 

and usually produce biodegradable wastewater, which is not the case for many synthetic dyes. 

However, Hussein et al. (1997) reported plants used for dye extraction to have antimicrobial 

activity. Furthermore, common natural dyes have been considered as potent antimicrobial agents 

because of their high content of tannins. Plant derived dyes that are naphthoquinone rich such as 

lawsone from henna, lapachol from alkanet and juglone from walnut exhibit both antifungal and 

antibacterial activity (Gershon and Shanks, 1975; Wagner et al., 1989).  

This implies that the antimicrobial activity of plants that are used to derive natural dyes are a 

result of the latter, not other chemical species available in these plants.  Natural dyes are normally 

used in the colouring of cosmetics, textile, drugs, foods, etc., and their use is a result of their low 

or non-toxicity (Siva, 2007). Even though plants as common sources of natural dyes show a 

variety of colours, not all of their extracts and materials can be considered as dyes.  Because some 

of their extracts do not dissolve in water hence can be rather considered as pigments. While others 

dissolve but do not get adsorbed onto fibres which makes up many textile materials. Whereas 

some do dissolve but fade when exposed to air, sunlight or washed (Siva, 2007), which is not 

usually the case with known dyes.  These dyes can be classified into indigoids, flavones, 

carotenoids, anthraquinones, alpha napthoqinones, anthocyanidin and dihydropyrans based on 

their functional groups. Due to pausity of information on their extraction, application methods 
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and disadvantages, these dyes were overtaken by synthetic dyes. Figure 2.4 shows the chemical 

structures of some natural dyes. 

 

2.2.1.2. Synthetic dyes  

Synthetic dyes are dyes that are prepared in the laboratories using chemicals. Synthetic dyes are 

structurally diverse (Figure 2.5). However, the industry frequently used dyes can be chemically 
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Figure 2.4: Chemical structures of common natural dyes. 
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classified into azo, sulphur, phthalocyanine, anthraquinone and triphenylmethyl (trityl) 

derivatives (Forgacs et al., 2004).  

 

Nevertheless, the exact number of synthetic dyes produced worldwide is unknown but is 

estimated to be more than 10 000 tons per year. These types of dyes are characterized by multiple 

potentialities, which include fast and consistent coloration with different classes of fabrics (Slama 
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Figure 2.5: Chemical structures of some common synthetic dyes. 
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et al., 2021). Other common properties of synthetic dyes are their optical, physicochemical and 

thermal stabilities together with their recalcitrance on microbial degradation, which allows them 

to persist in the environment for prolonged periods (Velić et al., 2017). When compared to other 

types of dyes, azo dyes attribute for the largest number of synthetic dyes extensively used in 

numerous industries including textile, cosmetics, food and paper printing (Pandey et al., 2007). 

Based on literature, these dyes are aromatic and consist of one or more –N=N- group(s) 

structurally. However, sulphur dyes are employed for textile cellulosic materials dyeing or blends 

of cellulosic fibres and normally a cheap and traditional reducing agent (Sodium sulfide) is used 

in sulphur dyeing (Nguyen and Juang, 2013). Even though “traditional” sounds friendly, sodium 

sulphide is toxic and hazardous to handle. Phthalocyanine dyes are a class of dyes, which are 

formed via a reaction of dicyobenzene and transition metals such as Cu, Ni, Co and Pt (Berradi 

et al., 2019). Berradi et al. (2019) also stated that the phthalocyanine nucleus allows the dye 

molecules to be sensitive to light. The most commonly used in this class is copper phthalocyanine 

owing to its high chemical stability (Yamagami et al., 2017). This class is often used in 

electrochemistry. After azo dyes, anthraquinone are the most important class and their general 

formula is derived from anthracene hence its chromophore group is quinone (Franciscon et al., 

2009). Triphenylmethanes are the least important category in texile industries and are the oldest 

synthetic dyes including fuchsin and malachite green (Wang et al., 2011). 

2.2.2. Classifications based on solution behaviour 

To merge the earlier discussed broader classifications (classifications based on origin), dyes can 

also be grouped based on their solution behaviour i.e. cationic, anionic and non-ionic dyes. This 

classification is based on the charge that dyes possessed on aqueous solutions. Some dyes bare a 

positive charge in aqueous solutions (cationic dyes) (Figure 2.6), whereas some bare a negative 

charge in aqueous solutions (anionic dyes) (Figure 2.7) and others bare a neutral charge or no 

charge (non-ionic dyes) (Figure 2.8). This phenomenon helps scientist to predict the suitable 
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adsorbent for each class of dyes or the materials to which these classes can be easily attached. 

This also makes it easy for their industrial applications. Some cationic dyes in which extensive 

studies have been performed include rhodamine 6G (Jarrah, 2017), methylene blue (Yao et al., 

2010), basic yellow (El Qada et al., 2008), malachite green (Yu et al., 2017).  
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Figure 2.6: Chemical structures of commonly studied cationic dyes. 
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Cationic dyes are mostly used in silk wool, acrylic and nylon dyeing.  Based on different 

substitution on their aromatic groups these dyes possess different chemical structures (Eren and 

Afsin, 2007). Cationic dyes regarded as toxic colorants has ability of causing negative effects 
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such as allergic dermatitis, mutations, cancer  and skin irritation (Eren and Afsin, 2009). These 

dyes are also referred to as basic dyes. Anionic dyes also include a large number of different dyes 

possessing different structures, for example, azoic, triphenylmethane, nitro and anthraquinone 

dyes sharing common features like ionic substitutions and water-solubilizing. Anionic azo dyes 

consist quite a large amount of the reactive dyes (Hunger, 2007). The latter uses their reactive 

groups to interact with wool, cotton and more to form covalent bond and their release to the 

surrounding is undesirable, as they possess low fixation in the hydrolysis of their reactive groups 

in water (Salleh et al., 2011). Some of the anionic dyes that have been studied by other researchers 

include acid turquoise blue 2G (Ren et al., 2016), brilliant red (Yu et al., 2020), methyl orange 

(Yao et al., 2011) and brilliant yellow (Pourfaraj et al., 2017). 

2.3. Effect and fate of pesticides in wastewater 

According to Gavrilescu (2005), the extent to which pesticides can contaminate surface water or 

underground water is dependant on several factors like the properties of the soil, crop 

management practices, hydraulic loading on the soil and the properties of the pesticides. 

Gavrilescu (2005) also reported that the pesticides chemical structural variations do not only tell 

their target organisms but also tell the way they will move in the environment from one point to 

another. Subsequently, these variations also affect the volatility and water solubility of these 

pesticides. Volatile compounds will prefer air medium as a result, they will spread over a wide 

range thus posing treat to more organisms especially terrestrials. However, the water-soluble 

compounds will prefer water and will spread through water streams flow and food chain. 

Hydrophobic pesticides on the other hand will prefer sediments and will spread through the food 

chain. During the degradation of these pesticides, less harmful chemicals or rather more, may 

form in comparison to the original chemical (Gavrilescu, 2005). Reddy et al. (2015) reported that 

O,O-diethyl-O-3,5,6-trichloro-2-pyridyl phosphorothionate (a crystalline organophosphate)  is 

water insoluble, however its metabolites have high water solubility. As a result of chemical 
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structural variations, rates of degradation for different pesticides on soil vary and this is also 

influenced by the soil organisms present (Gavrilescu, 2005). This means that some pesticides 

may persist for years while degrading whereas some may not (Ryoo et al., 2013), leading to 

leaching to water streams. Sometimes the effect of pesticides cannot be directly observed from 

wastewater rather it can be observed because of wastewater distribution to the environment. As 

a result of industrial wastewater discharges and farmlands surface runoff estuaries and coastal 

waters are often polluted by pesticides and other substances (Bhuvaneshwari et al., 2015). These 

pesticides then possess their effects in wastewater through exposed organisms depending on their 

individual properties. Their negative effect in human health varies from short-term illness (e.g., 

skin and eye irritation, dizziness, headaches and nausea) to diseases that are chronic (e.g. cancer, 

asthma, dermatological problems and diabetes) (Kim et al., 2017; Sanborn et al., 2007).  

2.3.1.  Cancer  

Cancer is a chronic disease that results from uncontrolled division of abnormal cells in a body 

part. It emerges when cancer cells build-up several genetic modifications that provide them 

several capabilities (Cahill et al., 1999). The latter, according to Hanahan and Weinberg (2000), 

comprises the ability to escape normal growth control, evasion of the suicidal apoptotic 

mechanism, metastasis, and development of prolonged angiogenesis. The full understanding of 

cancer has not yet been met due to its complexity (Anand et al., 2008). Cancer continues to be 

considered as one of worldwide killers regardless of the large amount of research and quick 

developments made in this field in the past decades (Anand et al., 2008). United States of America 

(USA) statistics revealed that about 23% of the total deaths in the USA are due to cancer 

following heart disease (Jemal et al., 2007). On top of natural genetic disorders, exposure to 

pesticides have been counted as one of its causes. Koutros et al. (2016) associated imazethapyr 

and imazaquin (imidazolinone herbicides) to bladder cancer. Carcinogenic pesticides may 

intensify the risk of cancer through various mechanisms, such as genotoxicity, hormonal action, 
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tumor promotion and immunotoxicity (Dich et al., 1997). In contrast to genotoxic compounds, 

carcinogens acting through other mechanisms like tumour promotion are said to have a threshold, 

i.e., minimum level at which their effects can be detected or observed (Dich et al., 1997). 

According to Dich et al. (1997), complete carcinogens possess both genotoxic and tumour-

promotive potentials. Some non-genotoxic insecticides, such as arsenic compounds, have been 

assessed as human carcinogens. Their report went on to state that weak genotoxic chemicals 

including 2,3,7,8- tetrachlorodibenzo-p-dioxin (TCDD) and chlordane have been evaluated as 

carcinogenic based on their tumour promotion potential (Dich et al., 1997).  

2.3.2.  Asthma 

Asthma can be defined as a chronic inflammatory disease occurring in the conducting airways 

(i.e. trachea, the two stem bronchi, the bronchi and the bronchioles). When this happens, 

bronchial hyper-reactivity (BHR) (the tendency of asthmatic people's smooth muscle cells to react 

to non-specific stimuli such as intense exercise and cold air), airway wall remodelling, excessive 

mucus production, and airway narrowing result (Lambrecht and Hammad, 2015). 

Conventionally, two classifications of asthma have been clinically defined (Lambrecht and 

Hammad, 2015). Asthma has been linked to factors such as allergies, tobacco smoking, viral and 

bacterial infections, air pollution, obesity, changes in sex hormone levels, and occupational 

exposures. However, association between bronchial hyper-reactivity, asthma symptoms and 

pesticide exposure have also been revealed by numerous epidemiological and clinical studies 

(Kim et al., 2017). Exacerbation of asthma due to pesticide exposure may be via several 

mechanisms such as irritation, immunosuppression, inflammation, or endocrine disruption 

(Hernández et al., 2011; Amaral, 2014). In a study conducted by Raanan et al. (2015), it was 

concluded that early life exposure to OP pesticides could possibly cause respiratory symptoms 

consistent with childhood asthma. The study was conducted among 359 mothers and children in 

the United State of America. In a cross sectional study involving 211 female farm workers, a 
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positive relationship between entering a pesticide-sprayed field and ocular-nasal symptoms was 

deduced (Ndlovu et al., 2014).  

2.3.3. Dermatological problems 

Primarily, exposure to pesticides is through the skin for handlers, sprayers, and people using 

repellents. With the exception of acute poisonings, contact dermatitis is said to be the most 

common health effect of pesticides, either through allergic or irritant mechanisms (Śpiewak, 

2001). Certain pesticide components have ability of intensifying the skin sensitivity to light, 

leading to phototoxic reactions (Hindson and Diffey, 1984), or may result into photo-allergy 

caused by photo-activated chemical reaction on the skin (Savitt, 1972). Dermatoses due to 

pesticides can be categorized into contact dermatitis, erythema multiforme-like eruptions, ashy 

dermatosis, chloracne and skin cancer (Mothemela, 2010). Contact dermatitis is a commonly 

occurring skin disease related to pesticides exposure, occurring both allergic and irritant. Most 

often, it occurs more likely on hands, feet, legs (front) than forearms, thighs (front) and legs 

(back), which are normally covered with clothes (Śpiewak, 2001). Erythema multiforme-like 

eruptions are considered as a form of allergic contact dermatitis.  

Mendaza et al. (2008) reported eruptions that are due to glyphosate pesticide which occur after 

an irritant contact dermatitis. Both dimethoate and methyl parathion have been reported to cause 

erythema multiforme in a space of few hours after contact (Rademaker, 1998). Ashy dermatosis 

mostly occurs in individuals with dark skin and it is usually noticed by single or multiple ashen 

maculae of different size and shape. Penagos et al. (2004) reported ashy dermatosis on 39 banana 

farm workers to be caused by chlorothalonil in Panama. Bleiberg et al. (1964) described 

pesticide-related porphyria cutanea tarda in three workers in association with herbicides such as 

2,4-dichlorophenol and 2,4,5-trichlorophenol. Chloracne is associated with chlorinated 

polycyclic aromatic hydrocarbons. Skin cancer risk has intensified in professional pesticide 

sprayers. The International Agency for Research on Cancer (IARC) has reported a growing lip 
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and skin cancer risk among their group participants (IARC Working Group, 1991). Although 

arsenic pesticides that were banned 40-50 years ago are still associated with skin cancer owing 

that to their strong carcinogenic properties. 

2.3.4. Diabetes 

Diabetes mellitus involves a collection of diseases known for causing hyperglycaemia as a result 

of reduced insulin action, insulin production, or both (Evangelou et al., 2016). It is categorized 

into two types (i.e. Type 1 (T1D) and Type 2 diabetes (T2D)). The most common type of diabetes 

is type 2, which accounts for approximately 90% of all diabetes cases (Nolan et al, 2011). 

Diabetes, as a global epidemic, is presently affecting more than 350 million people and by 2050 

expected to have reached 550 million (Whiting  et al., 2011). Bradfield et al. (2011) and Morris 

et al. (2012) reported diabetes to be known for its multifactorial pathogenesis as a result of its 

strong genetic component. However, according to Nolan et al. (2011) it is equally influenced by 

different lifestyles. The increasing diabetes cases, specifically T2D, has been mostly linked with 

lifestyle factors including choice of diet and obesity in the past. 

 However, in the past decade environmental contaminants were also noticed as prime factors. 

Pesticides has gained a lot of attention as environmental contaminants particularly as 

organochlorines, which have potential to bio-accumulate in exposed organisms from contact 

exposure or via the food chain. Organochlorines and other diverse types of pesticides have been 

directly linked to increasing T2D risk (Lee et al., 2010), as well as factors like insulin resistance, 

adiposity and dyslipidaemia (Lee et al., 2011). Many studies suggested that pesticides cause 

diabetes by disrupting insulin release or tissues’ response to insulin via multiple mechanisms 

including oxidative/nitrosative stress, mitochondrial dysfunction, inflammatory pathways and 

peroxisome alteration. Pesticides may also alter body’s defence axis such as autonomic nervous 

and immune-neuroendocrine systems (Mostafalou et al., 2012; Karami-Mohajeri and Abdollahi, 

2011). 
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2.3.5.  Endocrine disorders 

Following the discovery of DDT, a number of various pesticides have been developed and 

broadly used across the world with some limited governing restrictions. Even though they have 

shown efficiency in pest control in order to maximize food production, they have possessed some 

negative health effects to exposed organisms including humans (Mnif et al., 2011). These effects 

include endocrine disruption, which has been linked with several chemicals called endocrine 

disruptive chemicals (EDCs). Pesticides form majority of these chemicals (Sugiyama et al., 2005; 

Lemaire et al., 2006; Tabb and Blumberg, 2006; Leghait et al., 2009). Their percentage ratios of 

comparison is as follows, herbicides (21%), fungicides (31%) and insecticides (46%) (Mnif et 

al., 2011). It is also worth to mention that some of them were banned so long ago but are still 

detected in the environments of several countries (i.e. atrazine and DDT) (Mnif et al., 2011).  

EDCs act primarily by interfering with natural hormones because of their strong capability to 

bind to estrogen or androgen receptors (Tabb and Blumberg, 2006). Specifically, they can bind 

to and activate various hormone receptors (i.e. androgen receptor, aryl hydrocarbon receptor, 

estrogen receptor, constitutive androstane receptor, pregnane x receptor and estrogen related 

receptor) and fake their natural action (agonist action) (Mnif et al., 2011). These chemicals are 

also capable of binding to the aforementioned receptors without activation (Mnif et al., 2011). 

The latter, antagonist action hinders the receptors and inhibits their action. In addition, EDCs may 

also interfere with the buildup and elimination of hormones causing concentration decrease of 

natural hormones (Mnif et al., 2011). The effects linked to endocrine disruption have been noted 

in both invertebrates (Gooding  et al., 2003) and vertebrates (with humans included) (Oskam et 

al., 2003). 
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2.4. Effect and fate of dyes in wastewater 

Textile industries are amongst the major sources of dye pollution in the environment worldwide 

(Mani and Bharagava, 2018). Approximately, more than 7 x 105 metric tons per annum are 

produced worldwide (Chen et al., 2003). Their application is mainly in textile, paper, 

pharmaceutical, food, and cosmetics industries (Chandra and Bharagava, 2013). However, textile 

industries are the largest consumers of the dyes (Franciscon et al., 2009). World Bank estimates 

that about one fifth of global industrial water pollution is sourced from dyeing of textiles and 

wastewater treatment. Following agricultural industry polluting agents of fresh water, originate 

from textile industry worldwide (Mani and Bharagava, 2018). This is because industrial 

wastewater are discharged with or without treatment to the environment (Al-Muzaini, 1998). 

After their discharge to the environment, their components including dyes can be easily washed 

away by rains to water streams just like pesticides on agricultural soils. Dyes can also get to water 

streams because of sewage pipes blockage or breakdown which are connected to the drains onto 

which domestic wastewater is disposed. Moreover, dyes usage has also been reported in battery 

industry (dye-sensitised solar cell) meaning that the disposal of their products also counts in dye 

transportation to the environment. As mentioned above, dyes end up in the environment through 

different ways. When industrial wastewater which mostly contains dyes are used to wet 

agricultural lands they harden the soil and make it difficult for plants to grow and for root 

penetration (Chandra et al., 2009). Dye containing effluents when reached up to fresh water 

blocks the sunlight penetration, which is required for the photosynthesis of aquatic flora and 

fauna, and by doing so; it decreases oxygen, which is necessary for respiration of aquatic 

organisms (Carmen and Daniela, 2012). Since dyes reach water streams with many other organic 

substances, which are water insoluble, they sometimes form a layer above water surface, which 

blocks oxygen transfer present in water-air interface (Mani and Bharagava, 2018). Dye containing 

wastes may also lead to death of aquatic organisms including fish, which are food to human 

beings hence causing some imbalance in food chain. Sometimes, fish may carry the toxic 
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substances constituted in wastewater specifically dyes and pass them to human beings and other 

living organisms through the food chain (Puvaneswari et al., 2006). As a result these dyes have 

been reported to cause sporal fever, cramps, hypetension, renal damages, etc (Puvaneswari et al., 

2006). These substances were also associated with cancer because of their carcinogenicity 

(Decouple, 1979). 

2.5. Removal of pesticides from wastewater  

Different conventional processes used to treat pesticides in wastewater have been reported, they 

include adsorption, oxidation, ultrasound techniques, and photo-catalytic removal (Matouq et al., 

2008). Yu et al. (2014) also mentioned biological treatment, coagulation/flocculation, ion 

exchange and membrane separation. However, conventional methods such as activated ion-

exchange method, carbon adsorption and biological treatments still have their own disadvantages 

and limitations (Gao et al., 2010; Verma et al, 2012). Worthy of note, Matouq et al. (2008) 

reported that while a process is considered suitable for a specific application, it might not be 

suitable for others. Ahmad et al. (2010) defined adsorption process, as a surface phenomenon 

depending heavily on the available active sites, specific adsorptive surface area and porosity of 

adsorbent together with various types of interactions. Generally, carbonaceous materials have a 

unique place in the main adsorbents for their long time application in adsorption of various 

organic compounds (Ahmad et al., 2010). According to Kyriakopoulos and Doulia (2006) 

granular activated carbon (GAC) and powder activated carbons (PAC) forms are the most widely 

used as they are said to be very effective and capable materials for the adsorption of a wide range 

of pesticides. Gupta et al. (2011) studied adsorption for the removal of pesticides using activated 

carbon prepared from waste rubber tire. Due to high cost of fragile activated carbons, polymeric 

resins were synthesized as one of potential alternatives to activated carbon (Ahmad et al., 2010). 

Based on the properties of nanoparticles such as large adsorptive surface area, chemical and 

physical stabilities (Saharan et al., 2014), they have also been used for pollutants removal in the 
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past few decades (Kyriakopoulos and Doulia, 2006). Conde-Avila et al. (2020) studied the 

biodegradation of pesticides by immobilization of microorganism. Ha et al. (2009) also used the 

same method specifically by using bacteria. To remove pesticides from aqueous solutions, Lafi 

and Al-Qodah (2006) used advanced oxidation and biological treatment techniques at the same 

time. Fiorenza et al. (2020) made use of molecular imprinting on TiO2 photocatalysts to remove 

pesticides from water. 

2.6. Dye removal techniques from polluted water 

Treatment methods of industrial wastewater are divided into four stages (i.e. preliminary, 

followed by primary, then secondary, and tertiary processes) (Sonune et al., 2014). The first two 

stages involve the elimination of coarse pollutants which are visible to the eyes (i.e. cloths, 

plastics, wood, papers, grits and more) and solids that froth by skimming and eradication of 

inorganic and organic materials which can be settled by flotation and sedimentation (Mashkoor 

and Nasar, 2020). However, secondary treatment includes microbial application to degrade 

colloidal and dissolved organic matter, which improve waste components stabilities (Stasinakis 

et al., 2013). Biological (anaerobic, aerobic, facultative or anoxic or a combination of these), 

chemical (ozonation, chemical precipitation, ion exchange, oxidation, photocatalysis process) or 

physical (sedimentation, coagulation-flocculation, filtration, reverse osmosis, adsorption) 

techniques are used in advanced and tertiary treatments (Ye et al., 2019; Ye et al., 2017). 

 These treatment types are considered to remove pollutants that cannot be eliminated in the 

secondary treatment. Biological treatments are no longer of interest since dyes possess 

antimicrobial activity as mentioned earlier.  The chemical processes have some short falls, which 

include low efficiency, high cost, and less flexibility. Therefore, the focus will be on physical 

techniques. Due to small particle size of dye molecules sedimentation is no longer of great use in 

dye removal. Coagulation-flocculation is the most commonly used physical method for dyes’ 

elimination from water because of possibility of complete recovery of coagulating agents from 



42 

 

treated wastewater, high efficiency and ease of operation. Nevertheless, there are still concerns 

regarding it such as inapplicability in water-soluble dyes and its toxic sludge production (Singh 

and Arora, 2011; Crini and Lichtfouse, 2019). Filtration is suitable for classes of dyes as filter 

sizes can reach up to nano-filters and ultrafilters but its usage has limitations such as considerable 

consumption of energy, generation of concentrated sludge, high operational pressure, short life 

span and high membrane cost (Ahmed et al., 2017; Saini, 2017; Koyuncu and Güney, 2013). 

Reverse osmosis has been reported to be effective in desalting due to maximum salt elimination 

and decolourizing. However, its use is limited due its high-pressure usage, operation cost and 

common membrane clogging (Saini, 2017; Koyuncu and Güney, 2013). Adsorption is known to 

be easy and has wide application, highly effective and economical. Adsorbents may be tailored 

from wastes and possess the possibility of regeneration and flexibility in enhancing its efficiency 

by chemical modifications (e.g. functionalization) (Saini, 2017; Nasar and Mashkoor, 2019). 

These are the reasons why is it highly studied by researchers. 

2.7. Zinc oxide nanoparticles global industrial usage 

Zinc oxide nanoparticles’ production has rapidly expanded in the past two decades. Thus, in 2015 

they were counted the third highly produced nanoparticles among titanium oxide and silicon 

dioxide (Kaya et al., 2015). Their production falls between hundred to thousand tons annually 

(Abdel-Daim et al., 2019). Abdel-Daim et al. (2019) further reported that, their annual production 

can reach up to hundred times more compared to other nanomaterials in exception of the two 

mentioned. Their high and growing production is associated with their exceptional 

physicochemical properties (Jiang et al., 2018). These properties include their photocatalytic 

property, high thermal and chemical stabilities due to their wide band gap, resistance to corrosion, 

biomedical activity; as they are crucial ingredients in production of ointments, enzymes and 

sunscreens for itch and pain relief (Siddiqi and Husen, 2018). Another crucial properties of these 

nanoparticles is their high surface area to volume ratio (Abdel-Daim et al., 2019), which 
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contributes more in all the aforementioned properties. Due to these exceptional properties, ZnO 

NPs has earned much attention of the global industries. Table 2.5 show some of common global 

applications of zinc oxide nanoparticles. 

Table 2.5: Some of the common global industrial usage of zinc oxide nanoparticles. 

Name of nanoparticles Industrial application Reference 

Zinc oxide Antimicrobial application (Venkataraju et al., 2014) 

 Food packaging (Espitia et al., 2012) 

 Biomedical application (Mirzaei and Darroudi, 2017) 

 Cosmetics production (Smijs and Pavel, 2011) 

 Glass ionomer cement production (Panahandeh et al., 2018) 

 Rubber production (Xu et al., 2019) 

 Paint production (Rohani et al., 2022) 

 Water purification (Spoială et al., 2021) 

 

2.8. Metallic nanoparticles (MNPs) as potent materials for pesticides and dyes removal 

 Metallic nanoparticles are indeed among the most extensively studied materials in nano-science 

(Astruc, 2008). Metallic nanoparticles include metal nanoparticles, bimetallic nanoparticles, 

metal oxide nanoparticles, composite nanoparticles, etc. (Table 2.6 - 2.7). This is because they 

bridge the gap between atomic or molecular and bulk materials structures (Thakkar et al., 2010). 

Normally, bulk metallic materials possess constant physical properties irrespectively of their size, 

however when they are nano-sized it is not the case (Thakkar et al., 2010). Nanoparticles are 

microscopic particles having at least one dimension, which is less than 100 nm (Thakkar et al., 

2010). Generally, nanoparticles have large surface areas compared to micrometre and larger 

particles of the same mass (Bottero et al., 2011) hence, they have greater sorption capacities. This 

is what makes metallic nanoparticles potent for pesticides and dyes removal from aqueous 

solutions. 
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Table 2.6: Some commonly used metallic nanoparticles for the removal of pesticides from wastewater.  

 

Hence, smaller particles, precisely nanoparticles, are said to have more active sites. It has also 

been noticed that structure and other properties of nanoparticles change as particle size decreases 

(Waychunas and Zhang, 2008). A practical example would be the case of gamma-Al2O3 that 

becomes energetically stable when particle surface area exceeds 125 m2g-1 compared to alpha- 

Al2O3 (McHale et al., 1997). 

Name of metallic 

nanoparticles 

Target pesticide Contact time 

(min) 

Adsorbed  

Amount (%) 

 

Adsorption 

capacity (mg/g) 

Reference 

 

Laccase 

immobilized 

magnetic iron 

nanoparticles 

 

 

Chlorpyrifos 

 

 

 

 

720 

 

 

 

 

99 

 

 

 

- 

 

(Das et al., 2017) 

Bimetallic Ni/Fe 

 

DDT 

 

 

1440 

 

 

˃ 90 

 

 

- (Tian et al., 2009) 

Iron oxide  Lindane, DDT 

and aldrin 

720 81, 100, and 

79 

- 

 

 

(Shoiful et al., 2016)  

 

 

Chitosan-zinc oxide 

nanoparticles 

 

Tungsten oxide 

doped zinc oxide 

nanoparticles 

 

magnetic 

nanospheres coated 

with polystyrene 

 

Fe3O4/graphene 

nanocomposite 

 

Copper chitosan 

nanocomposite 

 

graphene oxide 

based silica coated 

magnetic 

nanoparticlesfunctio

nalized with 2-

phenylethylamine 

 

BMTF-IL and  

CTAB  

functionalized Zinc 

oxide nanoparticles, 

and bare 

nanoparticles 

Permethrin 

 

 

 

Diazinon 

 

 

 

lindane, aldrin, 

dieldrin and 

endrin 

 

ametryn 

 

 

malathion 

 

 

Parathion   

Malathion and   

Chlorpyrifos 

 

 

 

Naphthalene   

180 

 

 

 

180   

 

 

 

20 

 

 

 

60 

 

 

- 

 

 

15 

 

 

 

 

 

40 

99 

 

 

 

93.2 

 

 

 

- 

 

 

 

93.6 

 

 

- 

 

 

- 

 

 

 

 

 

- 

- 

 

 

 

- 

 

 

 

10.2, 24.7, 21.3 

and 33.5 

 

 

54.8 

 

 

322.6 

 

 

135,  61.9 and  

25.6 

 

 

 

 

148.3, 89.96 and 

66.80 

 

(Dehaghi  et al., 2014) 

 

 

 

(Maleki et al., 2020) 

 

 

 

(Lan et al., 2014) 

 

 

 

( Boruah et al., 2017) 

 

 

(Jaiswal et al., 2012) 

 

 

(Wanjeri et al., 2018) 

 

 

 

 

 

(Kaur et al., 2017) 
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Table 2.7: Some of previously reported adsorbents for various dyes’ removal. 

Name of metallic 

nanoparticles 

Target dye Contact 

time 

(minutes) 

Maximum 

adsorbed  

Amount (%) 

Adsorption 

capacity 

(mg/g) 

Reference 

Nickel oxide 

nanoparticles-modified 

diatomite 

Basic red 46 60  84.49 105.61  (Sheshdeh et al., 

2014) 

nanoparticle-modified 

polymeric adsorbent 

Basic red 46 20 96.92 - (Rahimi et al., 

2018) 

SiO2-coated Fe3O4 

magnetic nanoparticles 

Methyl red - - 49.50 (Shariati-Rad et 

al., 2014) 

biofabricated crystalline 

α-MnO2 nanoparticles 

 

Methyl red 60 100 74.02 (Srivastava and 

Choubey, 2021) 

magnetite nanoparticles 

loaded Azolla 

Crystal violet 25 - 30.21  (Alizadeh et al., 

2017) 

magnetite nanoparticles 

loaded Fig leaves 

Crystal violet 25 - 53.47 (Alizadeh et al., 

2017) 

Cobalt nanoparticles Rhodamine b 25 96 468 (Tang et al., 

2014) 

MnFe2O4 nanoparticles Rhodamine b 60 - 9.30 (Lamdab et al., 

2018) 

Zero-valent Fe NPs Acid orange 7 60 - 66.6 (Zaheer et al., 

2019) 

Fe-Mn binary oxide 

nanoparticles 

Methylene blue 720 - 72.32 (Lu et al., 2019) 

NiO nanoparticles and 

CuO nanoparticles 

Methyl orange 720 - 188.68 and 

121.95 

(Darwish et al., 

2019) 

Flower shaped ZnO 

nanoparticles 

Brilliant green 

and congo red 

- - 238 and 71.4 (Kataria and 

Garg, 2017) 

Collagen-g-p(AA-co-

NVP)/Fe3O4@SiO2 

Brilliant green 220 96 - (Salem et al., 

2016) 

Bimetallic Fe–Zn 

nanoparticles 

Congo red 60 - 28.56 (Gautam et al., 

2015) 

silver nanoparticles Malachite green - ≥ 90 - (Pandian et al., 

2017) 

Bimetallic Fe–Zn 

nanoparticles 

Malachite green 60 - 21.74 (Gautam et al., 

2015) 

 

Moreover, electronic properties and band gaps of nanoparticles versus their larger counterparts 

are different as a result of decreased size (Madden and Hochella Jr, 2005). The reactivity of metal-
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oxide nanoparticles also can change with decreasing particle size (Brown Jr and Calas, 2012). 

Previous studies also showed that the potency of MNPs can also be improved via surface 

modifications (i.e. surface coating (Saravaia et al., 2021), ligand exchange (Chen et al., 2017) 

and functionalization (Chatterjee et al., 2020)). Nanoparticles’ surface coating enhances both the 

physical and chemical properties of nano-materials, which is key for their successful applications 

including adsorption (Hong et al., 2006). Posthumus et al. (2004) observed improved 

compatibility of oxidic nanoparticles with organic matrices after 3-

methacryloxypropyltrimethoxysilane coating. Grasset et al. (2003) used 

aminopropyltriethoxysilane to coat commercial ZnO nanoparticles under different conditions, 

and they realised that the coating was controllable, modification could not change the ZnO 

transmittance spectra, the particle size remains almost constant, and the aminosilane coating 

could increase their photo-stability. Another surface coating effect was observed in a study by 

Min et al. (2003), where conformal Al2O3 layer was deposited on ZnO nanorods and covered 

them without changing their properties. Even though, smaller particles are favourable in 

adsorption, metal nanoparticles have a tendency to agglomerate irreversibly (Caragheorgheopol 

and Chechik, 2008). This agglomeration can be reduced by coating with an additional protective 

layer of organic ligands. As a result of high curvature and high surface area of smaller 

nanoparticles, the number of protecting ligands is quite large for different cores 

(Caragheorgheopol and Chechik, 2008).  

In this case, protecting ligands are the ones exposed to external reagents and used solvents. 

Therefore, nanoparticle properties (i.e. chemical reactivity, solubility and supramolecular 

binding) are determined by the protecting ligand structures (Caragheorgheopol and Chechik, 

2008). In the case of pesticides adsorption, protecting ligand should have great affinity to the 

targeted pesticides if not; it must be substituted with the suitable one. In this way adsorption 

capacity would have been improved. Functionalization of surfaces of inorganic nanoparticles 

signifies a fundamental method for modifying their chemical properties and enhancing their 
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colloidal stability (Ghosh Chaudhuri and Paria, 2012). Ideally, chemical functionalization is 

accomplished by covalent grafting of molecular building blocks having a suitable anchor group 

(Zeininger et al., 2015). However, such chemical alterations are mostly based on substitution 

reactions of covalently bound ligands on the nanoparticles’ surface (Zeininger et al., 2015). Due 

to the fact that desorption of the initial ligand creates a gap in the shell, partially free and highly 

reactive nanoparticle surfaces can stimulate permanent changes to the nanoparticles, such as 

aggregation and growth, substituting ligands can be problematic (Boal  et al., 2002). Zeininger et 

al. (2015) reported shell-by-shell (SbS) coating with functional, tailor-designed amphiphiles of 

inorganic nanoparticles. Table 2.6 shows some of the commonly used metallic nanoparticles for 

pesticides’ removal while the commonly used metallic nanoparticles for the removal of dyes from 

aqueous solutions are presented in Table 2.7. The adsorption kinetics gives the dynamics and 

rate-determining step information of the process hence data obtained from this process is often 

fitted into different models such as the Pseudo-first order (Table 2.8). Adsorption data is also 

fitted into adsorption isotherms such as Langmuir isotherm (Table 2.9). 

Table 2.8: Commonly used adsorption kinetic models. 

 

Model Equation Parameters* Reference 

Pseudo-first order qt = qeq (1- e- K1
t) qeq,  K1  (Ho, 2003)  

Pseudo-second order qt= (K2qeq
2t)/(1+ K2qeqt) K2, qeq  (Lin and Wang, 2009)  

Intraparticle diffusion qt =Kid√𝑡 + l  Kid, l   (Demirbas et al., 2004)  

 *qt - quantity of adsorbate adsorbed at time t (mg.g-1 ); qeq - quantity of adsorbate adsorbed at equilibrium (mg.g-1 );                                 

K1 - pseudo-first order rate constant (min-1 ); K2 - pseudo second order   rate  constant (g mg-1 min-1 ); kid  - 

intraparticle diffusion rate constant (mg g-1 min0.5) and l - is a constant related to the thickness of the boundary layer 

(mg.g-1). 
 

 

 

Table 2.9: Commonly used adsorption isotherms. 

 

Isotherm Equation Parameters* Reference 

Langmuir 1/qe = (1/KLqmax)(1/Ce) + (1/qmax)                                                                                                   KL and qmax  (Zhou et al., 2011) 

Freundlich logqe = logKF + (1/n)logCe                                                                                                              KF and n (Zhou et al., 2011)  

Temkin qe= BlnKT + BlnCe KT and B (Jinendra et al., 2019) 
*qe - adsorption capacity at equilibrium; KL - Langmuir constant; qmax - maximum adsorption capacity; Ce – adsorbate 

concentration at equilibrium; KF - Freundlich constant; n - heterogeneity factor; B - Temkin constant and KT - 

equilibrium binding constant. 
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2.9. Metallic nanoparticles synthesis methods 

2.9.1.  Sol – gel method 

Sol–gel method includes hydrolysis and condensation of metal alkoxides resulting in metal oxide 

particles being dispersed in a sol afterwhich gelling or drying is done through solvent removal or 

a chemical reaction (Oh and Park, 2011). Normally an acid or a base is used for alkoxide 

hydrolysis process (Ladj et al., 2013). The obtained nanoparticles (NPs) properties depend on the 

speed of hydrolysis-condensation process, temperature, solution composition and pH of the 

reaction medium (Oh and Park, 2011). Disadvantage of this method is the post-treatment of the 

products due to by-products contamination (Oh and Park, 2011). 

2.9.2. Co-precipitation method 

Co-precipitation includes the production of metallic hydroxide from the solution of the starting 

salt such as metal nitrate or metal chloride in water using a precipitating medium. This method is 

commonly used in MNPs synthesis such as magnetite usually using NaOH and NH4OH aqueous 

solution as precipitating medium (Mascolo et al., 2013). The nature of alkali, pH, the rate of 

addition of alkaline solution and the drying conditions of the precipitate affect the paramagnetic 

properties, size and the extent of agglomeration of magnetite nanoparticles. These have been 

revealed through the use of NaOH, KOH and (C2H5)4NOH solutions as precipitating media 

(Mascolo et al., 2013). Even though this method is commonly used in magnetic nanoparticles 

synthesis, it can also be used for the synthesis of other nanoparticles. Low cost, simplicity, 

moderate reaction conditions at low synthesis temperature and ease of scale-up are the benefits 

of this method (Mukhtar et al., 2012). 

2.9.3.  Sonothermal method 

Sonothermal method as one competitive alternative has been broadly employed to produce new 

material with unique features (Tsaytler et al., 2011). In this method, starting material solution 

(e.g. metallic salt solution) is exposed to live intensified ultrasonic vibrations capable of breaking 
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the compounds’ chemical bonds. The ultrasound waves causes alternate compression and 

relaxation on the solution subjected to (Stankic et al., 2016). Through that, metallic nanoparticles 

are formed. This method requires pressure of about 1800 atm, working temperatures of about 

5000 K and cooling speed of above 1010 K/s (Solans et al., 2005). The excessive cooling high 

speed is found to affect the crystallization and formation of the products (Gendanken, 2003). The 

advantage of this method is that it is fast, simple, convenient, economical, and environmentally 

friendly (Dhas and Suslick, 2005). However, there is still a barrier on its use, which is high-energy 

consumption in order to attain very high transient temperatures and cooling rates. 

2.9.4. Microemulsion  

This method involves two unmixing phases like oil and water, which are separated by a 

monolayer of molecules called surfactant, resulting into two binary systems—water/surfactant 

and oil/surfactant to allow the  oil-soluble tails of the surfactant molecules to be dissolved in the 

oil phase and vice versa for the water-soluble heads (Bang and Suslick, 2007). In this method, 

appropriate amounts of oil, metallic precursor and water are mixed at room temperature to form 

homogenized phase (Sanchez-Dominguez et al., 2009). Precipitating/oxidizing/reducing agents 

are then added, under vigorous stirring, to allow sedimentation of the formed nanoparticles 

(Stankic et al., 2016). Further stabilization as a result of aggregation and impurity of products are 

the disadvantages of this method (Wu et al., 2008). However, the ability to control the formation 

of various kinds of core–shell structures with sub-nanometric resolution is the major benefit of 

this method (Stankic et al., 2005). 

2.9.5. Green synthesis 

Usually in green synthesis, plant materials are used (i.e. seeds, stem, roots, leaves and roots) due 

to their unique phytochemicals (Agarwal et al., 2017). In addition, micro-organisms are also used 

at times (Raliya and Tarafdar, 2014). Metal oxide nanoparticles synthesis from plant materials 

are synthesis through extraction method. Plant extraction synthesis method is a very eco-friendly 
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and highly affordable process; intermediate based groups are not involved during the process 

(Agarwal et al., 2017). It does not use expensive precursors and equipment; it is also less time 

consuming and gives high yield of high purity (Lee et al., 2015). Generally, leave or flower 

extracts for ZnO NPs are obtained by washing the materials thoroughly under running tap water, 

followed by sterilization using distilled or double distilled water (Lee et al., 2015). To facilitate 

the process, plant materials of larger surface areas are used. Larger surface area can be obtained 

by crushing the dried plant materials using mortar and pestle. Plant extracts are mixed with the 

precursor solution under stirring at prescribed temperature in order to obtain metal oxide 

nanoparticles (Zheng et al., 2015).  

2.10.  Most common metal oxide nanoparticles characterization techniques  

Metal oxide nanoparticles are usually characterized by various techniques for different reason. 

One of the most important characterizations are carried out for material formation confirmation. 

Usually this is done using spectroscopy techniques most commonly with Raman Spectroscopy 

whereas some researchers use FTIR (Mohammadian et al., 2018; Inbasekaran et al., 2014) and it 

is indicated by a strong peak or two in the finger print regions of FTIR. However, the strongest 

vibrational band represents metal-oxygen bond in Raman spectrum (Chassaing et al., 2007; 

Inbasekaran et al., 2014). Even though these observations are noticed, it cannot be concluded that 

metal oxide nanoparticles have been synthesised because some elements might as well be present 

in sufficient proportions. Therefore, researchers further consider more techniques SEM combined 

together with EDX. In this characterization technique chemical/elemental composition can be 

determined using EDX spectrum (Rekha et al., 2010). Moreover, particle geometry can be 

determined by SEM images (Vanathi et al., 2014) and it is also possible to determine particle 

sizes with this technique but it can only be accurate when there is completely no agglomeration. 

The particle size and shape are usually clearly determined with TEM (Becheri et al., 2008). 

However, some researchers determine shape using XRD as well as average particle size      



51 

 

(Kumar et al., 2013). XRD is also used to determine crystallinity of metal oxide nanoparticles 

(Kumar et al., 2013). In some cases, these nanoparticles are modified with organic materials to 

fulfil certain desires and these modifications are usually confirmed with FTIR (Tu et al., 2011). 

More characterization techniques are considered for some properties of these materials which are 

not of much interest in this study hence they are not discussed. For the determination of the purity 

and thermal stability of these materials, TGA is employed.  
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Chapter Three 

Adsorption of simazine herbicide from aqueous solution by novel pyrene functionalized 

zinc oxide nanoparticles: Kinetics and isotherm studies 

Abstract 

This study reports on the synthesis of functionalized novel zinc oxide nanoparticles for the 

removal of simazine from aqueous solution. This functionalized zinc oxide nanoparticles was 

synthesized via a simple co-precipitation method. The nanoparticles were then functionalized 

with 1-(4-hydroxyphenyl)-4-phenyl-2,3-diazobutadiene via covalent coupling in order to obtain 

the novel adsorbent. The synthesized materials were characterized with several techniques 

including; Fourier transform infrared spectroscope (FTIR), scanning electron microscope (SEM), 

energy dispersive x-ray spectroscope (EDX), X-ray diffraction analysis (XRD) and 

thermogravimetric analysis (TGA) and found that the materials were successfully synthesized. 

Because the characteristic stretch for Zn-O was observed in both bare and functionalized 

nanoparticles in the range 500 – 450 cm-1. XRD analysis showed the characteristic reflections of 

ZnO nanoparticles for both bare and functionalized nanoparticles (i.e. 31.8 o, 34.5 o, 36.3 o, 47.6 

o, 56.6 o, 62.9 o, 66.5 o, 68.0 o and 69.2 o). In addition, the EDX spectra only showed the expected 

elements in all synthesized materials.   The novel material’s adsorption performance was 

evaluated through batch adsorption experiments for the removal of simazine from aqueous 

solution. From all batch adsorption experiments conducted, the adsorbent showed effectiveness 

and high adsorption capacity for the removal of simazine with maximum adsorption capacity of 

137 mg/g (solution pH = 2, adsorbent dose at approximately = 20.0 mg, adsorbate concentration 

= 0.312 mg/L and temperature = 20 ± 2oC and shaking period = 60 minutes). Kinetics of the 

adsorption favoured pseudo-first order. The most applicable isotherm was Temkin isotherm. 

However, Langmuir isotherm could also be employed to describe the adsorption process. The 

material also showed reusability of up to three runs indicating that this material can be regenerated 
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and re-used. The result from this study showed that this functionalized material can serve as new 

substitute material for the removal of herbicides such as simazine from aqueous solutions and can 

be explored to real life situations. 

Keywords: Simazine; adsorption; desorption; herbicides; GC-ECD and SPE. 
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3.1. Introduction 

Environmental pollution by pesticides has been of noticeable interest for researchers especially 

in water ecosystems. Because of heavy usage and environmental persistence, many pesticides 

have been detected in both ground and surface waters (Katsumata et al., 2006). Thus, considered 

a treat to aquatic life and human beings as well. This is because some pesticides including 

simazine have estrogenic effect meaning they are endocrine disruptors (Katsumata et al., 2006). 

Hayes et al. (2006) reported s-triazines to have carcinogenic potential. Simazine with the IUPAC 

name 2-chloro-4,6-bis(ethylamino)-s-triazine (Figure 3.1) is a synthetic s-triazine herbicide 

which has been in use since 1956  (Flores et al., 2009). This herbicide works by inhibiting the 

photosynthetic electron transport processes in plant leaves (Paul et al., 2010). Extensive use of 

this herbicide has been on pre-emergence control of broadleaf weeds, non-crop fields and annual 

grasses in agricultural fields (Gunasekara et al., 2007). It is also used for weed removal from 

corn, banana, sorghum, pineapple, sugarcane and tea gardens (Paul et al., 2010). Arias-Estévez 

et al. (2008) reported that major fraction of pesticides are lost to the environment, and 

contaminates the soil, air and water. This could also be expected for the aforementioned 

herbicides, which are externally applied to targeted herb. Hence, Troiano et al. (2001) reported 

simazine to be the second commonly found pesticide in ground and surface water in the United 

States, Australia and Europe. This herbicide can be transported to non-target areas through 

runoffs similar to fertilizers (Beck et al., 1993). 

N

N

N

Cl

NH CH3NHCH3  

Figure 3.1: Chemical structure of simazine. 
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Because of the aforementioned negative effects of pesticides, scientists have developed and 

applied various methods for their removal including; adsorption (Esposito et al., 2013; Paul et 

al., 2010; Sannino et al., 2013; Zhou et al., 2006), membrane filtration (Scutariu et al., 2018), 

oxidation (Beltrán et al., 2000), photocatalytic degradation (Meriam Suhaimy et al., 2018; Flores 

et al., 2020; Chu et al., 2009; López-Muñoz et al., 2011), coagulation (Jiang and Adams, 2006). 

From these removal methods, adsorption has been of great interest owing to its efficiency, 

intrinsic simplicity and low costs. Therefore, many adsorbents have been developed and applied 

for this technology for the removal of pesticides in water. These adsorbents include corn straw 

biochars (Zhang et al., 2011), porous silica (Sannino et al., 2013), acid-activated beidellite (Paul 

et al., 2010), zeolite H-Y (Sannino et al., 2012), acid activated natural clinoptilolite (Salvestrini 

et al., 2015), granular activated carbon (Fulazzaky, 2012), and both conventional activated carbon 

and surface modified activated carbons (Chingombe et al., 2006). In spite of the existence of 

these adsorbents, there have been notable drawbacks including low adsorption capacity, high cost 

of preparation, inability to re-use these adsorbents and generation of secondary contaminants.  

Zinc oxide nanoparticles have shown adsorption ability for several contaminants (organic and 

inorganic) in water. Even though they have been mainly used for the removal of dyes in water 

(Debnath and Mondal, 2020; Zhang et al., 2013; Monsef Khoshhesab and Souhani, 2018) and 

toxic metals (Gu et al., 2020; Primo et al., 2020; Sheela et al., 2012), they have shown efficiency 

in the few occasions that they were employed for the removal of pesticides from wastewater 

(Jangwan et al., 2021; Sabir et al., 2014).  

Their ability to remove the previously mentioned contaminants from aqueous solutions have been 

due to their large surface area, high thermal and chemical stabilities. Pyrene ligands are naturally 

electron rich in nature therefore their interactions are usually easier with electrophiles due to 

opposite charge attractions. However, when coupled to nanoparticles to attract other electron rich 

chemical species, their surface charge can be altered by pH effect. Thus making it possible for 

nanoparticles functionalized with these ligands to adsorb both electron rich and electron deficient 
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chemical species in water. Hence, in this study, a novel pyrene functionalized zinc oxide 

nanoparticles was developed and evaluated for the removal of a recalcitrant herbicide, simazine 

from aqueous solution. This material is made up of zinc oxide nanoparticles                            

backbone and its adsorption capacity was improved with pyrene ligand,                                                                                         

1-(4-hydroxyphenyl)-4-pyrenyl-2,3-diaza-1,3-butadiene with multiple nitrogen functionalities 

where other groups including simazine can attach. To the best of our knowledge, this is the first 

study to report on the functionalization of zinc oxide nanoparticles with pyrene ligand for the 

removal of simazine herbicide from aqueous solution. In addition, this study also examined the 

kinetics and isotherm models that would best describe the adsorption of simazine from aqueous 

solution using this novel material. Lastly, desorption studies were conducted to determine if this 

material can be re-used. 

3.2. Experimental 

3.2.1. Materials and chemicals 

4-hydroxybenzaldehyde (purity ≥ 98%), 1-pyrenecarboxyaldehyde (purity ≥ 99%) and hydrazine 

hydrate (purity ≥ 99%) used in pyrene ligand synthesis were bought from Sigma-Aldrich, United 

Kingdom, Croatia and China respectively. Zinc nitrate hexahydrate (purity ≥ 98%) was also 

purchased from Sigma-Aldrich, China. Sodium chloride and Sodium hydroxide of purities of 

98% and above were purchased from associated chemical enterprises. Tetraethylorthosilicate 

(purity ≥ 98%), 4-dimethylaminopyridine (purity ≥ 98%) and 99% solution of 3-

aminopropyltriethoxysilane were purchased from Sigma-Aldrich, China as well. Absolute 

ethanol and 32% hydrochloric acid solution were bought from Merck Chemicals, Gauteng, South 

Africa. Dicyclohexylcarbodiimide and succinic anhydride of purities 98% and above were bought 

from Merck Chemicals, Germany, whereas, Sodium chloride and Sodium hydroxide of purities 

98% and above were bought from associated chemical enterprises. Simazine (99%) was 
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purchased from Sigma-Aldrich, China. These materials and chemicals were used as received from 

the suppliers. 

3.2.2.  Synthesis 

3.2.2.1. Synthesis of 1-(4-hydroxyphenyl)-4-phenyl-2,3-diazabutadiene (Pyrene) 

Pyrene ligand was synthesized according to the method of Wang et al. (2010). This was done by 

adding 50 mL of H6N2O solution dropwise into 150 mL absolute ethanol containing 9.40 g of 1-

pyrenecarboxyaldehyde and 18.8 g of 4-hydroxybenzaldehyde. The resulting solution was then 

refluxed at 55oC for 10 h (Figure 3.2). The final product was obtained after filtering, washed with 

distilled water and dried. IR (ATR, cm-1) 3360, 3050, 2920, 2620, 1550 (Figure 3.4); 1H NMR 

(DMSO, Bruker TopSpin) δ (ppm): 8.35, 8.32, 8.30, 8.28, 8.25, 8.22, 8.20, 8.16, 8.14, 8.09, 8.07, 

8.05, 7.86, 7.84, 4.40, 2.50, 1.06 (Figure A-I.1); 13C NMR (DMSO, Bruker TopSpin) δ (ppm): 

163.38, 161.82, 160.73, 160.41, 160.33, 159.43, 130.58, 130.15, 128.84, 126.20, 125.94, 39.73, 

39.52, 39.31 (Figure A-I.2). 

 

Figure 3.2: Synthesis of 1-(4-hydroxyphenyl)-4-pyrenyl-2,3-diaza-1,3-butadiene. 

3.2.2.2. Synthesis of zinc oxide nanoparticles (ZnO NPs) 

ZnO NPs were prepared via co-precipitation method with some slight adjustments (Wu et al., 

2006). This was accomplished by adding slowly 15.2 g solution of Zn(NO3)2.6H2O into 4.07 g 

solution of NaOH prepared in separate 50 mL distilled water using 250 mL conical flasks. After 

the Zn(NO3)2.6H2O solution has been totally added, the solution was further stirred for 2 h. After 

which the solution was separated by centrifugation. The white precipitate was washed several 



82 

 

times with absolute ethanol and distilled water. The washed precipitate was then dried over night 

at 70oC in an oven. The dried white precipitate was then calcined at 450oC to obtain the off-white 

zinc oxide nanoparticles.                         

3.2.2.3. Zinc oxide nanoparticles functionalization 

The functionalization of zinc oxide nanoparticles was done through several steps (Figure 3.3). 

Firstly, the surface of the ZnO NPs was coated with silica by adding 30 mL of tetraorthosilicate 

(TEOS) into 11.0 g of ZnO NPs dispersed in 50 mL of absolute ethanol and refluxed at 60oC for 

6 h (Ojemaye et al., 2017). The resultant solution was separated, washed with ethanol and distilled 

water and dried in an oven at 70oC. Following this, similar treatment was made with 3-

aminopropyltriethoxysilane (APTES) but the time was reduced to 5 h (Ojemaye et al., 2018). 

After 5 h, the zinc oxide nanoparticles were converted to carboxylic functionalized zinc oxide 

nanoparticles by adding 5.64 g succinic anhydride previously dissolved in dry 

dimethylformamide (DMF) and stirred further for 48 h.  Before the functionalization with pyrene 

ligand, carboxylic acid functionalized zinc oxide nanoparticles were activated with 4.001 g of 

dicyclohexylcarbodiimide (DCC) previously dissolved in 25 mL of dry DMF with continuous 

stirring in the dark for 24 h. Then this activated carboxylic acid functionalized ZnO NPs in dry 

DMF was slowly added into a stirring solution of 8.02 g of 1-(4-hydroxyphenyl)-4-pyrenyl-2,3-

diaza-1,3-butadiene in the presence of 2.08 g of 4-dimethylaminopyridine (DMAP). The reaction 

mixture was allowed to stir further for 24 h before separation with centrifugation. The product 

was washed a couple of times with distilled water and the product was dried at 75oC in an oven. 
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Figure 3.3: Preparation of novel pyrene functionalized ZnO NPs. 

3.2.3. Characterization 

Characterization of the nanoparticles was done with BET, XRD, SEM, EDX, TGA and FTIR. 

XRD (Bruker D8 Advanced XRD) was used to determine the crystal phase information of the 

materials. Surface morphologies and elemental/chemical composition were determined using 

SEM/EDX (JOEL JSM-6390 LVSEM). The percentage of volatile compounds present in the 

samples, purity and thermal resistances of the prepared samples were determined using TGA 

(Perkin Elmer TGA 4000 analyzer). FTIR (Perkin-Elmer Universal ATR) was used for functional 

group identification and confirmation of functionalization. Transmission electron microscope 

(JOEL 1210 transmission electron microscope) was used to determine particle size and to confirm 

particles geometry. Hydrogen and carbon framework of the ligand were determined using proton 

nuclear magnetic resonance (1H NMR) and carbon 13 nuclear magnetic resonance (13C NMR) 

spectrometer (DMSO, Bruker TopSpin NMR). FTIR, EDX and SEM were also performed for the 

ligand. 
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3.2.4. Adsorbate preparation 

A stock solution of simazine (1000 mg/L) was prepared by dissolving a specific amount of 

simazine in a specific volume of methanol. Series of standard concentrations and working 

solution were then prepared from the stock solution by dilution in water. 

3.2.5. Surface charge determination 

Surface charge determination was evaluated before the commencement of batch adsorption 

experiments via salt addition method (Kataria and Garg, 2017). This was done using 2 mg of the 

adsorbent in eight 20 mL solutions of 0.1 N NaCl with different initial pH values (pHi) between 

2 and 9. The adjustment of pH was done using 0.1 N HCl or 0.1N NaOH. The glass bottle 

containing the different solutions were agitated for 6 hr at room temperature using an orbital 

shaker at a speed of 150 rpm. Thereafter, final pH values (pHf) were determined.  

3.2.6. Adsorption studies 

The herbicide’s removal was done using batch adsorption experiments as reported by ul Haq et 

al. (2020) by varying pH, adsorbate concentration, contact time and adsorbent dose. Adsorption 

was performed in 100 mL glass bottles with screw caps and the agitation was done with an orbital 

shaker at 150 rotations per minute in the dark to avoid photodegradation. Initial and final 

concentrations of the herbicide were measured by means of a gas chromatograph equipped with 

electron capture detector (GC/ECD). Each of the aforementioned parameters was evaluated by 

keeping all others fixed. For pH adjustments, 0.1 N HCl and NaOH solutions were used as 

appropriate. The pH effect was investigated between pH 2 and 10. The contact time effect was 

studied between 0 and 360 minutes. The effect of adsorbent dose and adsorbate amount were 

evaluated at four different concentrations. The adsorption efficiency (% adsorbed) and adsorption 

capacity (qe) were calculated by using equations 3.1 and 3.2 respectively:  

𝐴𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (% 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑) = (
𝑐𝑖−𝑐𝑒𝑞

𝑐𝑖
)  𝑥 100                                                   (3.1)  
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𝐴𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (𝑞𝑒) =
(𝑐𝑖− 𝑐𝑒𝑞)𝑉

𝑚
                                                                                  (3.2) 

Where, ci = initial simazine concentration in mg/L 

            ceq = equilibrium concentration of the simazine in mg/L 

            qe = adsorption capacity in mg/g 

             m = mass of the adsorbent (g) and V = volume of the adsorbate solution used (L). 

3.2.7. Solid phase extraction (SPE) 

Unlike standards, samples were subjected to SPE prior to their injection into GC/ECD. This was 

done to ensure the removal of water and other particulates including traces of the adsorbent. 

Initially the SPE cartridges were preconditioned with 10 mL of ethyl acetate, methanol and 

distillied water respectively. The elution of the analytes was then carried out with 10 mL of ethyl 

acetate followed by concentrating using rotatory evaporator. In the concentrating process, the 

elute was evaporated to dryness and then concentrated in a millimeter of methanol. The 1 mL 

methanol concentrated analytes were then transferred into GC sample vials for injection. 

3.2.8. GC/ECD analysis  

Quantification of the herbicide was done by means of an Agilent 7820A Gas Chromatograph 

equipped with Micro Electron Capture Detector (GC/µECD with a column, Agilent 19091J-413: 

1 HP-5 and dimension, 30 m length x 320 μm diameter x 0.25 μm film). Using nitrogen and 

helium as make-up and carrier gases respectively. The temperature programming of the oven was 

done similarly to Vassilakis et al. (1998). The initial temperature was set at 80oC and fixed for a 

minute before being changed to 218oC at 8oC/min. The oven temperature was then changed to 

250oC at 4oC/min and maintained for 10 min. The injection was carried out splitless at 250oC 

with injection volume of 1 µl. 
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3.2.9. Quality Assurance 

The determination of limit of detection (LOD) and limit of quantification (LOQ), precision, 

accuracy and linearity were carried out using five concentration levels and details are shown in 

Table 3.1 and Figure A-I.3. 

Table 3.1: Calibration data and quality assurance parameters. 

 

Concentration 

level (s) 

1 2 3 4 5 R² = 0.9944 

 

Area (A.U) 69039 100650 122320 143040 170030 Intercept = 47704.2 

Slope = 24437.2 

Precision (%) 113.7193 

 

 

LOD 

(mg/L) 

0.001062 

 

LOQ 

(mg/L) 

0.003219 

 

Linear equation 

y = 24437x + 47704 

 

3.2.10.  Desorption and reusability studies 

For reusability studies, three runs of adsorption were considered for a run period of 6 h. This was 

done to ascertain the reusability of the adsorbent for cost effectiveness. After each run of 

adsorption, the loaded adsorbent was separated by centrifugation, dried in a fume hood and 

dispersed in three 20 mL methanol solutions with solution pH 9 and stirred for the equivalent 

period as in adsorption. However, in the reusability studies the adsorbent was used successively 

for three 6h runs without desorption. Further, separation was also performed using centrifugation. 

At the end of desorption and reusability experiments, the concentration of the adsorbate was 

measured using GC/ECD. Desorption efficiency (% desorbed) was calculated using equation 3.3: 

𝐷𝑒𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (% 𝑑𝑒𝑠𝑜𝑟𝑏𝑒𝑑) = (
𝑐𝑑

𝑐𝑎
)  𝑥 100                                                                      (3.3) 

Where Cd = adsorbate concentration desorbed and Ca = adsorbate concentration adsorbed both in 

mg/L. 

3.2.11.  Data analysis 

The data obtained from this study was statistically analysed and plotted using OriginPro 2021b. 
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3.3. Results and discussion 

3.3.1. Characterization 

3.3.1.1. FTIR analysis 

The FTIR analysis was carried to obtain FTIR spectra of the materials and to verify if 

functionalization of the adsorbent was successful. The obtained spectra of the ZnO, and ZnO-

Pyrene synthesized nanoparticles clearly showed the Zn-O stretch between 500 and 450 cm-1 

(Figure 3.4). The stretch between 800 and 700 cm-1 in the ZnO spectrum could be interpreted as 

motion of hydrogen atoms parallel to the connection line of the two adjacent metal ions 

originating from the atmosphere during the analysis (Lutz et al., 1998). Between 1400 and 1300 

cm-1 alcohol O-H bending was observed, which might have resulted from atmospheric moisture 

(Ahmed et al., 2020). In the ZnO-Pyrene spectrum, -OH alcohol appeared at 3360 cm-1.  

 

Figure 3.4: FTIR spectra of ZnO, ZnO-Pyrene and Pyrene ligand. 

The strong stretches between 1700 and 1300   cm-1 attributed to carboxyl group of ester (Wang et 

al., 2011) resulted from the functionalization. The weak peak observed between 3100 and 3000 

cm-1 corresponds to C-H stretch aromatic followed by two alkane C-H stretches between 2990 

and 2850 cm-1 (Zhuo et al., 2000; Mahendra et al., 2017). In the pyrene ligand spectrum, 

additional peaks appeared adjacent to the –OH, this might have resulted from the traces of water 

that were present hence that –OH stretch appeared like –OH stretch of carboxylic acid. A strong 

peak corresponding to C=C also appeared in pyrene spectrum in the region 1700 cm-1 – 1600 cm-
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1 (Marshall et al., 2005). These results are similar to those reported by Gnanasangeetha and 

Saralathambavani (2013) and Winiarski et al. (2018). From these observations, it can be said that 

zinc oxide nanoparticles were successfully synthesized and functionalized with pyrene ligand. 

3.3.1.2. EDX analysis 

EDX analysis was carried to determine the chemical/elemental composition of the materials for 

purity determination and to verify the successful syntheses of the materials. In the analysis, clear 

peaks corresponding to Zn were observed in three intervals, 0.8 - 1.2 keV, 8.4 - 8.8 keV, and     

9.4 - 9.8 keV respectively in both ZnO and ZnO-Pyrene spectra (Figure 3.5 (a)-(b)). A peak 

corresponding to oxygen was also observed between 0.4 and 0.6 keV in both spectra. In the ZnO-

Pyrene spectrum, there were additional peaks corresponding to C and N between 0.2 and 0.4 keV. 

These observations were also noticed in the EDX spectrum of pyrene ligand with the exception 

of Zn peaks. From the EDX spectra, it can be deduced that the samples were of high purity as no 

unwanted elements were observed (Zhang et al., 2016). Further, the nanoparticles showed an 

approximation of 50/50 atomic percentage of Zn/O. This indicated that the precursor was 

sussessfully converted to the novel asdsorbent. 

 

 

Figure 3.5: EDX spectra of (a) ZnO (b) ZnO-Pyrene and (c) Pyrene ligand. 
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3.3.1.3. SEM analysis 

SEM analysis was carried to determine the morphology of the materials, which also play a crucial 

role in adsorption. This was performed under the same magnification. In the analysis, a 

cryistalline morphology of ZnO NPs was observed as shown in Figure 3.6 (a) (Zafar et al., 2019). 

Its morphology was maintained even after functionalization with pyrene (Figure 3.6 (b)); this is 

an indication that the core properties of this nanoparticle were maintained (Cho et al., 2015). 

Further, aggregation was improved in the novel adsorbent. Upon further magnification of SEM 

images the spherical geometry could be anticipated even though it was not fully conclusive hence, 

further analysis was done with TEM. Pyrene ligand possessed flake-like particles (Figure 3.6 (c)), 

indicating an amorphous morphology.  

 

Figure 3.6: SEM images of (a) ZnO (b) ZnO-Pyrene and (c) Pyrene ligand. 

3.3.1.4. TEM analysis 

TEM images of the synthesized materials are presented in Figure 3.7. In Figure 3.7(a), spherically 

shaped material with little agglomeration was observed to have been synthesized with an average 

size of 290 nm. This result compliments the result obtained from the SEM analysis (Figure 3.6).  
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Figure 3.7: Synthesized NPs TEM images (a) ZnO NPs and (b) ZnO-Pyrene NPs and their particle size 

distributions. 

Upon functionalization of zinc oxide nanoparticles with pyrene ligand, it was observed that 

average (Ave.) particle size of the functionalized material decreased to 180 nm. Reason being 

that the introduction of the ligand decreased the particle aggregation via electron-electron 

repulsions between the functionalized nanoparticles as a result more smaller particles were 

detected in the novel adsorbent. Ojemaye et al. (2017) also published a similar result. 

3.3.1.5. XRD analysis 

In order to know the crystal information of the synthesized materials, XRD analysis was carried 

out. In the XRD diffractogram of ZnO nanoparticles, nine diffraction reflections were observed 

at 31.8 o, 34.5 o, 36.3 o, 47.6 o, 56.6 o, 62.9 o, 66.5 o, 68.0 o and 69.2 o (Figure 3.8). These reflections 

were assigned to the following miller indices: (100), (002), (101), (102), (110), (103), (200), (112) 

and (201) respectively. Mohan and Renjanadevi (2016) reported similar results. The XRD 

reflections of ZnO were preserved in the novel material (ZnO-Pyrene). This implied that the 

structure was maintained throughout. Moreover, this is another implication that functionalization 

was successful and that functionalization does not affect the inner core structure of the bulk 



91 

 

material. The absence of other undesired reflections indicated purity of the materials. Further 

confirmation of the purity of the materials was done with TGA (Figure 3.9). 

 

Figure 3.8: XRD diffractograms of ZnO and pyrene functionalized ZnO nanoparticles. 

 

3.3.1.6. TGA analysis 

TGA analysis was performed in order to determine the percentage of organic compounds present 

in the samples, thermal stability and purity of the samples. In the TGA graph of pure ZnO 

nanoparticles, there were two weight losses observed (Figure 3.9 (a)). First weight loss (3 wt%) 

was observed between 95 and 350oC, and can be assigned to loss of water present in the sample. 

This water might have have originated from the solvent used during the analysis. The second 

weight loss (17 wt%) was observed between 510 and 800oC due to thermal decomposition of 

Zn(OH)x, which resulted from the presence of water during the analysis to ZnO. In ZnO-Pyrene 

TGA curve, the weight loss (2.22 wt%) between 625 and 800oC was a result of thermal 

decomposition of the addition shells which result from functionalization. In this analysis, it was 

also noted that the thermal stability of ZnO was improved by functionalization due to more 

resulted residue (Figure 3.9 (b)).  



92 

 

 

Figure 3.9: TGA curves of (a) ZnO and (b) ZnO-Pyrene nanoparticles. 

3.3.2. Adsorption studies 

3.3.2.1.  pH effect 

The point of zero charge of the adsorbent was found to be 6 (Figure 3.10 (a)) and data showing 

the point of zero charge is presented in Table A-I.1. This was accomplished with solution volume 

of 20 mL, salt solution concentration of 0.1 M, adsorbent dose of approximately 2 mg, 

temperature of 20 ± 2oC and shaking period of 6 h. It was also found that below the point of zero 

charge the adsorbent bare a positive charge and vice versa for pH values above the point of zero 

charge. This implied that the adsorbent would adsorb more adsorbate at lower pH values due to 

the nature of the adsorbate. The nature of the adsorbate is such that it has two nitrogen atoms that 

are outside its ring (Figure 3.1), which allows it to behave as a nucleophile. Worthy of mention 

is that the highest adsorption was noticed at pH 2 (Figure 3.10 (b)). Also, there is a common 

phenomenon with triazine class of compounds under acidic conditions in which C-Cl bond 

undergo hydrolysis. This might have also affected the concentration of the contaminant. 

Nevertheless, despite two exceptions, pH 5 and 7, it was observed that adsorption was decreasing 

with increasing pH. The pH effect was evaluated between pH 2 and 9 while keeping the adsorbate 

concentration at 0.313 mg/L, adsorbent dose approximately at 20.0 mg, temperature at 20 ± 2oC 

and shaking time at 360 minutes. 
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Figure 3.10: (a) Point of zero charge curve of ZnO-Pyrene nanoparticles and (b) pH effect. 

 

3.3.2.2. Effect of contact time  

Contact time effect was evaluated at five time intervals between 0 and 60 minutes (Figure 3.11). 

This was accomplished by fixing the solution pH at 2, adsorbent dose at approximately 20.0 mg, 

adsorbate concentration at 0. 281 mg/L and the temperature at 20 ± 2oC. It was noticed that the 

material adsorbs more at lower contact times as observed at 5 minutes shaking period. At higher 

contact time, the adsorption capacity decreased. This implies that the adsorption was physical as 

the adsorbate would attach and detach on the adsorbent while shaking. The optimum time was 

noticed from 15 minutes even though the curve was not completely constant for the 

aforementioned reason. However, 60 minutes was considered for further experiments.   

 

 

Figure 3.11: Effect of contact time. 
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3.3.2.3. Effect of adsorbent amount 

Effect of adsorbent amount was evaluated at four different adsorbent weights i.e. 10.0, 20.0, 30.0 

and 40.0 mg (Figure 3.12). This was carried out while keeping other parameters constant (pH = 

2, Temperature = 20 ± 2oC, adsorbate concentration = 0.312 mg/L and shaking time = 60.0 

minutes). It was noticed that the adsorption efficiency was increasing with increasing adsorbent 

amount. This is because the more the adsorbent, the more the active adsorptive sites available to 

adsorb the contaminant. 

 

Figure 3.12: Effect of adsorbent amount. 

3.3.2.4. Effect of adsorbate concentration 

Four adsorbate concentrations were considered in the evaluation of effect of                              

adsorbate concentration (0.118, 0.179, 0.244 and 0.302 mg/L) (Figure 3.13).                                                            

This was accomplished by keeping constant all other parameters (Temperature = 20 ± 2oC,                                                      

adsorbent dose approximately = 20 mg, pH = 2 and shaking period = 60 minutes). It was noticed 

that the adsorption capacity was increasing with increasing adsorbate concentration. At lower 

concentrations the adsorption capacity was increasing sharply because there were more active 

sites on the adsorbent available for adsorption of simazine but fewer adsorbate molecules, 

therefore at every collision there was adsorption. As the concentration of adsorbate increases, the 

adsorption capacity was decreasing and becoming steady. Between 0.244 and 0.302 mg/L there 

was no major change in adsorption capacity hence further concentrations were not considered. 
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Figure 3.13: Effect of adsorbate concentration. 

3.3.3. Adsorption isotherms 

The adsorption data were fitted into three different adsorption isotherms; Langmuir, Freundlich 

and Temkin isotherm expressed in equations (3.4), (3.5) and (3.6) respectively:  

1

𝑞𝑒
= (

1

𝐾𝐿𝑞𝑚𝑎𝑥
) (

1

𝑐𝑒
) + (

1

𝑞𝑚𝑎𝑥
)                                                                                                     (3.4) 

log 𝑞𝑒 =  log 𝐾𝐹 + (
1

𝑛
) log 𝑐𝑒                                                                                                     (3.5)    

𝑞𝑒 = 𝐵 ln 𝐾𝑇 + 𝐵 ln 𝑐𝑒                                                                                                               (3.6)                                                

Where, qmax (mg/g) symbolises maximum adsorption capacity, KL (L/mg), the Langmuir constant 

and qe, the adsorption capacity (mg/g). KF (mg/g(L/mg)1/n) denotes Freundlich constant and n 

the heterogeneity factor whereas ce   is the dye concentration at equilibrium time. B (J mol-1) is 

the Temkin constant, which indicates the heat of adsorption, and KT (L.g−1) is equilibrium binding 

constant. Adsorption parameters were obtained using linear form of Langmuir adsorption 

isotherm (Equation 3.4) by plotting a graph of 1/qe against 1/ce. The linear plot of logqe versus 

logce (Equation 3.5) was used to determine the Freundlich isotherms parameter values. However, 

qe versus lnCe (Equation 3.6) was used for Temkin parameters determination. The correlation 

coefficients and isotherm parameter values of simazine are listed in Table 3.2 and presented in 

Figure A-I.8.  
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Table 3.2: Simazine adsorption isotherms' parameters. 

 

Adsorption isotherms Parameters  Values  

Langmuir isotherm KL (L/mg) 

qmax (mg/g) 

R2 

6.59 x 104 

0.117 

0.918 

Freundlich isotherm KF (mg/g(L/mg)1/n)  

n 

R2 

0.119 

98.0 

0.995 

Temkin isotherm KT (L/mg) 

B (J.mol-1) 

R2 

0.888 

848.65 

0.991 

*The numerical values in this table are presented in three significant figures. 

 

From the obtained results, Freundlich possessed the closest R2 value to 1 meaning that there was 

a possibility that the data could be better fitted to this model. However, since the n value was 

above 10, the isotherm was discarded. Temkin isotherm showed the second closest R2 value to 1, 

which makes it acceptable for this data. Moreover, B value was positive meaning that the 

adsorption process was exothermic. Even though the R2 value of Langmuir isotherm was not that 

close to 1, it can be considered a better fit compared to Freundlich isotherm because qmax was 

greater than zero. The applicability of Langmuir isotherm implies that the adsorption of simazine 

onto the novel material was monolayer in nature. The Temkin applicability and positive B value 

implies that the process was exothermic. Previously published studies did not report on isotherm 

studies of simazine onto various adsorbents. Therefore, there are no possible comparison with the 

result obtained in this study. However, this study serves a baseline and provided an insight by 

which knowledge can be derived for new applications of various adsorbents as well as the 

currently reported adsorbent for simazine and other contaminants. 

3.3.4. Adsorption kinetics 

Three kinetics models (pseudo-first order, pseudo-second order and intraparticle diffusion kinetic 

models) were considered for the determination of rate mechanism of simazine adsorption onto 

the novel adsorbent (Kataria and Garg, 2017). The equations for these models are expressed in 

equations 3.7, 3.8 and 3.9 respectively: 
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ln(𝑞𝑒 − 𝑞𝑡) =  ln 𝑞𝑒 − 𝐾1𝑡                                                                                                        (3.7) 

𝑡

𝑞𝑡
=  

1

𝐾2𝑞𝑒
2 +  

𝑡

𝑞𝑒
                                                                                                                            (3.8) 

𝑞𝑡 =  𝐾𝑖𝑑𝑡1/2 + 𝐶                                                                                                                           (3.9) 

Where, qe denotes adsorption capacity at equilibrium time, qt (mg/g) is the adsorption capacity at 

time t, K1 and K2 (min−1) are pseudo-first order kinetic rate constant and pseudo-second order rate 

constant respectively, t denotes time in minutes, Kid is the intra-particle diffusion rate constant 

usually expressed in mg g−1 min-0.5 and C is the thickness of boundary layer expressed in mg/g. 

All kinetic parameters are presented in Table 3.3 together with their R2 values. Only pseudo-

second order gave an accepted R2 value. However, the qe was far greater from the experimental 

value meaning this was not conclusive.  

Table 3.3: Simazine adsorption onto the novel adsorbent kinetic models’ parameters. 

Kinetic models Parameters  Values of parameters 

Pseudo-first order K1 (min−1) 

qe (cal) 

R2 

2.70 x 10-4 

0.0178 

0.768 

Pseudo-second order K2 (g/mg.min)  

qe (cal) 

R2 

1.06 x 10-3 

4.04 

0.992 

Intraparticle diffusion Kid (mg.g−1.min-0.5) 

C 

R2 

-1.58 x 10-3 

0.135 

0.632 

Experimental data qe (exp) 0.117 

*The numerical values in this table are presented in three significant figures. 

 

Pseudo-first order showed the second closest R2 value to 1.  Even though the R2 was not the 

closest to 1, it can be considered a better fit because it showed the closest qe value to the 

experimental value in comparison with the pseudo-second order. Intra-particle diffusion could 

not be considered a better fit as a result of its low R2 value and the fact that C was not equal to 

zero meaning its curve was not passing through the origin. The applicability of the pseudo-first 

order implies that the adsorption process was physisorption. This means that the simazine 
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particles were physically attached to the novel adsorbent through the multiple nitrogen ends of 

the pyrene ligand. 

3.3.5. Reusability and desorption studies 

The reusability studies were carried out three times by shaking for 60 minutes, with 20 mg 

adsorbent dose and 5 mg/L adsorbate concentration at room temperature (Figure 3.14).  

 

Figure 3.14: Reusability and desorption studies. 

It was noticed that as number of runs increases, adsorption efficiency was decreasing. This was 

due to the decrease in the number of sites on the adsorbent available for the adsorption of simazine 

from aqueous solution as the number of runs increases. In desorption experiments only one 

experiment showed desorption and others did not give any detectable results. In the two other 

experiments, there might be no desorption or strong possibility that the amount of simazine 

present in solution was below the limit of quantification. 

3.4.  Conclusion  

In this study, the synthesis of pyrene functionalized zinc oxide was carried out for the removal of 

simazine herbicide from aqueous solution. The result of characterization showed that the 

synthesis of the novel adsorbent was successful. SEM reveal a crystalline morphology and TEM 

analysis revealed a spherical geometry of the novel material.  Functionalization of bare zinc oxide 

nanoparticles indicated a decrease in the particle size from 290 nm for bare zinc oxide 

nanoparticles to 181 nm for pyrene functionalized zinc oxide nanoparticles.  The latter result 

means that the grafting of the ligand onto zinc oxide nanoparticles will improve the performance 
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of bare material since small particle size enhances adsorption efficiency. The material showed 

high adsorption capacity from all batch adsorption experiments conducted in this study. The 

adsorption data was better fitted to Temkin isotherm and Temkin constant (B) was found positive, 

which led to a conclusion that the adsorption process for the removal of simazine from aqueous 

solution by using this novel material is exothermic in nature. Also, Langmuir isotherm was also 

applicable. The kinetics of the adsorption process favoured pseudo-first order. These results is an 

indication that this material can be considered as an alternative adsorbent for the removal of 

simazine and other organic contaminants from wastewater and can be explored to real life 

scenerios. 
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Chapter Four 

Zinc oxide nanoparticles functionalized with chelating nitrogenous groups for the 

adsorption of methyl violet in aqueous solutions 

Abstract 

In this study, a potent material for adsorption of methyl violet (one of the hazardous organic 

pollutants) in water was developed. This material was synthesized from silica coated zinc oxide 

nanoparticles. The material was obtained after functionalization of silica coated zinc oxide 

nanoparticles with pyrene ligand. Fourier transform infrared spectrometer (FTIR), energy 

dispersive x-ray spectrometer (EDX), scanning electron microscope (SEM), X-ray diffratometer 

(XRD) and thermogravimetric analyser (TGA) were used for characterization of the synthesized 

materials. Moreover, the ligand was initially characterized with 1H NMR and 13C NMR. The 

results showed Zn-O stretch in the characteristic region of 500 and 450 cm-1 in all the synthesized 

nanoparticles with additional organic stretches due to functionalization.  In addition, 62.4% 

particle size decrease and about 100oC thermal stability increase were revealed by TEM and TGA 

analysis respectively as a result of functionalization. The potent adsorbent showed high efficiency 

for the removal of methyl violet (MV) in all batch adsorption experiments and a reasonable 

adsorption maximum capacity (qmax) (31.5 mg/g) in comparison with other MV adsorbents was 

achieved. The highest adsorption efficiency of 87.7 % was attained with adsorbent dose 

approximately = 40 mg, MV concentration = 14.6 mg/L, contact time = 360 min and temperature 

= 20 ± 2oC whereas the highest adsorption capacity was found to be with (adsorbent dose 

approximately = 40 mg, adsorbate concentration = 25.9 mg/L, pH = 6.5 and temperature = 20 ± 

2oC. Kinetic and isotherm studies indicated that the process for the removal of this pollutant with 

the new material proceeded via pseudo-first order and Langmuir isotherm models respectively. 

These results indicated that this material could serve as alternate adsorbent to the already 

established materials for the removal of recalcitrant organic pollutants from aqueous solutions.  
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4.1. Introduction  

Dyes as constituents of wastewater from industries such as plastic, food processing, leather, 

pharmaceutical, dye manufacturing and textile are the major pollutants in surface water. Usually 

dyes are synthesized and have complex structures, their complex structures are what makes them 

photo and oxidation stable as well as biodegradable resistant (Ofomaja and Ho, 2008; Aksu, 

2005). Therefore, their occurrence interferes with sunlight transmission and disturb the biological 

processes resulting in harm to aquatic communities in the ecosystem (Hameed and Ahmad, 2009; 

Royer et al., 2009). Through direct exposure or through food chain, these pollutants negatively 

affect the human health. Therefore, to meet the environmental regulations, industries using dye 

substances should reduce their levels in effluents prior to their discharge into the environment 

(Liu et al., 2011). Their mutagenic and carcinogenic properties have made dyes to be associated 

with negative human health effects including kidney dysfunction, reproductive complications, 

central nervous system, liver and brain damages (Ajji and Ali, 2007; Kadirvelu et al., 2003). 

Methyl violet is a basic/cationic dye, which possess harmful effects on living organism even in 

short period exposure (Chen et al., 2010). MV is highly recalcitrant to biological oxidation, 

conventional physical treatments, and resistant to biodegradation owing to its complex aromatic 

structure (Figure 4.1). 

N
CH3CH3

N
+CH3

CH3 CH3

CH3

 

Figure 4.1: Chemical structure of methyl violet. 

 

Because of the aforementioned negative effects of this dye, various chemical, biological and 

physical techniques have been reported and applied for their removal. These techniques include 
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electrocoagulation (Mbacké et al., 2016; Ghosh et al., 2008; Durango-Usuga et al., 2010; Vidya 

Vijay et al., 2019; Moneer et al., 2018), photocatalytic degradation (Jiang et al., 2015; Ameen et 

al., 2013; Rashad et al., 2019; Sathiyavimal et al., 2020; Abdelrahman et al., 2019), advanced 

oxidation (Jana et al., 2010; Jiani et al., 2020; Abdi et al., 2020) and adsorption (Liu et al., 2011; 

Ajji and Ali, 2007; Chen et al., 2010; Şolpan and Kölge, 2006; Azizian et al., 2009; Cengiz and 

Cavas, 2010; Xu et al., 2011; Mittal et al., 2016; Musyoka et al., 2014; Mahini et al., 2018; Maity 

and Ray, 2014). Among these techniques, adsorption is an innovative and economical reasonable 

alternative technique due to its ease of operation and high removal performance (Dotto et al., 

2016; Hayati et al., 2017).  

Also, it is worthy of mention that numerous materials such as activated charcoal (Iqbal and Ashiq, 

2007), montmorillonite (Aladağ et al., 2014), magnetite (Bonetto et al., 2015), titanium dioxide 

(Jafari et al., 2011) and more have been utilized for the removal of methyl violet but these 

materials are limited by their inability to be regenerated, high production cost and so on. ZnO 

NPs have excellent chemical and thermal stabilities, wide band gap and high excitation binding 

energy at room temperature (Özgür et al., 2005). This imply that ZnO NPs can adsorb other 

chemical species without any chemical bonding at room temperature. However, Zabihi et al. 

(2011) stated that their high surface energy might result in agglomeration of particles, as it is the 

case in other nanoparticle when dispersed in organic solvents and matrices. Functionalization of 

ZnO NPs will prevent this negative effect and maintain other desired properties such as large 

surface area and chelating capabilities. Therefore, this study aims to synthesize a highly efficient 

material for methyl violet removal from wastewater. This material will be obtained from the 

functionalization of zinc oxide nanoparticles with pyrene ligand. To the best of our knowledge, 

no report on the functionalization of zinc oxide nanoparticles with pyrene nitrogen chelating 

groups for the removal of methyl violet from aqueous solution has been published. It is believed 

that the functionalization of the zinc nanoparticles will improve its adsorption efficiency and 

capacity as the used ligand will provide an additional shell from which other functionalities may 
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be attached. It is also believed that functionalization will improve zinc oxide nanoparticles 

physical properties such as thermal stability, which will permit their use even at higher 

temperatures. Also, the kinetics and isotherm studies of the adsorption process was evaluated 

through batch adsorption process involving effect of varying contact time, pH and adsorbate 

concentration.  

4.2. Methodology 

4.2.1. Materials and reagents 

Tetraethylorthosilicate (purity ≥ 98%), 4-dimethylaminopyridine (purity ≥ 98%) and 99% 

solution of 3-aminopropyltriethoxysilane were purchased from Sigma-Aldrich, China. However,                   

4-hydroxybenzaldehyde (purity ≥ 98%) was also bought from Sigma-Aldrich, United Kingdom 

together with 1-pyrenecarboxyaldehyde (purity ≥ 99%). Absolute ethanol and 32% solution 

hydrochloric acid were bought from Merck Chemicals, Gauteng, South Africa. 

Dicyclohexylcarbodiimide and succinic anhydride of purities of 98% and above were purchased 

from Merck Chemicals, Germany, whereas, sodium chloride and sodium hydroxide of purities of 

98% and above were bought from Associated Chemical Enterprises, South Africa. Hydrazine 

hydrate (purity ≥ 99%) was also purchased from Sigma-Aldrich, China, while methyl violet dye 

was purchased from Saarchem pty Ltd, South Africa. These materials and reagents were used as 

received from the suppliers.  

4.2.2. Syntheses of materials 

4.2.2.1. Silica coated zinc oxide nanoparticles (ZnO-Si NPs) 

In order to obtain ZnO-Si NPs, zinc oxide nanoparticles (ZnO NPs) were coated with silica. This 

was accomplished by adding 30 mL of tetraorthosilicate (TEOS) to ZnO NPs previously 

dispersed in 50 mL of absolute ethanol and refluxed for 6 hrs at 60oC under constant stirring 

following a method by Ojemaye et al. (2017) (Figure 4.2). The resultant solution was separated 

by centrifugation, washed and dried in oven over night. 
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Figure 4.2: Preparation of silica coated ZnO NPs. 

4.2.2.2. 1-(4-hydroxyphenyl)-4-pyrenyl-2,3-diazabutadiene (Pyrene) synthesis 

1-(4-hydroxyphenyl)-4-pyrenyl-2,3-diazobutadiene was synthesized following Wang et al. 

(2010) procedure with slight modification. 50 mL hydrazine hydrate solution was added drop 

wise into 150 mL absolute ethanol solution with 0.154 mol of 4-hydroxybenzaldehyde and 0.0408 

mol of 1-pyrenecarboxyaldehyde as constituents and then refluxed for 10 hrs at 55oC (Figure 4.3). 

The suspension was washed and filtered to yield 1-(4-hydroxyphenyl)-4-pyrenyl-2,3-diaza-1,3-

butadiene. IR (ATR, cm-1) 1550, 2620, 2920, 3050, 3360 (Figure 4.7); 1H NMR (DMSO, Bruker 

TopSpin) δ (ppm): 1.06, 2.50, 4.40, 7.84, 7.86, 8.05, 8.07, 8.09, 8.14, 8.16, 8.20, 8.22, 8.25, 8.28, 

8.30, 8.32, 8.35 (Figure A-I.1); 13C NMR (DMSO, Bruker TopSpin) δ (ppm): 39.31, 39.52, 39.73, 

125.94, 126.20, 128.84, 130.15, 130.58, 159.43, 160.33, 160.41, 160.73, 161.82, 163.38 (Figure 

A-I.2). Proton NMR signals’ assignment ( 
1H NMR (DMSO, TopSpin)), δ (ppm): 7.16 (2H, d), 

8.14 (2H, d), 8.20 (1H, d), 8.22–8.26 (4H, m), 8.29 (1H, t), 8.37 (1H, d), 8.41(1H, d), 8.69 (1H, 

s), 8.72 (1H, d), 8.76 (1H, s). 

 

 

Figure 4.3: Synthesis of 1-(4-hydroxyphenyl)-4-pyrenyl-2,3-diaza-1,3-butadiene. 
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4.2.2.3. Pyrene grafted onto zinc oxide nanoparticles (ZnO-Pyrene NPs) synthesis 

9.726 g of dried ZnO-Si NPs were first converted to amine modified ZnO NPs (ZnO-NH2 NPs) 

by adding 30 mL of 3-aminopropyltriethoxysilane (APTES) to their 50 mL solution of absolute 

ethanol and refluxed for 5 hrs at 60oC as reported by Ojemaye et al. (2018) (Figure 4.4).  

 

 

Figure 4.4: Preparation of amine modified ZnO NPs. 

Dry ZnO-NH2 NPs (9.60 g) were then converted to carboxylic functionalized zinc oxide 

nanoparticles (ZnO-COOH NPs) by adding previously dispersed ZnO-NH2 NPs (8.601 g) in dry 

dimethylformamide (DMF) into a stirring solution of succinic anhydride (0.0563 mol) in dry 

DMF. The reaction mixture was allowed to further stir for 48 hrs as shown in (Figure 4.5) before 

centrifugation. Washing was done using ethanol and the product was allowed to dry in an oven 

at 70oC to obtain carboxylic functionalized zinc oxide nanoparticles (ZnO-COOH NPs).  

 

 

Figure 4.5: Preparation of carboxylic modified ZnO NPs. 
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ZnO-COOH NPs (8.012 g) in 25 mL of dry DMF was activated with 0.0194 mol of 

dicyclohexylcarbodiimide (DCC) in 25 mL of dry DMF with continuous stirring in the dark for 

24 hrs. Then the activated carboxylic acid functionalized ZnO NPs in 50 mL dry DMF was added 

slowly to the stirring solution of 8.024 g of pyrene ligand in ethanol in the presence of 0.017 mol 

of 4-dimethylaminopyridine (DMAP). The suspension was then further stirred for 24 hrs (Figure 

4.6) and separated through centrifugation, washed severally with deionized water and allowed to 

dry at 75°C for 24 hrs in an oven. After that, pyrene grafted onto zinc oxide nanoparticles was 

obtained.  

 

Figure 4.6: Preparation of pyrene grafted onto ZnO NPs. 

4.2.3. Characterization 

Characterization of the materials was performed with X-ray diffractometer (XRD), scanning 

electron microscopy (SEM), energy dispersive x-ray (EDX), thermogravimetric analyser (TGA) 

and fourier-transform infrared spectroscopy (FTIR) and nuclear magnetic resonance 

spectroscopy (NMR). XRD (Bruker D8 Advanced XRD) was used to determine the crystal phase 

information of the materials. Surface morphologies and elemental/chemical composition were 

determined using SEM/EDX (JOEL JSM-6390 LVSEM). The percentage of organic compounds 
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present in the samples, purity and thermal resistances of the prepared samples were determined 

using TGA (Perkin Elmer TGA 4000 analyzer). FTIR (Perkin-Elmer Universal ATR) was used 

for functional group identification and confirmation of functionalization. Transmission electron 

microscope (JOEL 1210 transmission electron microscope) was used to determine particle size 

and to confirm particles geometry. Proton nuclear magnetic resonance (1H NMR) was used to 

determine hydrogen framework, whereas, carbon 13 nuclear magnetic resonance (13C NMR) was 

used to determine carbon framework (DMSO, Bruker TopSpin NMR) of the ligand. 

4.2.4. Adsorbate preparation 

Stock solution (1000 mg/L) of methyl violet was prepared by dissolving 1.000 g into 1000 mL of 

distilled water. Working solutions were then prepared from the stock solution by taking specific 

volumes of stock solution and diluting to the desired volumes in separate volumetric flasks. 

4.2.5. Surface charge determination 

Surface charge determination was evaluated before the commencement of batch adsorption 

experiments via salt addition method (Kataria and Garg, 2017). This was done using 2 mg of the 

adsorbent in eight 20 mL solutions of 0.1 M NaCl with different initial pH values (pHi) between 

2 and 9. The adjustment of pH was done using 0.1 N HCl or 0.1N NaOH as the case may be. The 

glass bottle containing the different solutions were shaken for 6 hr at room temperature using an 

orbital shaker at a speed of 150 rpm. Thereafter, final pH values (pHf) were determined by means 

of a pH meter.  

4.2.6. Adsorption studies 

The removal of methyl violet was done using batch adsorption experiments as reported by                

ul Haq et al. (2020) by varying pH, temperature, adsorbate concentration, contact time and 

adsorbent dose. Adsorption was performed in 100 mL glass bottles with screw caps and the 

agitation was done with an orbital shaker at 150 rotations per minute. Initial and final 
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concentrations of the dye was measured with Ultra Violet-Visible light spectrophotometer (UV-

Vis) at λmax = 585 nm. Each of the aforementioned parameters was evaluated by keeping all the 

others fixed. For pH adjustments, 0.1 M HCl and NaOH solutions were used as appropriate. The 

pH effect was investigated between pH 2 and 10. The contact time effect was studied between 0 

and 360 minutes. The effect of adsorbent dose and adsorbate amount were evaluated at four 

different concentrations (i.e. 10.4, 19.8, 40.6 and 80.2 mg, and, 7.25, 21.2, 40.2 and 54.2 mg/L 

respectively). The adsorption efficiency (% adsorbed) and adsorption capacity (qe) were 

calculated by using equations 4.1 and 4.2 respectively:                                                                    

𝐴𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (% 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑) = (
𝑐𝑖−𝑐𝑒𝑞

𝑐𝑖
)  𝑥 100                                                        (4.1) 

𝐴𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (𝑞𝑒) =  
(𝑐𝑖−𝑐𝑒𝑞)𝑉

𝑚
                                                                                  (4.2)                                            

Where, ci = initial BG concentration in mg/L 

            ceq = equilibrium concentration of the dye in mg/L 

            qe = adsorption capacity in mg/g 

            m = mass of the adsorbent (g) and   V = volume of the adsorbate solution used (L). 

4.2.7. Desorption and reusability studies 

For reusability studies, three runs of adsorption were considered for a run period of 6 h 

successively without desorption. After, each run separation was done by means of centrifugation. 

This was done to check the reusability of the adsorbent for cost effectiveness. However, in the 

desoption studies after each run of adsorption the loaded adsorbent was separated by 

centrifugation, dried in an oven at 70oC and dispersed in three 0.1 N HNO3 solutions and stirred 

for the equivalent period as in adsorption. At the end of reusability/desorption experiments 

concentration was measured at λmax = 585 nm using UV/Visible spectrophotometer. Desorption 

efficiency (%desorbed) was calculated using equation 4.3: 

𝐷𝑒𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (% 𝑑𝑒𝑠𝑜𝑟𝑏𝑒𝑑) = (
𝑐𝑑

𝑐𝑎
)  𝑥 100                                                           (4.3) 
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Where Cd = dye concentration desorbed and Ca = dye concentration adsorbed both in mg/dm3. 

4.2.8. Data analysis 

The data obtained from this study was statistically analysed and plotted using OriginPro 2021b. 

4.3. Results and discussion 

4.3.1. Characterization 

4.3.1.1. Functional group identification  

The FTIR analysis was carried to obtain vibrational spectra of the materials and to verify if 

functionalization occurred or not. The obtained spectra of the ZnO-Si, ZnO-NH2, ZnO-COOH 

and ZnO-Pyrene synthesized nanoparticles clearly showed the Zn-O stretch between 500 and 450      

cm-1 (Figure 4.7); (Gnanasangeetha and Saralathambavani, 2013; Winiarski et al., 2018). The 

stretch between 800 and 700 cm−1 in the ZnO-Si and ZnO-NH2 spectra could be a result of 

hydrogen atoms motion parallel to the connection line of the two nearest metal ions (Lutz et al., 

1998). Between 1400 and 1300 cm-1, alcohol O-H bending was also observed in these spectra, 

which might have resulted from atmospheric moisture (Ahmed et al., 2020).  In addition, Si-O 

stretch at 988 cm-1 was also noticed in both spectra and Zn-N stretch between 450 and 400 cm-1 

in ZnO-NH2 spectrum which appeared to interfere with the Zn-O stretch hence the peak is more 

pronounced (El-Nahhal et al., 2016; Hu et al., 2011). 

The C–N non-aromatic amine bending was also observed between 1100 and 1200 cm-1
 in ZnO-

NH2 spectrum (Nasrollahi et al., 2018). Same observations were noticed in ZnO-COOH spectrum 

with the appearance of two stretches (i.e C-O stretch, between 1400 and 1300 cm-1 and C=O 

stretch, between 1700 and 1500 cm-1), which arose from the introduction of carboxyl group 

(Wang et al., 2011). In the ZnO-Pyrene spectrum, -OH alcohol appeared at 3360 cm-1, this might 

have emerged from pyrene ligand. The strong peaks between 1700 and 1300 cm-1 attributed to 

carboxyl group of ester (Wang et al., 2011) resulted from the functionalization with pyrene 

ligand. Weak peak between 3100 and 3000 cm-1 corresponds to C-H aromatic stretch followed 
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by two C-H stretches of alkane between 2990 and 2850 cm-1. These peaks were conspicuously 

missing from the peaks of silica coated zinc oxide nanoparticles. From these observations, it can 

be deduced that silica coated zinc oxide nanoparticles were successfully synthesized and 

functionalised with pyrene ligand. 

 

Figure 4.7: FTIR spectra of ZnO-Si, ZnO-NH2, ZnO-COOH and ZnO-Pyrene. 

4.3.1.2. Morphology and composition of synthesized materials 

SEM analysis was performed to determine the morphology of the materials as this plays a crucial 

role in adsorption. In the analysis, which was carried out at the same magnification, crystalline 

morphology was observed for ZnO-Si NPs (Figure 4.8 (a)). A similar morphology was also 

determined for the uncoated ZnO nanoparticles in chapter three. The morphology was retained 

from (Figure 4.8 (b) – (d)) for ZnO-NH2, ZnO-COOH and ZnO-Pyrene NPs respectively, this is 

an indication that the core properties were maintained after successive surface modifications. The 

geometry determination was inconclusive with the SEM analysis due to low resolution, which 
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might have been due to particles aggregation. Thus, TEM analysis was considered for geometry 

determination. The elemental composition was determined using EDX in order to ascertain the 

purity of the synthesized materials and to verify if the syntheses of the materials were successful. 

In the analysis, clear peaks corresponding to Zn were observed in three intervals, 0.8 - 1.2 keV, 

8.4 - 8.8 keV, and 9.4 - 9.8 keV respectively (Figure 4.9 (a) - (d)).  

 

Figure 4.8: SEM images of (a) ZnO-Si, (b) ZnO-NH2, (c) ZnO-COOH and (d) ZnO-Pyrene NPs. 

A peak corresponding to O was also observed between 0.4 and 0.6 keV in the nanoparticles (NPs) 

spectra. All synthesized NPs spectra showed peaks corresponding to Zn and O, in similar regions 

as reported in a work reported by Alam et al. (2012) with an additional peak corresponding to Si 

between 1.6 and 1.8 keV in Figure 4.9 (a) (Ramasamy et al., 2014). After functionalization with 

amine, Si peak disappeared due to its low proportion compared to other elements and an 

additional peak of N was noted in Figure 4.9 (b) between 0.2 and 0.4 keV for ZnO-NH2. The 
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same observations were also noticed for N in Figure 4.9 (c) and an addition of C was noted 

between 0.2 and 0.4 keV for ZnO-COOH. In Figure 4.9 (d), an additional peak of nitrogen and 

carbon which originated from the introduced pyrene ligand was obtained between 0.2 and 0.6 

keV and 0.2 and 0.4 keV respectively for ZnO-Pyrene NPs were noticed. From the EDX spectra, 

it can be deduced that the samples were of high purity as no foreign or unwanted elements 

appeared. The high ratios of Zn and O atoms imply that the substrate material was ZnO. Followed 

by coating and functionalization. Also, the addition of specifically the atoms that form the 

introduced functional groups mean that only the functional groups were taken from their sources 

to the substrate material. For purity confirmation, further analysis was done with TGA. 

 

Figure 4.9: EDX spectra of (a) ZnO-Si, (b) ZnO-NH3, (c) ZnO-COOH and (d) ZnO-Pyrene NPs. 

4.3.1.3. Particle size determination and shape confirmation 

Figure 4.10 shows the TEM images of (a) ZnO-Si (b) ZnO-NH2 (c) ZnO-COOH and                          

(d) ZnO-Pyrene NPs at same magnification and also their particle size distributions. It can be 

noticed from all four TEM images that a spherical shape was observed and maintained similarly 

to the crystallinity observed in the SEM analysis. It can also be deduced that the particle size was 

decreasing as functionalization proceeded (Figure 4.10). The particle size decreased from 276 to 
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181 nm on average (Figure 4.10). This observation was due to decreased particles aggregation 

because of functionalization due to electron-electron repulsion brought by the ligand in the novel 

adsorbent. 

 

Figure 4.10: TEM images of (a) ZnO-Si, (b) ZnO-NH2, (c) ZnO-COOH and ZnO-Pyrene nanopaticles and their 

particle distributions. 

4.3.1.4. Crystal information determination 

In order to determine the crystal and phase information of the synthesized materials, XRD 

analysis was carried out. In the XRD diffractogram of ZnO-Si NPs nine reflections were observed 
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at 31.8 o, 34.5 o, 36,3 o, 47.6 o, 56.6 o, 62.9 o, 66.5 o, 68.0 o and 69.2 o (Figure 4.11). These XRD 

reflections were assigned to the following miller indices respectively, (100), (002), (101), (102), 

(110), (103), (200), (112) and (201). These results were similar to the results of Mohan and 

Renjanadevi (2016). The reflections were maintained from ZnO-Si up to the novel material (ZnO-

Pyrene NPs) meaning that the core structure was maintained throughout. In addition, the 

diffractogram of ZnO-Pyrene showed amorphous nature of the ligand used for grafting ZnO NPs 

as the roughness of the diffractogram was observed.  

 

Figure 4.11: XRD spectra of ZnO-Si, ZnO-NH2, ZnO-COOH and ZnO-Pyrene. 

 

Moreover, this is another implication that functionalization was successful and that 

functionalization is a surface effect as there were no alterations in the core structure of the starting 

material.  
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4.3.1.5. Purity and thermal stability of the materials 

TGA analysis was carried out to determine the percentage of organic compounds present in the 

samples, thermal stabilities and purities of the samples. Two weight losses were observed in ZnO-

Si TGA curve, 2 wt% between 50 and 150oC, 55 wt% between 350 and 800oC (Figure 4.12 (a)). 

The first weight loss was due to loss of solvent and traces of water that might have been initial 

present and the second one attributes to the loss of the silica layer. 

 

Figure 4.12: TGA curve of (a) ZnO-Si (b) ZnO-NH2 (c) ZnO-COOH and (d) ZnO-Pyrene NPs. 

The loss of amine functionality occurred with the loss of water due to the high solubility of NH3 

gas in water in ZnO-NH2 TGA curve (Figure 4.12 (b)). The latter occurred between 100 – 300oC, 

followed by the thermal decomposition of silica layer. The 0.1 wt% weight loss in ZnO-COOH 

TGA curve between 80 and 125oC attributed to the loss of hydrocarbons (including the carboxylic 
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functionality) and water traces that were initially present (Figure 4.12 (c)). Weight loss between 

125 and 550oC attributed to the loss from the remaining water traces and silica layer. The last 

weight loss in ZnO-COOH TGA curve between 550 and 800oC can be attributed to thermal 

decomposition Zn(OH)x, which might have evolved from the intial presence of water.  In ZnO-

Pyrene TGA curve, the weight loss (2.22 wt%) between 625 and 800oC was a result of the 

adittional shells resulted from coating and functionalization (Figure 4.12 (d)). The weight 

additions, which occurred initially from Figure 4.12 (b - d), were caused by atmospheric moisture.  

4.3.2. Adsorption studies 

4.3.2.1. pH effect 

To evaluate the effect of the solution pH on adsorption, contact time, adsorbent dose and 

adsorbate concentration were kept constant. This was done in pH interval 2-10. In the experiment, 

it was noticed that adsorption was increasing with increasing pH (Figure 4.13) similar to the 

report of Xu et al. (2011). Lower adsorption at pH values below the pHpzc was due to the 

electrostatic repulsions between MV molecules and ZnO-Pyrene since they both bare a positive 

charge at those pH values. The opposite was observed for pH values above the pHpzc. From pH 2 

to 4, the adsorption was increasing sharply, however, from pH 4 to 9 it was becoming constant 

and that was an indication of the optimum pH. On that note, 6.5 was adopted as the pH for 

subsequent adsorption experiment. 

 

Figure 4.13: pH effect curve on MV adsorption (Dose approximately = 40 mg, MV concentration = 14.6 mg/L,                        

contact time = 360 min and temperature = 20 ± 2oC).  
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4.3.2.2. Effect of contact time  

Although there were some fluctuations in the adorption capacity when contact time was varied, 

overall, the adsorption was increasing with increase in contact time (Figure 4.14). This 

observation is similar to the result reported by Rahchamani et al. (2011). The increase in 

adsorption capacity was not sharp at low time intervals viz., (5, 15, 30, 60 and 105 min); this 

might have been due to low adsorbent dispersion in the solution in those contact time intervals.  

 

Figure 4.14: Contact time effect curve on MV adsorption capacity (dose approximately= 40 mg,            

concentration = 25.9 mg/L, pH = 6.5 and temperature = 20 ± 2oC). 

However, it was the opposite from 105 to 360 min. However, 360 min was adopted since it is the 

time at which maximum adsorption was observed. 

4.3.2.3. Dose effect 

In this experiment, the pH, adsorbate concentration, contact time and temperature were kept 

constant. It was observed that the adsorption of MV increased with an increase in adsorbent 

amount (Figure 4.15). Adsorption increased from 22.41 to 79.09 % with adsorbent dose from 5 

to 40 mg respectively. The maximum adsorption was observed at 40.1 mg. This was due to the 

fact that the more the adsorbent dose the more the surface active sites available for the adsorption 

of MV from aqueous solution, thus higher adsorption efficiency was observed at higher adsorbent 

dose. 
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Figure 4.15: Adsorbent dose effect curve on MV adsorption (MV concentration = 30.0 mg/L, pH= 6.5,       

temperature = 20 ± 2oC and contact time = 360 min).  

4.3.2.4. Effect of dye concentration 

The initial concentration effect on the adsorption of MV by ZnO-Pyrene was studied at four 

different dye concentrations. During this experiment, other parameters were kept constant. 

Adsorption capacity increased from 15.1 to 50.7 mg/g until adsorption attained equilibrium 

(Figure 4.16). Chen et al. (2010) also reported similar observation on the effect of adsorbate 

concentration on zinc oxide nanoparticles. This behaviour may be as a result of fewer adsorbent-

adsorbate collisions at lower dye concentrations hence qe was low and vice versa for higher 

concentrations.  

 

Figure 4.16: Adsorbate concentration effect on adsorption capacity of MV onto the adsorbent                        

(contact time = 360 min, dose approximately = 40 mg temperature = 20 ± 2oC and pH = 6.5). 
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The insignificant difference between the last two concentrations in adsorption capacity means 

that the active sites of the adsorbent were used up or almost used up. 

4.3.3.  Kinetic studies 

Three kinetics models were considered in the rate mechanism determination of the adsorption of 

methyl violet by ZnO-Pyrene viz., (pseudo-first order, pseudo-second order and intraparticle 

diffusion kinetic models). These models are expressed in equations (4.4), (4.5) and (4.6) 

respectively:                                               

ln(𝑞𝑒 − 𝑞𝑡) =  ln 𝑞𝑒 − 𝐾1𝑡                                                                                                      (4.4) 

𝑡

𝑞𝑡
=  

1

𝐾2𝑞𝑒 
2 +  

𝑡

𝑞𝑒
                                                                                                                         (4.5) 

𝑞𝑡 =  𝐾𝑖𝑑𝑡1/2 + 𝐶                                                                                                                     (4.6) 

Where, qe denotes adsorption capacity at equilibrium time, qt (mg/g) is the adsorption capacity at 

time t, K1 (min−1) and K2 (g/mg.min)  are pseudo-first order kinetic rate constant and pseudo-

second order rate constant respectively, t denotes time in minutes, Kid is the intra-particle diffusion 

rate constant usually expressed in mg.g−1.min-0.5 and C is the thickness of boundary layer 

normally expressed in mg/g. All the values of the kinetic parameters are presented in Table 4.1 

together with their R2 values.  

Table 4.1: MV adsorption onto the novel adsorbent kinetic models’ parameters. 

 

Kinetic models Parameters  Values of parameters 

Pseudo-first order K1 (min−1) 

qe (cal) 

R2 

-1.84 x 10-5 

23.2 

0.931 

Pseudo-second order K2 (g/mg.min)  

qe (cal) 

R2 

1.06 x 10-10 

3.24 x 104 

0.0473 

Intraparticle diffusion Kid (mg.g−1.min1/2) 

C 

R2 

0.0756 

1.43 

0.893 

Experimental data qe (exp) 20.6 

*The numerical values in this table are presented in three significant figures. 

Since C ≠ 0 it can be concluded that intraparticle diffusion model was unapplicable to explain the 

adsorption of MV by ZnO-Pyrene nanoparticles (Rahchamani et al., 2011). The value of the 
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adsorption capacity for the adsorption of MV at equilibrium for the pseudo-first order was closer 

to experimental value. The fact that the R2 value of the data when fitted to pseudo-first order was 

the closest to 1 implied that the data could be better described by pseudo-first order. This means 

that the adsorption was physisorption.  

4.3.4. Adsorption isotherms 

Four adsorbate concentrations in the intervals 7.25; 21.2; 40.2 and 54.2 mg/L were considered 

for removal of MV from aqueous solution by ZnO-Pyrene nanoparticles (Figure 4.16). The 

interaction between MV and ZnO-Pyrene molecules was explained using three adsorption 

isotherms. Langmuir adsorption isotherm, Freundlich adsorption isotherm and Temkin 

adsorption isotherm expressed as equations (4.7), (4.8) and (4.9) respectively:  

1

𝑞𝑒
= (

1

𝐾𝐿𝑞𝑚𝑎𝑥
) (

1

𝑐𝑒
) + (

1

𝑞𝑚𝑎𝑥
)                                                                                                       (4.7) 

log 𝑞𝑒 =  log 𝐾𝐹 + (
1

𝑛
) log 𝑐𝑒                                                                                                        (4.8) 

𝑞𝑒 = 𝐵 ln 𝐾𝑇 + 𝐵 ln 𝑐𝑒                                                                                                                 (4.9) 

qmax (mg/g) is the maximum adsorption capacity, KL (L/mg) is the Langmuir constant and qe is 

the adsorption capacity in (mg/g), KF (mg/g(L/mg)1/n) denotes Freundlich constant and n is the 

heterogeneity factor, ce   is the dye concentration at equilibrium time, B (J mol-1) is the Temkin 

constant which indicates the adsorption heat and KT (L.g−1) is equilibrium binding constant. 

Adsorption parameters were obtained using linear form of Langmuir adsorption isotherm from a 

graph of between 1/qe versus 1/ce (equation 4.7) for Langmuir adsorption isotherm. The linear 

plot of logqe versus logce (equation 4.8) was used to determine the Freundlich isotherms 

parameter values. The values of Temkin parameters were determined from a graph of qe versus 

lnce   (equation 4.9). The correlation coefficients and isotherm parameter values of MV are listed 

in Table 4.2. For a favourable adsorption process, in the Freundlich isotherm the value of n should 

be between 1 and 10, which indeed was the case in this study. However, the R2 was not closer to 

1 in comparison with Temkin and Langmuir isotherms. Therefore, it was discarded. Even though 
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the Temkin’s isotherm R2 was better than that of Freundlich isotherm it was also discarded since 

it was far from 1 in comparison to Langmuir isotherm. Therefore, the interaction between MV 

molecules and ZnO-Pyrene nanoparticles can be best explained using Langmuir isotherm. 

Meaning that the adsorption was limited to a single layer. This result is similar to the data reported 

by Doğan and Alkan (2003). The material showed quite high maximum adsorption capacity in 

comparison to some other adsorbents previously reported in literature (Table 4.3), therefore it 

could be a considerable alternative for MV removal from aqueous solution.  

Table 4.2: MV adsorption isotherms’ parameters. 

 

Adsorption isotherms Parameters  Values  

Langmuir isotherm KL (L/mg) 

qmax (mg/g) 

R2 

0.253 

31.5 

0.980 

Freundlich isotherm KF (mg/g(L/mg)1/n)  

n 

R2 

8.56 

2.89 

0.809 

Temkin isotherm KT (L/mg) 

B 

R2 

1.19 x 103 

0.168 

0.864 
*The numerical values in this table are presented in three significant figures. 

 

 

 

Table 4.3: Comparison of adsorption capacities of various MV adsorbents from aqueous medium. 

 

Adsorbent Adsorbate qmax (mg/g) References 

ZnO-NRs-AC MV 81.6 (Dil et al., 2017) 

Bagasse fly ash MV 26.3 (Mall et al, 2006)  

TiO2 (B) MV 3.00 (Jafari et al., 2012)  

AgI/ TiO2 (B) MV 4.12 (Jafari et al., 2012)  

Sepiolite MV 10.2 (Özdemir et al., 2006)  

Mansonia sawdust MV 16.1 (Ofomaja, 2008) 

ZnO-Pyrene MV 31.5 Current study 
*The numeric values are presented in three significant values. 

 

4.3.5.  Desorption and reusability studies 

From cycle 1 to 2, the efficiency was decreasing. However, from cycle 2 to 3 efficiency was 

increasing. Nevertheless, overall it was noticed that the adsorption efficiency was decreasing as 

the runs proceeded because there was no much difference between cycle 2 and 3 (Figure 4.17). 

This was due to the decreasing number of adsorptive sites as the cycle numbers were increasing. 

It was also noticed that desorption was increasing as number of cycles was increasing.  
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Figure 4.17: Adsorption and desorption of methyl violet. 

This was due to the fact that there were more adsorbed dye molecules in the higher cycles thus 

making it easy to desorb. 

4.4. Conclusion 

Pyrene grafted onto ZnO NPs (ZnO-Pyrene) were synthesized successfully as proven by 

characterization results. The FTIR analysis proved that the functionalization was successful. 

These synthesized materials were of high purity as there were no unwanted elements in their EDX 

spectra. This was also proven by the TGA analysis, which showed high residuals at different 

temperature range. Through the functionalization process, the inner core properties such as shape 

were maintained and proof to that is the XRD result. The morphology and shape of the particles 

were crystalline and spherical as observed on the SEM and TEM analyses respectively. The 

particle size was reduced from 290 to 181 nm as a result of functionalization. The novel material 

showed high efficiency and capacity for the removal of MV compared to some known adsorbent 

reported in literature for MV removal and its potency was highly influenced by pH, adsorbent 

dose, contact time and adsorbate concentrations from batch adsorption experiments. These results 

are indication of the excellent adsorptive properties of ZnO-Pyrene for the removal of stubborn 

contaminants such as methyl violet from aqueous solution. 
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Chapter Five 

 Pyrene ligand grafted onto zinc oxide nanoparticles for the removal of brilliant green 

from aqueous solutions  

Abstract 

Herein, previously synthesized pyrene grafted onto zinc oxide nanoparticles (ZnO-Pyrene NPs) 

were used for brilliant green (BG) dye removal from aqueous solutions. The efficiency of pyrene 

grafted onto zinc oxide nanoparticles was evaluated through batch adsorption experiments. The 

maximum adsorption efficiency of 88.8% was accomplished with 79.8 mg at pH 6.50 and 

constant room temperature. BG adsorption rate mechanism was determined using three kinetic 

models and was best explained by the pseudo-first order kinetic model. Dye adsorption behaviour 

was explained using three different isotherms and Langmuir isotherm was the most applicable. 

Reusability of the adsorbent showed that the adsorbent is still efficient after 3 runs. This study 

indicates that this novel material can be explored for the removal of dyes and vast variety of 

contaminants from real wastewater considering its high adsorption efficiency and recyclability. 

Keywords: Adsorption, 1-(4-hydroxyphenyl)-4-pyrenyl-2,3-diaza-1,3-butadiene, isotherm, 

silica, grafted, zinc oxide 
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5.1. Introduction 

Water covers about 70% of the earth's surface. However, worldwide, supply of water fails to 

match up with the rapid growing demand, due to water quality deterioration, industrialization, etc 

(Abdin and Gaafar, 2009; Blomquist et al., 2012; Qu et al., 2013). Water quality deterioration 

mostly arise from discharges of toxic heavy metals, organic and inorganic pollutants since water 

is their principal receiver (Kataria and Garg, 2017). Organic contaminants are carbon-based 

chemicals like pharmaceuticals, solvents, dyes and pesticides (Alexander et al., 2012; Bond et 

al., 2012; Delgado et al., 2012; Wankhade Atul et al., 2013), which end up in water streams as a 

result of farmlands runoff (Reichenberger et al., 2007) or factories discharge (Guasmi et al., 

2010). The occurrence of the latter substances changes the chemical and physical properties of 

water and causes a significant threat to human well-being (Saharan et al., 2014). As a typical 

example of organic contaminants, organic dyes are sourced from various industries including 

textile, pulp and paper, leather, printing, pharmaceutical etc (Hanafi and Sapawe, 2020; Saharan 

et al., 2014). 

These industries use dyes for different desires (Rehman et al., 2013). Furthermore the quality and 

quantity of dyes vary from industry to industry, and from use to use (Rehman et al., 2013). Dyes 

are broadly grouped into anionic and cationic dyes, in comparison anionic dyes are more toxic 

(Nandi et al., 2009). Nevertheless, brilliant green as cationic dye has been associated with a 

number of health problems such as skin irritation, diarrhoea, eye irritation, difficult breathing, 

vomiting, nausea, coughing, etc ( Rehman et al., 2013). They are also associated with lung and 

kidney failure (Bhattacharya et al., 2019; Chatterjee and Dasgupta, 2005; Forgacs et al., 2004).  

Therefore, it can be considered as one of the environment threats. Its health problems are a result 

of its carcinogenic, allergenic and mutagenic characteristics (Kishor et al., 2021; Rehman et al., 

2013). These negative health effects imply that pre-treatment of industrial wastewater 

constituting dyes is crucial prior to their discharge. Many techniques have been discovered and 

used for the removal of recalcitrant pollutants like brilliant green in water. These techniques 
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include electrocoagulation (Hashim et al., 2019; Mariah and Pak, 2020; Nandi and Patel, 2017; 

Nandi and Patel, 2014), photo-degradation (Bhattacharya et al., 2019; Chen et al., 2008; Hassan 

and Mannaa, 2016; Khan et al., 2020; Shambharkar and Chowdhury, 2016; Sood et al., 2015), 

advance oxidation process (Ju et al., 2013; Rehman et al., 2018), adsorption (Kismir and Aroguz, 

2011; Kobiraj et al., 2012; Mane and Babu, 2011; Nandi et al., 2009; Rehman et al., 2013; Salem 

et al., 2016). Among these, adsorption technique is an innovative and economical reasonable 

alternative owing that to its ease of application and high removal performance (Ali and Gupta, 

2007; Patil et al., 2020) more especially with nanomaterials. 

 Although other techniques have also shown high removal efficiency, their worldwide application 

is limited due to certain economical and technical limitations associated with their use such as 

high cost, high energy consumption and production of sludge after water treatment (Asgher and 

Bhatti, 2012). In addition, different materials have been extensively used as adsorbents for 

water/wastewater treatments. These materials include: activated carbon (Asadullah et al., 2010; 

Ghaedi et al., 2011), natural clay (Aichour and Zaghouane-Boudiaf, 2019; Rehman et al., 2013), 

carbon nanotubes (Kumar et al., 2014), magnetic nanoparticles (Zhang et al., 2017) and so on. 

These materials have shown to possess uncharacteristic removal efficiency, inadequate active 

sites, and no re-usability abilities which results into seeking alternate materials that can 

effectively take care of these disadvantages. Zinc oxide nanoparticles are excellent materials with 

adsorption and photocatalytic properties. Therefore, this study seeks to develop for the first time 

economically reasonable and highly effective adsorbent; pyrene grafted onto zinc oxide 

nanoparticles. As a potent alternative for BG removal from aqueous solution, it is highly 

characterized by great chemical and thermal stabilities of zinc oxide core with an enhanced 

chelating capabilities brought about by the presence of pyrene nitrogen functionalities on the 

surface of zinc oxide nanoparticles. Thus, improving the adsorption efficiency as well, by 

providing a scarefold where other functionalities can be attached. In addition, batch adsorption 

removal involving influence of pH, time, brilliant green concentration and adsorbent amount were 
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evaluated in other to ascertain the best possible condition for the removal of this contaminant 

from water using the novel material. 

5.2. Methodology 

5.2.1. Materials and chemicals 

32% hydrochloric acid analar was bought from Merck Chemicals, Gauteng, South Africa. 

Sodium chloride and sodium hydroxide of purities of 98% and above were bought from 

Associated Chemical Enterprises (South Africa). Brilliant green dye was purchased from Baird 

& Tatlock Ltd, London, England. This dye and chemicals were used as received from the 

suppliers.  

5.2.2. Synthesis and characterization of pyrene grafted zinc oxide nanoparticles 

The pyrene grafted zinc oxide nanoparticles were obtained after covalent grafting of pyrene 

ligand on the surface of zinc oxide nanoparticles previously synthesized by co-precipitation 

method. The synthesized materials were characterized via several techniques; details of the 

synthesis and characterization of the synthesized materials were previously discussed in Chapters 

3 and 4. 

5.2.3. Preparation of adsorbate solutions 

BG (1 g) was dissolved in enough distilled water in 1000 mL volumetric flask. After the solute 

was totally dissolved, distilled water was added to the mark up volume (1000 mL). Standard and 

working solutions were then obtained from the stock solution by diluting to the desired 

concentration in separate volumetric flasks. 

5.2.4. Point of zero charge  

Point of zero charge (pHpzc) was evaluated before the commencement of batch adsorption 

experiments via salt addition method (Kataria and Garg, 2017). This was accomplished by adding 

2 mg of ZnO-Pyrene in eight 20 mL solutions of 0.1 M NaCl with different initial pH values (pHi) 
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ranging from 2-9. The adjustment of pH of the solutions was done using 0.1 M HCl or NaOH 

solutions as the case may be. Glass bottles containing the different solutions were shaken for 6 

hrs at room temperature using an orbital shaker at a speed of 150 rpm. Thereafter, final pH values 

(pHf) were determined. The pHpzc of ZnO-Pyrene was calculated from a plot of ΔpH versus pHi. 

5.2.5. Adsorbate removal experiment 

BG removal from aqueous solution was carried out via batch adsorption experiments as earlier 

reported by ul Haq et al. (2020) with little adjustments, considering the effect of adsorbate 

concentration, pH, contact time and adsorbent dose. This was done using 100 mL glass bottles 

with screw caps and orbital shaker for adsorption at 150 rpm. Separation of adsorption solution 

was done by means of centrifugation after each time interval and the remaining dye concentration 

was determined with UV-Visible spectrophotometer (UV-Vis) at λmax = 625 nm. The effect of 

solution pH on the adsorption process was investigated from pH 2-10 by changing the initial 

solution pH to the desired pH using 0.1M hydrochloric acid or sodium hydroxide solutions. The 

contact time effect was evaluated for the time interval 0 to 360 minutes whereas the effect of 

adsorbent dose and adsorbate concentration was carried out at four different concentrations. The 

adsorption efficiency also presented as % adsorbed and adsorption capacity denoted as qe were 

determined using equations 5.1 and 5.2 respectively:    

𝐴𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (% 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑) = (
𝑐𝑖−𝑐𝑒𝑞

𝑐𝑖
)  𝑥 100                                                   (5.1) 

𝐴𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (𝑞𝑒) =  
(𝑐𝑖− 𝑐𝑒𝑞)𝑉

𝑚
                                                                                 (5.2)          

Where, Ci = BG concentration (mg L-1) 

             Ceq = BG concentration at equilibrium (mg L-1) 

             qe = equilibrium adsorption capacity (mg g-1) 

              m = adsorbent mass (g)  

   and     V = volume of the adsorbate solution used (L). 
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5.2.6. Reusability and desorption studies 

Three runs were considered for reusability and desorption studies and each run was 6 hrs. This 

was done to check the reusability of the adsorbent for cost effectiveness. The loaded adsorbent 

was separated by centrifugation after each run of adsorption, dried in an oven at 70oC and 

dispersed in three 0.1M HNO3 solutions and stirred for the same period as was for adsorption. At 

the end of reusability and desorption experiments, concentration was measured at λmax = 625 

nm using UV-Visible spectrophotometer. Desorption efficiency (% desorbed) was calculated 

using equation 5.3: 

𝐷𝑒𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (% 𝑑𝑒𝑠𝑜𝑟𝑏𝑒𝑑) = (
𝑐𝑑

𝑐𝑎
)  𝑥 100                                                             (5.3)                                                                                                   

 Where Cd = dye concentration desorbed and Ca = dye concentration initially adsorbed both in 

(mg/L). 

5.2.7. Data analysis 

The data obtained from this study was statistically analysed and plotted using OriginPro 2021b.  

5.3. Results and discussion 

5.3.1. Characterization 

The characterization of this novel material using analytical instruments/equipments such as FTIR, 

SEM-EDX, TEM, XRD, TGA and BET indicates that this material was successfully synthesized. 

FTIR spectra showed distinct peaks at about 500 cm-1 ascribed to Zn-O stretch as well as the 

other peaks from pyrene ligand. In addition, a crystalline morphology and spherical shape of the 

material was observed from the SEM and TEM micrographs respectively, which are 

characteristics of zinc oxide nanoparticles. Detailed result of characterization of this material has 

been discussed in the preceeding chapters of this study (Chapters 3 and 4).  
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5.3.2. Adsorption studies 

5.3.2.1. Influence of pH 

The solution pH and BG removal relationship was evaluated in the pH range 2-9. In this 

experiment all other four parameters were fixed viz., (contact time = 6 h, adsorbent dose 

approximately = 40.0 mg, adsorbate concentration = 34.6 mg/L and temperature = 20 ± 2oC). 

Prior to this investigation, pHpzc was determined and found to be 6 (Figure 5.1 (a)). During that 

course it was deduced that at pH values below the pHpzc, the adsorbent surface charge was 

positive. The latter was a result of protonation (H+). BG dye is also positive in aqueous solution 

therefore more electrostatic repulsions between positively charged molecules (ZnO-Pyrene and 

BG) resulted in lower removal efficiency. However, above the pHpzc the removal was higher due 

to electrostatic attractions between ZnO-Pyrene and BG molecules. Contaminant removal 

increased from 51.07 to 98.03 % in pH range 2-9 (Figure 5.1 (b)). This result was similar to the 

data reported by Kataria and Garg (2017). Even below the pHpzc the removal was high implying 

that ZnO-Pyrene is a potent material for BG removal. From as low as pH 4 the removal began to 

become constant signifying the optimum pH even though there were slight fluctuations. However, 

pH 6.5, a pH just above pHpzc, was considered for further adsorption experiments on this material.  

5.3.2.2. Influence of contact time 

Contact time and dye removal relationship was evaluated to explore the optimum equilibrium 

time for BG removal. This was conducted for time intervals from 5-360 min while the pH = 6.5, 

adsorbent dose approximately = 40 mg, adsorbate concentration = 40.4 mg/L and temperature = 

20 ± 2oC were fixed (Figure 5.1 (c)). Overall, it was noticed that adsorption efficiency was 

increasing with time as it was reported in the study of Abbas (2020). At low time intervals 5, 15, 

30 and 60 minutes the increase in adsorption capacity was not sharp, this might have been due to 

low adsorbent dispersion in the solution in those contact time intervals. However, it was the 

opposite from 60 to 225 min. From 225 to 360 min the gradient decreased as the adsorption 
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capacity was becoming constant, this was an indication of the optimum equilibrium time for BG 

removal and 360 min was adopted. This decision was made because 360 minutes showed the 

highest adsorption capacity in comparison to other time intervals. 

5.3.2.3. Influence of adsorbent dose 

The adsorbent dose and adsorption relationship was carried at four levels viz., 10, 19.6, 39.6 and 

79.8 mg while keeping other parameters constant (Figure 5.1 (d)). Solution pH was kept at      pH 

= 6.5, adsorbate concentration = 40.0 mg/L, contact time = 360 min and temperature = 20 ± 2oC. 

The removal efficiency increased from 10 to 79.8 mg and the maximum adsorption was found to 

be 88.83 % with 79.8 mg. These results were similar to the ones reported by                                

(Kataria and Garg, 2017). 10 mg possessed the lowest adsorption as a result of a lesser number 

of active sites whereas 79.8 mg possessed a highest adsorption due to a large number of present 

active sites compared to others. However, from 39.6 to 79.8 mg the adsorption was almost 

constant as a result of many packed sites which might have led to electrostatic repulsions after 

sometime between the adsorbent and adsorbate molecules. Since the adsorption started to become 

constant from 39.6 mg, 39.6 mg was kept for further experiments.  

5.3.2.4. Influence of adsorbate concentration 

Four different concentrations were considered for the adsorbate concentration and adsorption 

capacity relationship study. During this experiment pH = 6.5, contact time = 360 min, adsorbent 

dose approximately = 40.0 mg and temperature = 20 ± 2oC were kept constant. In this experiment, 

it can be noticed that the adsorption capacity was increasing with concentration from 10.2 – 65.0 

mg/L (Figure 5.1 (e)). The increase was due to the fact that at high concentrations there were 

more adsorbent-adsorbate collisions as a result of excess adsorbate molecules. Abbas (2020) also 

reported similar results. 
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Figure 5.1: (a) Point of zero charge (b) influence of pH (c) influence of contact time (d) influence of adsorbent 

dose and (e) influence of adsorbate concentration. 

5.3.3. Kinetic studies 

The rate mechanism of brilliant green removal process was evaluated using both the pseudo-first 

order (equation 5.4) (Kataria and Garg, 2017) and pseudo second order (equation 5.5)                     

(Ho et al., 2000) in addition to intraparticle diffusion (equation 5.6) (Kataria and Garg, 2017) 

kinetic models. These models can be expressed as follows:  

ln(𝑞𝑒 −  𝑞𝑡) =  ln 𝑞𝑒 − 𝐾1𝑡                                                                                                         (5.4) 

𝑡

𝑞𝑡
=  

1

𝐾2𝑞𝑒
2 +  

𝑡

𝑞𝑒
                                                                                                                             (5.5) 

𝑞𝑡 =  𝐾𝑖𝑑𝑡1/2 + 𝐶                                                                                                    (5.5)
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Where, qe and qt (mg/g) denote adsorption capacity at equilibrium time and time (t) respectively, 

K1 (min−1) and K2 (g/mg.min) are kinetic rate constant and pseudo-second order rate constant 

respectively, t is time in minutes, Kid (mg g−1 min-0.5) denotes the intra-particle diffusion rate 

constant whereas the boundary layer thickness is denoted by C (mg/g) . Table 5.1 gives a 

summary of kinetic parameters and R2 values of the kinetic models. The pseudo-first order kinetic 

model’s kinetic rate constant and equilibrium adsorption capacity were determined from a graph 

of ln(qe – qt) versus t. The equilibrium adsorption capacity and R2 of the pseudo-first order kinetic 

model were greater than those of the pseudo-second order kinetic model. These far lesser values 

implied non-applicability of the pseudo-second order in comparison with the pseudo-first order. 

The parameters of pseudo-second order kinetic model were determined from a plot of t/qt versus 

t. Moreover, the equilibrium adsorption capacity of pseudo-first order was the closest to the 

experimental equilibrium adsorption capacity.  

Therefore, the data was better fitted to pseudo-first order equation. A plot of qt versus t1/2 was 

used in intraparticle diffusion model to determine C, Kid, and R2 values. Since the linear 

regression curve did not pass through the origin, intraparticle diffusion cannot be noted as the 

only rate determining step of the process (Dawood and Sen, 2012). Therefore, intraparticle 

diffusion model was not applicable to the adsorption of studied dye onto ZnO-Pyrene 

nanoparticles that was also indicated by the R2 value that is far from 1. These results imply that 

the attachment of BG on the adsorbent was physically not chemically. 

Table 5.1: Brilliant green adsorption onto ZnO-Pyrene nanoparticles kinetic models’ parameters. 

 

Kinetic models Parameters  Values of parameters 

Pseudo-first order K1 (min−1) 

qe (cal) 

R2 

-8.84 x 10-5 

7.83 

0.903 

Pseudo-second order K2 (g/mg.min)  

qe (cal) 

R2 

3.68 x 10-10 

1.14 x 104 

0.0224 

Intraparticle diffusion Kid (mg.g−1.min-0.5) 

C 

R2 

0.0368 

-2.67 

0.796 

Experimental data qe (exp) 6.58 

*The numerical values in this table are presented in three significant figures. 
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5.3.4. Adsorption isotherms  

Adsorption capacity of BG dye onto ZnO-Pyrene NPs was determined using four different 

adsorbate concentration in the range 10.2 – 65.0 mg/L (Figure 5.1 (e)). Adsorption behaviour 

between adsorbate and ZnO-Pyrene NPs was explained using three adsorption isotherms. 

Langmuir adsorption isotherm expressed as equation (5.7), Freundlich adsorption isotherm 

expressed as equation (5.8) and Temkin adsorption isotherm expressed as equation (5.9): 

1

𝑞𝑒
= (

1

𝐾𝐿𝑞𝑚𝑎𝑥
) (

1

𝑐𝑒
) + (

1

𝑞𝑚𝑎𝑥
)                                                                                                       (5.7) 

log 𝑞𝑒 =  log 𝐾𝐹 + (
1

𝑛
) log 𝑐𝑒                                                                                                      (5.8) 

𝑞𝑒 = 𝐵 ln 𝐾𝑇 + 𝐵 ln 𝑐𝑒                                                                                                                 (5.9) 

In equation (5.7), qmax (mg/g) is the maximum adsorption capacity, KL (L/mg) is the Langmuir 

constant. Adsorption parameters were obtained using linear form of Langmuir adsorption 

isotherm equation (5.7) from a graph of between 1/qe versus 1/Ce and listed with the correlation 

coefficient in Table 5.2. In equation (5.8), KF (mg/g(L/mg)1/n) denotes Freundlich constant and n 

is the heterogeneity factor. The linear plot of logqe versus logCe was used to determine the 

parameter values. The n value should be between 1 and 10 for a favourable adsorption process. 

Freundlich isotherms correlation coefficient and parameters are presented in Table 5.2. In 

equation (5.9), B (J mol-1) is the Temkin constant, which indicates the adsorption heat and KT (L 

g−1) is equilibrium binding constant. Temkin parameters’ values were determined from a graph 

of qe versus lnCe. The correlation coefficient and Temkin parameter values of BG are listed in 

Table 5.2. Comparing the adsorption isotherms’ R2 values it can be deduced that the rate 

mechanism of BG adsorption may be best explained by Langmuir isotherm (Mane et al., 2007). 

Even though the R2 of Freundlich isotherm is acceptable, it is not applicable due to n value that 

is less than 1. Therefore, these observations imply that the adsorption of brilliant green was 

limited to monolayer. 
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Table 5.2: BG adsorption isotherms’ parameters. 

 

Adsorption isotherms Parameters  Values  

Langmuir isotherm KL (L/mg) 

qmax (mg/g) 

R2 

-0.0633 

-8.60 

0.988 

Freundlich isotherm KF (mg/g(L/mg)1/n)  

n 

R2 

0.0275 

0.348 

0.956 

Temkin isotherm KT (L/mg) 

B 

R2 

0.163 

64.4 

0.815 
*The numerical values in this table are presented in three significant figures. 

 

5.3.5. Reusability and desorption studies 

For reusability study, adsorption was performed three times for 6 hrs per run. After each run the 

used adsorbent was separated through centrifugation and dried before it was used for the 

following run.  The concentration was determine using UV-Visible spectrophotometer at            

λmax = 625 nm. It was noticed that the adsorption efficiency was decreasing as the runs proceeded 

(Figure 5.2). This was due to the decreasing number of present adsorptive sites of the adsorbent. 

In the third run, the efficiency was 12.1 %, which is not a good efficiency at all. However, in the 

second run the efficiency was 65.6 %, which is substantial. These observations implied that the 

material can be used to a maximum of two runs. Another evidence to the latter is the undefinable 

desorption observed at run 3. This was done to minimize cost, unlike using these potent materials 

only once and dispose them. In the desorption experiments, the recovered packed adsorbents from 

each run were dispersed in 50 mL of 0.1N HNO3 solutions. Each solution was stirred for 6 hrs. 

After stirring and separation, the concentration was determine using UV-Visible 

spectrophotometer at λmax = 625 nm. It was noticed that at higher runs there was high desorption. 

This was so because at higher runs more BG particles were adsorbed to the adsorbent surface, 

thus, easy removal was expected due to dye particle-particle repulsion. This experiment was also 

done to ascertain the effectiveness of this adsorbent for cost reduction. 
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Figure 5.2: Adsorption and desorption of BG onto ZnO-Pyrene. 

5.4. Conclusion  

ZnO nanoparticles were successfully prepared and functionalized. This was confirmed by the 

FTIR analysis. The geometry of the nanoparticles was spherical as observed in the TEM images, 

and it was also confirmed by the retained crystallinity from XRD analysis. The synthesized 

materials were of high purity as no foreign elements were found in their EDX spectra and this 

was also confirmed by TGA with high amounts of residuals. The pyrene functionalized zinc oxide 

nanoparticles were able to remove BG and their efficiency was dependent on pH, adsorbent dose, 

contact time and adsorbate concentration. Their rate mechanism was best explained by pseudo-

first order and their adsorption behaviour was best explained using Langmuir isotherm. The 

adsorbent showed quite a high reusability in the considered number of runs and run period. This 

study shows that this new material can serve as substitute material to already known materials for 

the removal of hazardous dyes from water.  
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Chapter Six 

 General conclusion and recommendations 

In this study, 1-(4-hydroxyphenyl)-4-pyrenyl-2,3-diaza-1,3-butadiene grafted onto zinc oxide 

nanoparticles was successfully synthesized. This was confirmed with FTIR, EDX and XRD. The 

other properties such as morphology, shape and particle size were determined with SEM and 

TEM analyses. The crystallinity was also successfully evaluated using XRD instrument as the 

adsorbent showed reflections in their characteristic 2 Theta regions. The ligand used for 

functionalization was successfully synthesized and characterized with FTIR and NMR. In all the 

synthesised nanoparticles, Zn-O stretch appeared between 500 and 450 cm-1, which is a 

characteristic stretch for ZnO nanoparticles. This indicated that the bare nanoparticles were 

successfully synthesized and the inner core properties were maintained throughout. The 

functionalization of the nanoparticles and the introduction of organic stretches at 3100 – 3000 

cm-1 as well as 2990 and 2850 cm-1 were also confirmed by the latter. For the confirmation of the 

synthesis of this material, EDX analysis showed newly introduced peaks corresponding to C, N 

and O, which were not initially present in the bare nanoparticles.  

Furthermore, the XRD analysis of the functionalized and unfunctionalized nanoparticles showed 

similar miller indices at similar regions implying that the core properties were maintained. 

However, in the diffractogram of the functionalized material (ZnO-Pyrene NPs), amorphous 

nature of the ligand introduced to ZnO NPs made the diffractogram to show some roughness. 

This layer provided an extra shell to which the contaminants were attached. Functionalization 

improved the thermal stability of the unfunctionalized nanoparticles. Functionalization decreased 

the particle size from 290 to 181 nm and by that improved the efficiency of the unfunctionalized 

materials for the removal of varying contaminants. The adsorbents showed high removal 

efficiency for all three contaminants in aqueous solution. The efficiency was more for dyes in 

comparison to simazine herbicide. This was revealed by the batch adsorption experiments of the 
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individual contaminants. The highest observed efficiencies for simazine, methyl violet and 

brilliant green were 71.3, 87.7 and 88.8% respectively. Moreover, the adsorbents also showed 

reusability and desorption capacity in all contaminants after three runs. These are ideal properties 

of good adsorbents. Therefore, this adsorbent can be considered as alternate adsorbents for these 

and other organic contaminants. Based on the results obtained in this study, application of this 

adsorbent to real industrial wastewater and for the removal of many more other organic 

contaminants from wastewater are recommended. 
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Appendix I 

Data for simazine removal 

 

Figure A-I.1: 1H NMR spectrum of pyrene ligand. 

 

 

Figure A-I.2: 13C NMR spectrum of pyrene ligand. 

 

Table A-I.1: Data for point of zero charge (solution volume = 20 ml, salt concentration = 0.1M,                  

adsorbent dose =  approximately = 20 mg, temperature = 20 ± 2oC and shaking period = 6 hr). 

pHi ∆pH 

2.11 3.64 

2.99 2.81 

4.02 2.09 

5.13 1.10 

6.02 -0.120 

7.15 -0.620 

8.05 -1.62 

9.01 -2.56 

 

 

 



160 

 

Table A-I.2: Data for GC/ECD calibration 

Concentration 

level 

Area 

(A.U) 

1 69039 

2 100650 

3 122320 

4 143040 

5 170030 

 

 

 

Figure A-I.3: GC/ECD calibration curve. 

 

Table A-I.3: pH effect data (adsorbate concentration = 0.313 mg/L, adsorbent dose at approximately = 20.0 mg, 

temperature = 20 ± 2oC and shaking time = 360 minutes). 

pH Ci  

(mg/L) 

Ce  

(mg/L) 

Dose 

 (g) 

Volume 

 (L) 

%adsorbed 

2.30 0.313 

 

0.0810 0.0200 0.0200 71.3 

3.00 0.313 

 

0.191 0.0204 

 

0.0200 39.0 

4.10 0.313 

 

0.201 0.0198 

 

0.0200 35.9 

4.90 0.313 

 

0.188 0.0195 

 

0.0200 40.0 

6.00 0.313 

 

0.234 0.0200 

 

0.0200 25.2 

7.40 0.313 

 

0.208 0.0201 

 

0.0200 33.5 

8.30 0.313 

 

0.250 

 

0.0204 

 

0.0200 20.2 

9.00 0.313 

 

0.303 

 

0.0199 0.0200 3.07 
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Figure A-I.4: Effect of pH chromatograms. 
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Figure A-I.5: Effect of contact time chromatograms. 

 

Table A-I.4: Effect of contact time data (solution pH = 2, adsorbent dose at approximately = 20.0 mg,                          

adsorbate concentration = 0.281 mg/L and the temperature at 20 ± 2oC). 

Contact time 

(min) 

Ci  

(mg/L) 

Ce 

 (mg/L) 

Dose 

 (g) 

Volume 

 (L) 

Qe 

 (mg/g) 

5.00 0.281 

 

0.146 

 

0.0199 

 

0.0200 137 

 

10.0 0.281 

 

0.201 

 

0.0201 

 

0.0200 80.1 

15.0 0.281 

 

0.216 

 

0.0196 

 

0.0200 66.6 

30.0 0.281 

 

0.212 

 

0.0201 

 

0.0200 69.1 

60.0 0.281 

 

0.232 

 

0.0198 

 

 

0.0200 49.5 
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Figure A-I.6: Effect of adsorbent amount chromatograms. 

 

Table A-I.5: Effect of adsorbent amount data (solution pH = 2, Temperature = 20 ± 2oC,                             

adsorbate concentration = 0.312 mg/L and shaking time = 60 minutes). 

Adsorbent amount  

(mg) 

Ci 

 (mg/L) 

Ce  

(mg/L) 

Volume 

(L) 

%adsorbed 

10.2 0.312 

 

0.277 

 

0.020 11.3 

 

20.0 0.312 

 

0.274 

 

0.020 12.3 

 

30.1 

 

0.312 

 

0.244 

 

0.020 21.9 

 

40.3 

 

0.312 

 

0.217 

 

0.020 30.3 
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Figure A-I.7: Effect of adsorbate concentration chromatograms. 

 

Table A-I.6: Effect of adsorbate concentration data ((Temperature = 20 ± 2oC, shaking period = 60 minutes, 

adsorbent dose at approximately = 20 mg and pH = 2). 

Ci 

 (mg/L) 

Ce  

(mg/L) 

Dose  

(g) 

Volume  

(L) 

qe  

(mg/g) 

0.118 

 

0.00423 

 

0.0201 

 

0.0200 0.113 

 

0.179 

 

0.0626 

 

0.0201 

 

0.0200 0.116 

 

0.244 

 

0.127 

 

0.0199 0.0200 0.117 

 

0.302 

 

0.184 0.0202 

 

0.0200 0.117 
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Figure A-I.8: Adsorption isotherm models curves. 

 

Table A-I.7: Adsorption isotherms data. 

Ci 

(mg/L) 

Ce 

(mg/L) 

Dose 

(g) 

Volume 

(L) 

qe 

(mg/g) 

1/Ce 

(L/mg) 

1/qe 

(g/mg) 

logCe 

 

Logqe 

 

qe 

(mg/g) 

lnCe 

 

0.118 0.00423 0.0201 0.0200 0.113 236 8.87 -2.37 -0.948 0.113 -5.47 

0.179 0.0626 0.0201 0.0200 0.116 16.0 8.65 -1.20 -0.937 0.116 -2.77 

0.244 0.127 0.0199 0.0200 0.117 7.85 8.56 -0.895 -0.933 0.117 -2.06 

0.302 0.184 0.0202 0.0200 0.117 5.45 8.53 -0.736 -0.931 0.117 -1.70 
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Figure A-I.9: Adsorption kinetic models curves. 

 

Table A-I.8: Adsorption kinetics models data. 

Contact time 

(min) 

Ci 

(mg/L) 

Ce 

(mg/L) 

Dose 

(g) 

Volume 

(L) 

qt 

(mg/g) 

qe 

(mg/g) 

ln(qe - qt) 

 

t/qt 

(min.g/mg) 

t1/2 

(min1/2) 

5 0.302 0.146 0.0199 0.0200 0.157 0.117 - 31.8 2.24 

 
10 0.302 0.201 0.0201 0.0200 0.100 0.117 -4.08 99.7 3.16 

 
15 0.302 0.216 0.0196 0.0200 0.0874 0.117 -3.51 172 3.87 

 
30 0.302 0.212 0.0201 0.0200 0.0894 0.117 -3.58 336 5.48 

 
60 0.302 0.232 0.0198 0.0200 0.0701 0.117 -3.06 856 7.75 
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Table A-I.9: Reusability and desorption studies data. 

Ci 

(mg/L) 

Ce 

(mg/L) 

Ca 

(mg/L) 

Dose 

 (g) 

Volume 

(L) 

%adsorbed 

 

Recovered dose 

 (g) 

Cd 

(mg/L) 

%desorbed 

 

0.473 0.245 0.229 0.0299 0.0200 48.26877 0.0299 0.00910 3.98 

0.473 0.304 0.169 0.0299 0.0200 35.79497 0.0299 - - 

0.473 0.321 0.152 0.0300 0.0200 32.14462 0.0300 - - 
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Appendix II 

Data for methyl violet removal. 

 

Figure A-II.1: pH effect calibration curve. 

 

Table A-II.1: UV-Vis calibration data for pH effect. 

Concentration 

level 

Absorbance 

(A.U) 

0 -0.0001 

5 0.4634 

10 0.7394 

15 1.1027 

20 1.8428 

 

Table A-II.2: pH effect data (dose at approximately = 40.0 mg, MV concentration = 40 mg/dm3,                      

contact time = 360 min and temperature = 20 ± 2oC). 

pH 

Ci 

(mg/L) 

Ce 

(mg/L) 

Dose 

(g) 

Volume 

(L) %Adsorbed 

2.04 14.6 10.46 0.0408 0.0500 28.5 

3.04 14.6 3.80 0.0408 0.0500 74.1 

3.99 14.6 1.99 0.0404 0.0500 86.4 

5.01 14.6 0.264 0.0402 0.0500 82.0 

6.03 14.6 2.24 0.0406 0.0500 84.7 

7.04 14.6 1.94 0.0410 0.0500 86.8 

8.01 14.6 1.88 0.0408 0.0500 87.2 

9.02 14.6 2.10 0.0398 0.0500 85.7 

9.99 14.6 1.32 0.0398 0.0500 91.0 
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Figure A-II.2: Effect of contact time calibration curve. 

 

Table A-II.3: UV-Vis calibration data for for contact time effect. 

Concentration 

level 

Absorbance 

(A.U) 

1 0.0001 

2 0.512 

3 1.1307 

4 1.6846 

5 2.0393 

 

Table A-II.4: Effect of contact time data (dose at approximately = 40.0 mg, concentration = 25.9 mg/dm3, pH = 

6.5 and temperature = 20 ± 2oC). 

 

 

contact time 

(min) 

Ci 

(mg/L) 

Cf 

(mg/L) 

dose 

(g) 

Volume 

(L) 

qe 

(mg/L) 

5 25.9 20.8 0.0404 0.0500 6.40 

15 25.9 20.8 0.0408 0.0500 6.3 

30 25.9 19.6 0.0402 0.0500 7.85 

60 25.9 20.1 0.0398 0.0500 7.4 

105 25.9 18.8 0.0394 0.0500 9.1 

165 25.9 12.0 0.0408 0.0500 17.1 

225 25.9 9.10 0.0410 0.0500 20.6 

285 25.9 9.11 0.0402 0.0500 21.0 

360 25.9 3.20 0.0396 0.0500 28.7 
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Figure A-II.3: Dose effect calibration curve. 

 

Table A-II.5: UV-Vis calibration data for dose effect. 

Concentration 

level 

Absorbance 

(A.U) 

0 -0.0002 

5 0.4871 

10 1.1307 

15 1.5261 

20 2.0739 

 

Table A-II.6: Dose effect data (MV concentration = 30.0 mg/dm3, pH= 6.5, temperature = 20 ± 2oC and contact 

time = 360 min). 

Adsorbent amount 

 (mg) 

Ci 

 (mg/L) 

Ce  

(mg/L) 

Volume 

 (L) 

%adsorbed 

80.2 

 

30.0 

 

6.22 0.050 71.25057 

40.6 

 

30.0 

 

13.5 0.050 38.96009 

19.8 

 

30.0 

 

21.8 0.050 35.93033 

10.4 30.0 

 

23.1 0.050 39.98177 
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Figure A-II.4: Effect of adsorbate concentration calibration curve. 

 

 

Table A-II.7: UV-Vis calibration data for adsorbate concentration effect. 

Concentration 

level 

Absorbance 

(A.U) 

1 -0.0012 

2 0.4094 

3 1.0611 

4 1.6365 

5 2.0082 

6 2.7124 

 

 

Table A-II.8: Effect of adsorbate concentration data (contact time = 360 min, dose at approximately = 40 mg 

temperature = 20 ± 2oC and pH = 6.5). 

Ci 

 (mg/L) 

Ce  

(mg/L) 

Dose 

 (g) 

Volume 

 (L) 

qe 

 (mg/g) 

7.25 

 

1.27 

 

0.0400 0.0500 0.223 

21.2 4.81 

 

0.0408 

 

0.0500 0.120 

40.2 20.1 

 

0.0396 0.0500 0.114 

54.2 

 

34.6 0.0390 

 

0.0500 0.128 
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Figure A-II.5: Adsoption isotherms of (a) Langmuir (b) Freundlich and (c) Temkin. 

 

Table A-II.9: Adsorption isotherms data. 

Ci 

(mg/L) 

Ce 

(mg/L) 

volume 

(L) 

Dose 

(g) 

qe 

(mg/g) 

1/Ce 

(L/mg) 

1/qe 

(g/mg) 

logCe 

 

Logqe 

 

qe 

(mg/g) 

lnCe 

 

7.25 1.27 0.0500 0.0396 7.56 0.787 0.132 0.104 0.878 7.56 0.239 

21.2 4.81 0.0500 0.0398 20.6 0.208 0.0485 0.682 1.31 20.6 1.57 

40.2 20.1 0.0500 0.0396 25.3 0.0498 0.0395 1.30 1.40 25.3 3.00 

54.2 34.6 0.0500 0.0400 24.5 0.0289 0.0408 1.54 1.39 24.5 3.54 
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Figure A-II.6: Adsorption kinetic models curves. 

 

Table A-II.10: Adsorption kinetic models data. 

contact 

time 

Ci 

(mg/L) 

Ce 

(mg/L) 

Ci -Ce 

(mg/L) 

volume 

(L) 

Dose 

(g) 

qt 

(mg/g) 

qe 

(mg/g) 

ln(qe - qt) 

 

t/qt 

(min.g/mg) 

t1/2 

(min1/2) 

5 21.2 20.8 0.454 0.0500 0.0404 0.562 20.6 3.00 8.90 2.24 

15 21.2 20.8 0.405 0.0500 0.0408 0.497 20.6 3.00 30.2 3.87 

30 21.2 19.6 1.58 0.0500 0.0402 1.97 20.6 2.93 15.2 5.48 

60 21.2 20.1 1.17 0.0500 0.0398 1.47 20.6 2.95 40.8 7.75 

105 21.2 18.8 2.43 0.0500 0.0394 3.08 20.6 2.86 34.1 10.2 

165 21.2 12.0 9.22 0.0500 0.0408 11.3 20.6 2.23 14.6 12.8 

225 21.2 9.10 12.1 0.0500 0.0410 14.8 20.6 1.76 15.2 15.0 

285 21.2 9.11 12.1 0.0500 0.0402 15.1 20.6 1.72 18.9 16.9 

360 21.2 3.20 18.0 0.0500 0.0396 22.8 20.6 - 15.8 19.0 
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Figure A-II.7: UV-Vis reusability and desorption calibration curve. 

 

Table A-II.11: UV-Vis reusability and desorption calibration data. 

Concentration 

level 

 

Absorbance 

(A.U) 

 

1 -0.0004 

2 0.1884 

3 0.9571 

4 1.2563 

5 2.2017 

6 2.8897 

 

Table A-II.12: Reusability and desorption studies data. 

Ci 

(mg/L) 

Ce 

(mg/L) 

Ci – Ce 

(mg/L) 

Dose 

(g) 

Volume 

(L) 

%adsorbed 

 

Recovered dose 

(mg) 

Cd 

(mg/L) 

%Desorbed 

 

44.0 6.78 37.3 0.0392 0.0400 84.6 0.0374 3.14 8.43 

44.0 20.9 23.3 0.0390 0.0400 52.8 0.02224 12.3 53.1 

44.0 15.3 28.8 0.0392 0.0400 65.3 0.0312 28.8 100 
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Appendix III 

Data for brilliant green removal 

 

Figure A-III.1: Influence of pH calibration curve. 

 

Table A-III.1: UV-Vis calibration data for pH influence. 

concentration 

level 

Absorbence 

(A.U) 

1 0.0004 

2 0.5363 

3 1.1455 

4 1.5809 

5 2.8635 

 

 

Table A-III.2: Influence of pH data (contact time = 6hr, adsorbent dose at approximately = 40 mg,                    

adsorbate concentration = 34.6 mg/L and temperature = 20 ± 2oC). 

pH 

 

Ci 

(mg/L) 

Cf 

(mg/L) 

dose 

(g) 

Volume 

(L) 

%adsorbed 

 

2.04 34.6 16.9 0.0388 0.0500 51.1 

3 34.6 2.83 0.0392 0.0500 91.8 

3.99 34.6 1.67 0.0404 0.0500 95.2 

5.13 34.6 1.31 0.0406 0.0500 96.2 

6.03 34.6 1.30 0.0398 0.0500 96.2 

7.01 34.6 0.816 0.0402 0.0500 97.6 

7.95 34.6 1.09 0.039 0.0500 96.9 

9.14 34.6 0.682 0.0408 0.0500 98.0 
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Figure A-III.2: Influence of contact time calibration curve. 

 

Table A-III.3: UV-Vis calibration data for conatact time influence. 

concentration 

level 

Absorbence 

(A.U) 

1 0.002 

2 5.531 

3 12.114 

4 16.872 

5 31.525 

 

Table A-III.4: Influence of contact time data (pH = 6.5, adsorbent dose approximately = 40 mg,                        

adsorbate concentration = 40.4 mg/L and temperature = 20 ± 2oC). 

Contact time 

(min) 

Ci 

(mg/L) 

Cf 

(mg/L) 

Dose 

(g) 

Volume 

(L) 

qe 

(mg/g) 

5 40.4 37.4 0.0404 0.05 3.62 

15 40.4 36.2 0.0396 0.05 5.22 

30 40.4 37.3 0.0398 0.05 3.85 

60 40.4 34.7 0.0396 0.05 7.18 

105 40.34 20.3 0.04 0.05 25.0 

165 40.4 20.6 0.0406 0.05 24.4 

225 40.4 10.1 0.0404 0.05 37.5 

285 40.4 6.5 0.0412 0.05 41.1 

360 40.4 3.70 0.0404 0.05 45.4 
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Figure A-III.3: Influence of adsorbent amount calibration curve. 

 

Table A-III.5: UV-Vis calibration data for adsorbent amount influence. 

concentration 

level 

Absorbence 

(A.U) 

1 0.0001 

2 0.5474 

3 1.2033 

4 1.5637 

5 2.8163 

 

Table A-III.6: Influence of adsorbent amount data (pH =6.5, adsorbate concentration = 40 mg/L,                          

contact time = 360 minutes and temperature = 20 ± 2oC). 

dose 

(mg) 

Ci 

(mg/L) 

Cf 

(mg/L) 

volume 

(L) 

%adsorbed 

 

10 40.0 32.9 0.05002 17.8 

19.6 40.0 25.9 0.0500 35.2 

39.6 40.0 4.71 0.0500 88.2 

79.8 40.0 4.47 0.0500 88.8 
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Figure A-III.4: Influence of adsorbate concentration calibration curve. 

 

Table A-III.7: UV-Vis calibration data for adsorbate concentration influence. 

concentration 

level 

Absorbence 

(A.U) 

1 0 

2 0.5259 

3 2.3022 

4 2.6349 

5 3.2505 

 

Table A-III.8: Influence of adsorbate concentration data (pH = 6.5, contact time = 360 minutes, adsorbent dose at 

approximately = 40 mg and temperature = 20 ± 2oC). 

Ci 

(mg/L) 

Cf 

(mg/L) 

Dose 

(g) 

volume 

(L) 

%adsorbed 

 

qe 

(mg/g) 

10.2 6.01 0.0400 0.0500 41.0 5.22 

20.0 9.41 0.0402 0.0500 53.0 13.2 

52.7 12.7 0.0402 0.0500 75.8 49.7 

65.0 14.9 0.0408 0.0500 77.1 61.5 
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Figure A-III.5: Adsorption isotherms of (a) Langmuir (b) Freundlich and (c) Temkin. 

 

Table A-III.9: Adsorption isotherms data. 

Ci 

(mg/L) 

Ce 

(mg/L) 

Volume 

(L) 

Dose 

(mg) 

Qe 

(mg/L) 

1/Ce 

(L/mg) 

1/qe 

(g/mg) 

logCe 

 

Logqe 

 

qe 

(mg/L) 

lnCe 

 

10.2 6.01 0.0500 0.0400 5.22 0.166 0.192 0.779 0.718 5.22 1.79 

20.0 9.41 0.0500 0.0402 13.2 0.106 0.0759 0.973 1.12 13.2 2.24 

52.7 12.7 0.0500 0.0402 49.7 0.0786 0.0201 1.10 1.70 49.7 2.54 

65.0 14.9 0.0500 0.0408 61.5 0.0673 0.0163 1.17 1.79 61.5 2.70 
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Figure A-III.6: Adsorption kinetic models curves. 

 

Table A-III.10: Adsorption kinetics models data. 

contact time 

(min) 

Ci 

(mg/L) 

Ce 

(mg/L) 

volume 

(L) 

Dose 

(g) 

qt 

(mg/g) 

qe 

(mg/g) 

ln(qe - qt) 

 

t/qt 

(min.g/mg) 

t1/2 

(min1/2) 

5 20.0 18.7 0.0500 0.0404 1.59 13.2 2.45 3.15 2.24 

15 20.0 18.1 0.0500 0.0396 2.38 13.2 2.38 6.30 3.87 

30 20.0 18.6 0.0500 0.0398 1.70 13.2 2.44 17.7 5.48 

60 20.0 17.3 0.0500 0.0396 3.36 13.2 2.28 17.8 7.75 

105 20.0 10.2 0.0500 0.0400 12.3 13.2 0.130 8.54 10.2 

165 20.0 10.3 0.0500 0.0406 12.0 13.2 0.194 13.8 12.8 

225 20.0 5.03 0.0500 0.0404 18.5 13.2 - 12.1 15.0 

285 20.0 3.25 0.0500 0.0412 20.3 13.2 - 14.0 16.9 

360 20.0 1.85 0.0500 0.0404 22.5 13.2 - 16.0 19.0 
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Figure A-III.7: UV-Vis reusability and desorption calibration curve. 

 

Table A-III.11: Reusability and desorption studies data. 

Concentration 

level 

 

Absorbance 

(A.U) 

 

1 -0.0002 

2 0.7934 

3 1.2031 

4 1.8747 

5 2.5653 

6 2.9808 

 

Table A-III.12: Reusability and desorption studies data. 

Ci 

(mg/L) 

Ce 

(mg/L) 

Ci – Ce 

(mg/L) 

Dose 

(g) 

Volume 

(L) 

%adsorbed 

 

Recovered 

dose 

(g) 

Cd 

(mg/L) 

%desorbed 

 

50.586 5.716 44.87 0.0396 0.04 88.70043 0.02668 0.648 2.143524 

50.586 17.402 33.184 0.0404 0.04 65.59918 0.0404 2.44 7.352941 

50.586 44.46 6.126 0.0410 0.04 12.11007 0.0354 - - 
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