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cause tremendous stress on the natural resources 

which leads to severe ecological impacts, amongst water is the foremost concern that can 

be easily polluted by contaminants of emerging concern (CECs) including pharmaceuticals, 

pesticides, herbicides, personal care products, endocrine disrupting compounds, illicit 

drugs, food additives, hydrocarbons, metabolites, microplastics, etc. CECs typically are not 

regulated under current environmental laws because of their occurrence in lower or 

negligible concentrations. However, the persistence and/or pseudo-persistence nature of 

these pollutants could cause various environmental and health impacts on water ecosystems 

and living beings. Thereby, sequestration of these contaminants from the water systems is 

mandatory. Inspite of various treatment methods, adsorption is the prominent approach for 

the sequestration of these contaminants due to its efficiency at lower pollutant 

concentration, easy implementation, cost-effective, selectivity, economic feasibility and 

potential to meet environmental sustainability without secondary pollution. 

Precursor selection and modification of the adsorbents/biosorbents are the crucial factor 

that leads the efficiency of the adsorption process for diverse selective target pollutants. 

The primary aspect of this thesis work focuses on the development of the bio-based 

engineered adsorbents from the natural derivatives including agricultural byproducts and 

biopolymers. Difficulty in recovery of adsorbents after the treatment and limited surface 

functionality are the major drawbacks of adsorbent which limits the adsorption process 

applicability for selective targeted pollutants. These limitations can be overwhelmed by 

development of magnetic adsorbents through iron oxide nanoparticles impregnation and 

oxidative treatment of adsorbents. Optimization of process parameters such as pH, 

adsorbent/biosorbent dosage, initial pollutant concentration, contact time and temperature 

conveys suitable conditions for the sequestration of targeted pollutants. The second major 
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component of this thesis includes the toxicological evaluation before and after treatment 

using various model organisms to assess the safety and efficacy of the adsorption process. 

Further, this thesis work aims to bridge the gap between laboratory-scale studies and 

practical applications by considering real-time factors via reusability and column studies. 

Thereby, this research findings contributes to the theoretical understanding of various 

CECs adsorption process and provides practical insights into the feasibility and 

sustainability of employing bio-based engineered adsorbents for large-scale water 

treatment. The findings of this thesis are expected to have significant implications for water 

quality management, environmental sustainability and may create a path for regulation of 

various persistent toxic pollutants in water ecosystems. 
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1.1. Background 

Water is an essential substance for various life forms on earth and is a significant asset for 

human development. Rapid industrialization and urbanization lead to tremendous stress on 

natural resources causing severe ecological impacts, with water being one of the major 

concerns. Out of the total water content available on the earth, nearly 2.5% is freshwater. 

From this, only 0.007% is accessible for the population of 6.8 billion (Li et al., 2023; Vishnu 

Priyan et al., 2021). Due to the tremendous development of the world's population over the 

last century, the need for fresh and drinkable water has skyrocketed. According to a recent, 

2.3 billion people live in water-stressed nations, with 733 million living in high and 

critically water-stressed countries. According to a recent UNICEF estimate, 1.42 billion 

people, including 450 million children, live in high or extremely high-water insecurity 

areas. Every year, 1.5 million children under the age of five die because of water-related 

illnesses throughout the world (UNICEF, 2021). According to the World Economic Forum, 

4,00,000 people die in India each year from drinking unclean water. The contaminants of 

emerging concern (CECs), which include a wide range of pollutants including 

pharmaceuticals, pesticides, dyes, heavy metals, herbicides, personal care products, 

endocrine disrupting compounds, hydrocarbons, metabolites, microplastics, etc., may 

contaminate the water bodies causing various toxic effects  (Rout et al., 2021). An essential 

humanitarian fundamental is to access clean water at a cheap economic cost, which is the 

greatest challenge for this global scenario. 

This thesis contains various biosorbents/adsorbents that could effectively remove 

contaminants of emerging concern (CECs), including pharmaceuticals, endocrine 

disruptors, rare earth elements, heavy metals, and dyes with high removal efficiency have 

been proposed. This work will mainly be focused on the synthesis, characterization, and 

application required for wastewater remediation. Engineered adsorbents, which are 

exposed to individualized improvisation during synthesis and have increased 

physicochemical features, might be a potential long-term option for environmental clean-

up. 

1.2. Contaminants of Emerging Concern (CECs) 

Contaminants of Emerging Concern (CECs), also known as Emerging Contaminants (ECs), 

are a term used by the Environmental Protection Agency (EPA) and water quality 
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professionals to describe various chemicals and other substances that have been detected in 

water bodies, may cause ecological or human health effects, and for which scientific 

understanding of potential risks is evolving. CECs typically are not regulated under current 

environmental laws. CECs include various types of manufactured chemicals and 

substances, as well as naturally occurring substances, which may be found in lakes, rivers, 

and streams, and may have a detrimental effect on living organisms (Kim et al., 2018; 

Salimi et al., 2017). 

The potential range of CECs includes:  

 

 

 

 

 

 

Fig. 1.1. Various Contaminants of Emerging Concern  

• Pharmaceuticals 

• Polycyclic aromatic hydrocarbons (PAHs) 

• Pesticides 

• Rare earth elements and Heavy metals, 

• Microplastics  

• Phthalates 

 

• Personal care products  

• UV filters and flame retardants  

• Disinfection by-products 

• Dyes 

• Endocrine disruptors 

• Persistent Organic Pollutants  
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1.2.1. Pharmaceuticals 

Pharmaceuticals are a class of contaminants of emerging concern that are increasingly 

being used in human and veterinary medicine. They include compounds like steroids, 

antibiotics, analgesics, legal and illicit drugs, beta-blockers, etc. Their specific mechanism 

of action causes their persistence in the human and animal body. Various pharmaceutical 

compounds have been spotted in sediments, effluents, drinking, and natural and ground 

waters. These compounds are intended to boost soil bacteria to produce antibiotic-resistant 

genes. More than 160 distinct pharmaceuticals have already been found in aquatic systems 

at concentrations between ng/L and μg/L levels (Osuoha et al., 2023). Ibuprofen was found 

to be 19.2 µg/L in surface water according to research by Madikizela and Ncube (2020), 

however 1.38 µg/L of the same CEC was found in wastewater according to Matongo et al. 

(2015) (Madikizela et al., 2020; Matongo et al., 2015). Acetaminophen and amoxicillin 

ranged from 0.0058 to 1.23 µg/L in both surface water and ocean. Moreover, Amdany et al. 

(2014) reported that the concentrations of Naproxen, Ibuprofen, and Triclosan in 

wastewater ranged from 10.7 to 127.7 µg/L (Amdany et al., 2014). The list of CECs in 

pharmaceuticals and their characteristics is given in the Table 1.1. 

Table 1.1. Pharmaceuticals and their structures 

Pharmaceutical 

type 

Emerging 

Contaminants 

Molecular 

Formula 
Structure 

Analgesics and  

anti-

inflammatories 

Codeine C18H21NO3 

 

Antipyrine C11H12N2O 
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Diclofenac C14H11Cl2NO2 

 

Naproxen C14H14O3 

 

Ketoprofen C16H14O3 

 

Ibuprofen C13H18O2 

 

Acetaminophen C8H9NO2 

 

Antibiotics Metronidazole C6H9N3O3 
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Azithromycin C38H72N2O12 

 

Amoxicillin C16H19N3O5S 

 

Sulfamethoxazole C10H11N3O3S 

 

Trimethoprim C14H18N4O3 

 

Flumequine C14H12FNO3 

 

Psychiatric drugs Salbutamol C13H21NO3 

 

TH-3361_196106029



 

   CHAPTER 1                                                                                                                               7 

 

Diazepam C16H13ClN2O 

 

Primidone C12H14N2O2 

 

Carbamazepine C15H12N2O 

 

β-blockers 

Sotalol C12H20N2O3S 

 

Metoprolol C15H25NO3 

 

Propranolol C16H21NO2 
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Atenolol C14H22N2O3 

 

 

1.2.2. Personal care products 

Personal care products are the collection of everyday household chemicals that are used for 

different purposes such as beauty, health, and cleaning. They also include various cosmetic 

items, perfumes, personal and skin care items. The use of skincare and personal care 

products is widespread, and as a result, very large amounts of these products' waste are 

regularly released into the environment. 

The majority of these personal care products are bioactive and are classed according to their 

ability for retention and bioaccumulation, endangering the environment and the general 

populace (Balakrishna et al., 2023; Emnet et al., 2020; Roh and Cheng, 2022). Around 

15,000 tonnes and 227,000–454,000 kg of triclosan and triclocarban are manufactured 

globally each year, according to estimates (Chen et al., 2013). The usual concentrations of 

triclocarban and triclosan in products sourced from European nations are 0.2% and 0.3%, 

respectively (Lehutso et al., 2017). 

The list of CECs in personal care products and their properties is given in the Table 1.2. 

Table 1.2. Personal care products and their structures 

Personal Care 

Product type 

Emerging 

Contaminants 

Molecular 

formula 
Structure 

UV filters Benzimidazole C7H6N2 
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Dibenzoyl methane C15H12O2 

 

Benzophenone C13H10O 

 

p-Aminobenzoate C7H6NO2 

 

Disinfectants 

Triclosan C12H7Cl3O2 

 

Triclocarban C13H9Cl3N2O 

 

Fragrances Galaxolide C18H26O 
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Tonalide C18H26O 

 

Celestolide C17H24O 

 

Phantolide C17H24O 

 

Preservatives 

Diethyl phthalate C12H14O4 

 

Chloroxylenol C8H9ClO 

 

Methylisothiazolone C4H5NOS 

 

Butylparaben C11H14O3 
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1.2.3. Pesticides 

Pesticides are a broad category of substances with physiochemical properties that may be 

used to control or stop the spread of dangerous insects, weeds, and germs like 

microorganisms. Herbicides, fungicides, insecticides, and bactericides are the different 

categories of pesticides. Although they help prevent pests, they may also be hazardous to 

people and other living things. More than 95% of pesticides reach water sources causing 

various effects on the ecosystem.  

US Geological Survey (USGS) reported the ten most frequently detected anthropogenic 

contaminants on surface water, of which eight are pesticides.  Based on the National Water-

Quality Assessment (NAWQA), pesticides are found more often in surface waters than 

groundwater (Frîncu, 2021). Rivers are also becoming highly polluted by industrial, 

agricultural, mining, and urban wastewaters, leading to increased levels of pesticides from 

agricultural and landscaping origins (Saleh et al., 2020). 

A list of emerging pesticide contaminants and their structures are listed in the Table 1.3. 

Table 1.3. Pesticide contaminants and their structures 

Pesticide type 
Emerging 

Contaminants 

Molecular 

Formula 
Structure 

Insecticide 

Endosulfan C9H6Cl6O3S 

 

Diazinon C12H21N2O3PS 

 

Chlorpyrifos C9H11Cl3NO3PS 
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Deltamethrin C22H19Br2NO3 

 

Herbicide 

Atrazine C8H14ClN5 

 

Alachlor C14H20ClNO2 

 

Dimethenamid C12H18ClNO2S 

 

Fungicide 

Hexachlorbenzene C6Cl6 

 

Edifenphos C14H15O2PS2 

 

Dichloran C13H18Cl5NO7P2S 
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Bactericide 

Triclosan C12H7Cl3O2 

 

Oxytetracycline C22H24N2O9 

 

 

1.2.4. Endocrine disruptors 

EDCs are synthetic chemicals ingested into the body that can either copy or obstruct 

hormones and affect the body's normal functioning. According to Environmental Protection 

Agency (EPA), EDCs are external agents that interfere with the formation, release, 

transport, attachment, activity, or displacement of the body's natural hormones that 

maintain homeostasis, development, reproduction, and behavior. Human activities and 

industries discharge natural and synthetic EDCs into the water bodies through sewage 

treatment systems before finally going to soil, surface, and groundwater. The EDCs were 

found in wastewater at low concentrations (ng/L or μg/L). These substances are concerning 

due to the unknown long-term exposure and adverse effects on humans (Gogoi et al., 2018; 

Kasonga et al., 2021).  

A list of endocrine disruptors and their structures are listed in the Table 1.4. 

Table 1.4. Endocrine disruptors and their structures 

Endocrine disruptors Molecular formula Structure 

Bisphenol A (BPA) C15H16O2 
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1,4-Dioxin C4H4O2 

 

Phthalates C8H4O4
-2 

 

Polybrominated diphenyl 

ether 
C34H26Br4N4O8 

 

 

1.2.5. Dyes 

Dyes are synthetic or natural substances that are commonly used to impart color to various 

products, such as textiles, paper, plastics, and cosmetics. However, some dyes have been 

identified as contaminants of emerging concern due to their potential adverse effects on 

human health and the environment (Jeyabalan et al., 2023). Dyes as contaminants of 

emerging concern include: 

Azo dyes: Azo dyes are a type of synthetic dye that are commonly used in the textile 

industry. Some azo dyes have been found to be carcinogenic or mutagenic, and can also 

cause skin irritation and respiratory problems (Dutta et al., 2021). 

Anthraquinone dyes: Anthraquinone dyes are used in the production of textiles, paper, 

and plastics. These dyes have been found to be toxic to aquatic organisms and can 

bioaccumulate in the food chain. 

Phthalocyanine dyes: Phthalocyanine dyes are used in the production of inks, paints, and 

plastics. These dyes have been found to be toxic to aquatic organisms and can also have 

adverse effects on human health, including reproductive and developmental toxicity. 

Triphenylmethane dyes: Triphenylmethane dyes are used in the production of textiles, 

paper, and plastics. Some of these dyes have been found to be carcinogenic or mutagenic, 

and can also cause skin irritation and respiratory problems. 
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Fluorescent whitening agents (FWAs): FWAs are used in a wide range of products, 

including textiles, paper, and detergents, to make them appear brighter. Some FWAs have 

been found to be toxic to aquatic organisms and can bioaccumulate in the food chain (Wang 

et al., 2024). 

1.2.6. Rare earth elements (REEs) 

Rare earth elements (REEs) are a group of 17 metallic elements that have a wide range of 

applications in various industries, including electronics, energy, and defence. REEs 

includes the lanthanide series (lanthanum, cerium, praseodymium, neodymium, 

promethium, europium, gadolinium, terbium, dysprosium, holmium, erbium, thulium, 

ytterbium, and lutetium) as well as scandium and yttrium (Moldoveanu and Papangelakis, 

2012). While REEs are essential for modern technology, their increasing use has also led 

to their presence in the environment as contaminants of emerging concern. The primary 

source of REE contamination is from mining and processing operations, where the 

extraction of these elements from ore can release them into the environment. REEs can also 

be found in consumer products, such as electronics and batteries, which can end up in 

landfills or the ocean, leading to their accumulation in soil and water (Anastopoulos et al., 

2016). 

1.3. Sources of CECs 

The major sources of emerging contaminants are personal care products, surfactants, 

artificial sweeteners, pharmaceuticals, hormones, fertilizer, antibiotics, per fluorinated 

compounds, flame retardants, cushions of foam, cleaning solvents, ointments, clothing 

adhesives, cosmetics, sun protection, packaged food, and beauty care (Khan et al., 2022). 

There are numerous sources of CECs that can enter the environment, including: 

1.3.1. Wastewater treatment plants 

Many CECs are found in municipal wastewater, which is often released into rivers, lakes, 

and oceans. Wastewater treatment plants are not designed to remove these compounds, and 

they can persist in the environment. Some of the CECs commonly found in wastewater 

include pharmaceuticals, personal care products, and industrial chemicals. Pharmaceuticals 

are a major source of CECs in wastewater. These compounds can enter the environment 

through excretion, disposal of unused medication, and improper disposal of expired 
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medication. Personal care products, such as cosmetics and fragrances, can also enter the 

environment through domestic wastewater (Rout et al., 2021).  

 

Fig. 1.2. Different industrial sources of CECs 
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1.3.2. Human excretion  

Human excretion is the primary source of pharmaceuticals in the environment. When 

humans consume pharmaceuticals, some of the drugs are not fully metabolized and are 

excreted in urine and faeces. These compounds then enter the wastewater stream and can 

be transported to surface water and groundwater sources. 

1.3.3. Production and processing industries 

Many industrial processes can release CECs into the environment. Chemical 

manufacturing, oil and gas production, and mining are just a few examples of industries 

that can contribute to the release of CECs. Many chemicals used in manufacturing are 

persistent and can accumulate in the environment over time. Some of the CECs commonly 

found in industrial wastewater include flame retardants, phthalates, and per- and 

polyfluoroalkyl substances (PFAS). Flame retardants are chemicals that are added to 

products such as electronics, furniture, and textiles to reduce the risk of fire. These 

chemicals can enter the environment through various routes, including leaching from 

products, disposal of products in landfills, and incineration. Per- and Polyfluoroalkyl 

Substances (PFAS) are a group of chemicals that are widely used in various industrial and 

consumer products, including firefighting foam, food packaging, and non-stick cookware. 

These chemicals can enter the environment through various routes, including industrial 

discharges, landfills, and atmospheric deposition (Rahman et al., 2014). Oil and gas 

production is another significant source of CECs. The extraction, refining, and 

transportation of oil and gas can release a wide range of contaminants into the environment, 

including benzene, toluene, and heavy metals (Richardson and Kimura, 2017).  

1.3.4. Agricultural practices 

Pesticides and herbicides used in agriculture also contribute to the release of CECs into the 

environment. These compounds can enter the environment via including runoff from 

agricultural fields, urban runoff, and disposal of unused pesticides or leaching into 

groundwater. Some of the CECs commonly found in agricultural runoff include atrazine, 

glyphosate, and 2,4-D. Drift is another pathway for pesticides to enter the environment. 

When pesticides are sprayed, some of the chemicals can be carried by wind and 

contaminate nearby areas, including surface water sources and neighbouring crops (Panthi 

et al., 2019).  
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1.3.5. Consumer products 

Consumer products can be a source of CECs in the environment. These products can 

contain a wide range of chemicals, including volatile organic compounds (VOCs), and 

nanoparticles. Some of the VOCs commonly found in cleaning products include 

formaldehyde, benzene, and toluene which are released into water bodies through 

anthropogenic activities. Nanoparticles are ultra-small particles that are commonly used in 

consumer products such as sunscreens, cosmetics, and electronics. These particles can enter 

the ecosystem through different routes, including wastewater discharges, landfills, and 

atmospheric deposition. 

1.3.6. Plastics 

Microplastics are a relatively new source of CECs in the environment. These tiny particles 

are less than 5mm in size and can come from a variety of sources, including cosmetics, 

clothing, and plastic debris. Microplastics can enter the environment through wastewater 

and bottled drinking water. 

1.3.7. Sewage overflow 

Sewage overflow is also a source of Personal Care Products (PCPs) in the environment. 

When the capacity of the sewage system is exceeded, raw sewage can overflow and enter 

surface water and groundwater sources. This overflow can contain high concentrations of 

PCPs, which can potentially harm aquatic organisms and impact human health. 

1.4. Adverse effects of CECs 

CECs can have adverse effects on living organisms, including humans, wildlife, and aquatic 

organisms. These effects can range from acute toxicity to chronic exposure, and they can 

affect multiple organ systems and functions. Below are some of the adverse effects of CECs 

on living organisms: 

1.4.1. Endocrine disruption 

CECs such as pharmaceuticals, personal care products, and industrial chemicals can 

interfere with the endocrine system in animals and humans. Endocrine disruptors can mimic 

or interfere with the normal function of hormones, which can cause developmental and 

reproductive abnormalities, tumours, and other health problems. Some examples of 
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endocrine-disrupting CECs include bisphenol A (BPA), phthalates, and triclosan (Nika et 

al., 2020; Panthi et al., 2019). 

1.4.2. Antibiotic resistance 

Overuse and misuse of antibiotics in both human medicine and agriculture have contributed 

to the development of antibiotic resistance in bacteria. The presence of antibiotic residues 

in the environment can also select for antibiotic-resistant bacteria, leading to the spread of 

antibiotic resistance. This can make infections harder to treat, and in severe cases, can lead 

to untreatable infections and increased mortality rates (Wang et al., 2020). 

1.4.3. Cancer 

Exposure to certain CECs has been linked to the development of cancer in humans and 

animals. For example, exposure to polycyclic aromatic hydrocarbons (PAHs) has been 

linked to lung, skin, and bladder cancer, while exposure to benzene has been linked to 

leukaemia. 

1.4.4. Developmental and reproductive abnormalities 

 Exposure to certain CECs during critical periods of development can cause developmental 

and reproductive abnormalities in humans and animals. For example, exposure to 

phthalates during pregnancy has been linked to adverse reproductive outcomes, such as 

decreased sperm count and quality, and increased risk of birth defects. 

1.4.5. Neurological effects  

Exposure to some CECs has been linked to neurological effects in both humans and 

animals. For example, exposure to lead can cause cognitive and behavioural problems in 

children, while exposure to mercury can cause developmental delays and neurological 

problems (Nilsen et al., 2019). 

1.4.6. Immune system suppression 

Exposure to certain CECs can suppress the immune system, making animals and humans 

more susceptible to infections and diseases. For example, exposure to polychlorinated 

biphenyls (PCBs) has been linked to immune system suppression in animals. 
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1.4.7. Disruption of aquatic ecosystems 

CECs can also have adverse effects on aquatic organisms and ecosystems. For example, 

exposure to pesticides and herbicides can kill aquatic organisms, while exposure to 

pharmaceuticals and personal care products can alter the behavior and physiology of fish 

and other aquatic organisms. 

1.5. Treatment methods for removing CECs 

Removing CECs from water can be challenging, as many traditional water treatment 

methods are not designed to target these specific contaminants. However, there are several 

emerging technologies and treatment methods that show promise for removing CECs from 

water.  

1.5.1. Advanced Oxidation Processes (AOPs) 

AOPs are a group of water treatment methods that use powerful oxidants, such as hydrogen 

peroxide and ozone, to break down and eliminate organic contaminants in water. Highly 

reactive oxygen species will be produced during this process which attacks the organic 

compounds in the water by either direct electrophilic attack by means of molecular ozone 

or indirect attack through hydroxyl radicals (•OH). In recent years, several studies have 

evaluated the effectiveness of AOPs for removing CECs from water sources (Marican and 

Durán-Lara, 2018; Wang and Zhuan, 2020).  

1.5.2. Membrane filtration 

Membrane filtration technologies, such as reverse osmosis and nanofiltration, are highly 

effective in removing CECs from water. These technologies use a semi-permeable 

membrane to separate and remove contaminants from water, and can remove a wide range 

of CECs, including pharmaceuticals and endocrine-disrupting compounds. Membrane 

technology suitable for CECs is problematic because of the diverse physicochemical 

properties of materials and the wide range of parameters to combine for separation 

enhancement (Heo et al., 2020). Appropriate separation mechanisms and target pollutants 

narrow the choices of the membrane. Moreover, modifying the membrane surface with a 

target compound may improve the separation efficiency. 
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1.5.3. Biological treatment 

Several biological treatment processes including activated sludge process (ASPs), 

microalgae-based treatments, biological activated carbon (BAC), and membrane 

bioreactors (MBRs) have exhibited effective removal for various CECs. Biological 

treatment methods, such as bioreactors and constructed wetlands (CWs), use 

microorganisms to break down and eliminate contaminants in water (Huang et al., 2018). 

Biological treatment can be effective in removing CECs, such as pharmaceuticals and 

hormones, from wastewater. BAC is effective in removing various analgesics, antibiotics, 

and pesticides. MBRs have shown better removal of PCPs, EDCs, and betablockers 

compared with CWs (Navaratna et al., 2016; Zhao et al., 2017).  However, these available 

treatment processes have certain limitations, such as long retention time, membrane 

fouling, large area requirement, poor removal of some CECs, and final disposal of the 

sludge that contains CECs.  

1.5.4. Ozonation 

Ozonation is a water treatment method that uses ozone gas to disinfect water and remove 

organic contaminants. Ozone can break down a wide range of CECs, including 

pharmaceuticals, personal care products, and endocrine-disrupting compounds. 

Interestingly, ozone can undergo autocatalysis assisted decomposition as the rate increases 

with increased pH and forms non-selective and highly reactive hydroxyl radicals, which 

can act on a wide range of contaminants. Catalytic ozonation utilizes catalysts to improve 

the decomposition of ozone and enhanced the production of hydroxyl radicals, which can 

overcome some disadvantages of ozonation. Both homogeneous and heterogeneous 

catalytic ozonation processes have been used in water treatment. However, owing to the 

possible secondary pollution caused by the dissolved metal ions in homogeneous catalytic 

ozonation, the heterogeneous catalytic ozonation process is more promising (Ghanbarlou 

et al., 2020; Pérez-Lucas et al., 2020). 

1.5.5. Ultraviolet (UV) treatment  

UV treatment uses high-energy UV light to disinfect water and eliminate contaminants. UV 

treatment has been shown to be effective in removing CECs, such as pharmaceuticals and 

personal care products, from water. However, the efficiency of UV treatment depends on 
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several factors, including the intensity of the UV radiation, the water quality parameters, 

and the type of reactor used. There are several types of UV reactors used for water 

treatment, including low-pressure mercury lamps, medium-pressure mercury lamps, and 

UV-LEDs (Lindsey et al., 2018). Each type of reactor has its own advantages and 

limitations. The combination of UV treatment with hydrogen peroxide, known as the 

UV/H2O2 process, is a particularly effective method for removing emerging contaminants. 

However, the UV/H2O2 process can also lead to the formation of disinfection by products, 

which can be harmful to human health. It offers several advantages over other treatment 

methods, including energy efficiency, low chemical consumption, and environmentally 

friendly (Lee et al., 2017). However, the efficiency of UV treatment is influenced by several 

factors, including water quality parameters, UV dose, and the type of reactor used. Further 

research is needed to optimize the UV treatment process for specific contaminants and 

water quality parameters. 

1.5.6. Adsorption 

Adsorption is a commonly used method for removing emerging contaminants from water, 

and can be used in both drinking water and wastewater treatment applications. Adsorption 

works by attracting contaminants to the surface of a solid material, called an adsorbent. The 

most commonly used adsorbents for removing emerging contaminants are activated carbon, 

zeolites, and graphene-based materials. Activated carbon is the most widely used adsorbent 

due to its high surface area, pore structure, and availability. However, zeolites and 

graphene-based materials have shown promising results in recent studies. The efficiency of 

adsorption depends on several factors, including the properties of the adsorbent, the 

concentration and type of contaminants, and the pH and temperature of the water. The 

adsorption capacity of an adsorbent is influenced by its surface area, pore structure, and 

surface chemistry. The type of contaminant also affects the adsorption efficiency, as some 

contaminants are more easily adsorbed than others. The pH and temperature of the water 

can also affect the adsorption efficiency, as changes in these parameters can alter the 

surface chemistry of the adsorbent and the properties of the contaminants. 

It is important to note that each of these treatment methods has its own advantages and 

limitations, and may not be equally effective for all types of CECs or water sources. 

Additionally, implementing these technologies can be costly and may require specialized 

expertise. Therefore, continued research and development of emerging technologies and 
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treatment methods is necessary to effectively remove CECs from water and protect public 

health and the environment. 

1.6. Why adsorption as a promising treatment method for CECs removal? 

Adsorption is a water treatment technology that involves the attachment or adhesion of 

CECs onto the surface of a solid material, known as the adsorbent. Compared to other 

treatment techniques, adsorption has several advantages that make it an effective option for 

the removal of CECs (Fig. 1.3). 

Selectivity: Adsorption is a selective process that can target specific CECs in water, while 

leaving other harmless compounds intact. This is especially important when dealing with 

low concentrations of CECs or when other chemicals are present. 

Wide range of CEC removal: Adsorption can remove a wide range of CECs from water, 

including pharmaceuticals, personal care products, and endocrine-disrupting compounds, 

among others. This makes it a versatile treatment option for the removal of various types 

of CECs. 

High removal efficiency: Adsorption can achieve high removal efficiencies of up to 99%, 

making it a highly effective treatment option for removing CECs from water. 

Cost-effective: Adsorption is often less expensive than other treatment technologies, as it 

requires less energy and chemicals. Adsorbents can be easily regenerated and reused, which 

further reduces the cost of the treatment process. 

Easy implementation: Adsorption is a simple and easy-to-implement water treatment 

technology. It can be easily scaled up or down depending on the size of the treatment plant, 

and requires minimal operator training. 

Compatibility with other treatment techniques: Adsorption can be used in combination 

with other water treatment techniques, such as advanced oxidation processes (AOPs) and 

membrane filtration, to enhance the overall efficiency of the treatment process. 

Environmental sustainability: Adsorption is an environmentally sustainable treatment 

technology that produces very less or no waste, and can be operated using renewable energy 

sources, such as solar or wind power. Reusability of adsorbent can lead to zero-waste 

disposal. 
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In conclusion, adsorption is an effective and cost-efficient water treatment technology that 

offers several advantages over other treatment techniques for the removal of contaminants 

of emerging concern (CECs). Its selectivity, wide range of CEC removal, high removal 

efficiency, cost-effectiveness, easy implementation, compatibility with other treatment 

techniques, and environmental sustainability make it an attractive option for the removal 

of CECs from water (Dai et al., 2019; Pai et al., 2020).  

 

Fig. 1.3. Advantages of adsorption and disadvantages of other treatment methods 

1.7. Theoretical aspects  

1.7.1. Isotherm models 

Isotherm refers to the relationship between the equilibrium adsorbate concentrations in the 

liquid-phase and the equilibrium adsorption amount on the solid-phase at a certain 

temperature. Various isotherm models with their linear and non-linear equations were 

tabulated in the Table A1. 

1.7.1.1. Langmuir isotherm model 

The Langmuir isotherm model assumes that adsorption occurs through a reversible process 

in which the pollutant molecules attach to the surface of the adsorbent via weak chemical 

bonds. The Langmuir model also assumes that the surface of the adsorbent is homogeneous, 
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and that the adsorption of one molecule does not affect the adsorption of another molecule. 

The Langmuir isotherm model is often used to analyze data from batch adsorption 

experiments, in which a fixed amount of adsorbent is exposed to a range of pollutant 

concentrations. The Langmuir isotherm model has several limitations, including the 

assumption of a homogeneous surface, the assumption of a fixed number of adsorption 

sites, and the assumption of reversible adsorption. However, the Langmuir isotherm model 

is a useful tool for understanding the adsorption of pollutants onto solid surfaces and for 

designing adsorption systems for pollution control (Guo et al., 2019; Langmuir, 1918). 

1.7.1.2. Freundlich isotherm model 

The Freundlich isotherm model is another commonly used model to describe the adsorption 

of pollutants onto solid surfaces. Unlike the Langmuir isotherm model, the Freundlich 

model does not assume a homogeneous surface or a fixed number of identical adsorption 

sites. Instead, it assumes that the adsorption occurs on a heterogeneous surface with a range 

of adsorption energies. The Freundlich model assumes that the amount of pollutant 

adsorbed increases with increasing concentration, but at a decreasing rate. This reflects the 

fact that as more pollutant molecules are adsorbed onto the surface, the available adsorption 

sites become more limited, and the energy required to adsorb additional molecules 

increases.  

The Freundlich isotherm model has several advantages over the Langmuir isotherm model, 

including its ability to account for the heterogeneity of the adsorption surface and the non-

reversible nature of adsorption. However, it is important to note that the Freundlich model 

also has limitations, including its inability to account for saturation effects and its sensitivity 

to changes in the adsorbent surface properties (Freundlich, 1907; Zaheer et al., 2019). 

1.7.1.3. Dubinin Radushkevich (DR) isotherm model 

The Dubinin Radushkevich (DR) isotherm model is another commonly used model to 

describe the adsorption of pollutants onto solid surfaces. The DR model assumes that the 

adsorption occurs on a heterogeneous surface with a range of adsorption energies, similar 

to the Freundlich model. However, it also takes into account the variation of the adsorption 

potential with the degree of surface coverage. The DR model assumes that the adsorption 

potential decreases as the degree of surface coverage increases, due to the increasing 

TH-3361_196106029



 

   CHAPTER 1                                                                                                                               26 

 

competition between adsorbate molecules for available adsorption sites (Dubinin, 1947). 

This results in a characteristic downward curvature in the DR isotherm plot.  

The DR isotherm model has several advantages over the Langmuir and Freundlich models, 

including its ability to account for the variation of the adsorption potential with the degree 

of surface coverage and the heterogeneity of the adsorption surface. However, it also has 

limitations, including its inability to account for the effects of surface diffusion and pore 

size distribution on the adsorption process (Chabani et al., 2006). 

1.7.1.4. Temkin isotherm model 

The Temkin isotherm model is another commonly used model to describe the adsorption of 

pollutants onto solid surfaces. The Temkin model assumes that the adsorption occurs on a 

homogeneous surface with a uniform distribution of adsorption energies (Temkin, 1940). 

The Temkin model assumes that the heat of adsorption decreases linearly with coverage 

due to adsorbate-adsorbate interactions on the surface, resulting in a decrease in the 

adsorption energy for each additional adsorbate.  

The Temkin isotherm model has several advantages over the Langmuir and Freundlich 

models, including its ability to account for adsorbate-adsorbate interactions on the surface 

and the effect of temperature on the adsorption process. However, it also has limitations, 

including its inability to account for the effects of surface heterogeneity and pore size 

distribution on the adsorption process (Yang, 1993). 

1.7.1.5. Jovanovic isotherm model 

The Jovanovic isotherm model is a relatively new model that has been proposed to describe 

the adsorption of pollutants onto solid surfaces. This model assumes that the adsorption of 

pollutants occurs on a heterogeneous surface with a range of adsorption energies, similar 

to the Freundlich model. 

The Jovanovic model assumes that the adsorption potential decreases as the concentration 

of the pollutant increases, due to the increasing competition between adsorbate molecules 

for available adsorption sites. The Jovanovic isotherm model has some advantages over 

other models, including its ability to account for both surface heterogeneity and the 

competition between adsorbate molecules for available adsorption sites. However, it is a 

relatively new model and has not been extensively validated or compared to other models 
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in the literature. More research is needed to determine the effectiveness and limitations of 

the Jovanovic isotherm model for different types of adsorption systems (Chu et al., 2023). 

1.7.2. Kinetic models 

The adsorption kinetic study provides information of the adsorption rate, the performance 

of the adsorbent used, and the mass transfer mechanisms. Knowing the adsorption kinetic 

is essential for the design of the adsorption systems. Various kinetic models with their 

equations were tabulated in the Table A2. 

1.7.2.1. Pseudo-first-order model 

Pseudo-first-order assumes of the rate of number of filled adsorption sites to unfilled sites 

in most biosorption process, this model is not significant for whole contact time, and it suits 

for the biosorption process only at the initial stage. As the pollutant is adsorbed onto the 

surface, the number of unoccupied sites decreases, causing the rate of adsorption to slow 

down. It is important to note that the pseudo-first-order kinetics model assumes that the 

concentration of the pollutant in the surrounding solution remains constant throughout the 

adsorption process, which may not always be the case in real-world situations. Additionally, 

the model may not accurately describe the adsorption behavior of all pollutants and surfaces 

(Wang and Guo, 2020). 

1.7.2.2. Pseudo-second-order model 

Pseudo-second-order model states about the behavior of the biosorption process for the 

entire time. In this model it is assumed that due to the sharing of electrons between the 

adsorbate and adsorbent which involves some valence forces considered to be the rate 

limiting step. Unlike the pseudo-first-order model, the pseudo-second-order model does not 

assume that the concentration of the pollutant in the surrounding solution remains constant 

throughout the adsorption process. This makes it a more accurate model for describing real-

world situations where the concentration of the pollutant may change over time. However, 

it is important to note that the pseudo-second-order kinetics model may not accurately 

describe the adsorption behavior of all solutes and surfaces. Other factors such as 

temperature, pH, and the presence of other compounds can also affect the adsorption 

process. Therefore, it is important to use caution when applying this model and to validate 

its assumptions with experimental data (El-Khaiary et al., 2010). 

TH-3361_196106029



 

   CHAPTER 1                                                                                                                               28 

 

1.7.2.3. Elovich kinetic model 

The Elovich kinetic model is a commonly used model to describe the adsorption 

mechanism of pollutants onto surfaces. It assumes that the adsorption process occurs 

through two steps: (1) a surface reaction that is relatively fast and (2) a diffusion step that 

is slower. It is useful for describing the complex adsorption process that involves both 

surface reactions and diffusion, and can provide insight into the mechanisms underlying 

the adsorption process. It is useful for providing insight into the underlying mechanisms of 

the adsorption process and can be used to predict the behavior of the adsorption system 

over time (Wu et al., 2009). 

1.7.2.4. Intra-particle diffusion model 

The intra-particle diffusion model is a commonly used kinetic model for describing the 

adsorption of solutes onto solid surfaces. It assumes that the adsorption process occurs 

through several steps, including (1) transport of solute molecules from the bulk solution to 

the external surface of the adsorbent, (2) diffusion of solute molecules through the pores of 

the adsorbent, and (3) adsorption of solute molecules onto the surface of the adsorbent. The 

intra-particle diffusion model is often used to describe the adsorption behavior of solutes 

onto porous materials, such as activated carbon or zeolites. It is useful for providing insight 

into the mechanisms underlying the adsorption process (Wang and Guo, 2022). 

1.7.3. Thermodynamic analysis  

Thermodynamic studies in adsorption are important for understanding the energy changes 

that occur during the adsorption process. These studies help to determine the feasibility and 

spontaneity of the adsorption process, and provide insight into the factors that influence the 

adsorption behavior. The thermodynamic parameters that are commonly studied in 

adsorption include the Gibbs free energy change (ΔG), the enthalpy change (ΔH), and the 

entropy change (ΔS). These parameters can be calculated using experimental data such as 

the adsorption isotherm and the temperature dependence of the adsorption process. 

The Gibbs free energy change (ΔG) is an important parameter that determines the 

spontaneity of the adsorption process. Gibbs free energy (G) is a thermodynamic potential 

that measures the maximum useful work obtained from a system at constant temperature 

and pressure. If ΔG is negative, the adsorption process is thermodynamically favourable 
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and spontaneous. If ΔG is positive, the adsorption process is not favourable and non-

spontaneous. 

The enthalpy change (ΔH) is related to the heat absorbed or released during the adsorption 

process. It is a measure of the internal energy of a system plus the product of pressure and 

volume, which makes it particularly useful for systems under constant pressure conditions, 

such as most chemical reactions that occur in open containers. It provides information about 

the energy required for the adsorption process to occur. If ΔH is negative, the adsorption 

process is exothermic, and if it is positive, the adsorption process is endothermic. 

The entropy change (ΔS) is related to the degree of disorder in the system during the 

adsorption process. It provides information about the change in the degree of freedom of 

the adsorbate and adsorbent. A high entropy implies a high degree of disorder, while a low 

entropy implies orderliness or organization. The concept of entropy change is crucial in 

understanding the spontaneity and direction of processes, particularly in chemical reactions 

and phase transitions. If ΔS is positive, the adsorption process is accompanied by an 

increase in the degree of disorder, which suggests that the adsorption process is more 

favourable at higher temperatures (Myers and Monson, 2014). 

Thermodynamic studies in adsorption can be used to optimize the design and operation of 

adsorption systems, as well as to understand the fundamental mechanisms of the adsorption 

process. However, it is important to note that the thermodynamic parameters may be 

affected by experimental conditions such as the initial concentration of the adsorbate and 

the surface properties of the adsorbent, and thus caution must be taken when interpreting 

the results (REN et al., 2007).  

1.7.4. Continuous column models 

Continuous column models are commonly used to study the process of adsorption in 

industrial and laboratory settings. In these models, a fixed-bed column is packed with a 

solid adsorbent material, and a liquid or gas stream containing the target species to be 

adsorbed is passed through the column. These studies are used to determine the 

performance of the adsorbent material for removing pollutants from the water under 

different conditions. 
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The experimental setup typically involves measuring the influent and effluent 

concentrations of the pollutant, and monitoring the breakthrough curve, which is the time-

dependent change in effluent concentration as the adsorbent becomes saturated with the 

pollutant. By analyzing the breakthrough curve data, various parameters such as the 

breakthrough time, the adsorption capacity, and the rate of adsorption can be determined 

(Bunluesin et al., 2007; Lim and Aris, 2014). 

Continuous column studies can also be used to optimize the operating conditions for the 

adsorption process, such as the flow rate, bed height, and contact time. These studies can 

provide valuable information for designing and scaling up adsorption systems for the 

treatment of contaminated water. 

1.7.4.1. Thomas model 

The Thomas model is a mathematical model that is commonly used for column studies in 

adsorption processes. It is particularly useful for describing the adsorption of solutes from 

dilute solutions in continuous-flow systems. The model assumes that the adsorption of 

solutes occurs on a surface with a finite capacity, and that the driving force for adsorption 

is the concentration difference between the bulk liquid phase and the adsorbent surface 

(Soetaredjo et al., 2014). The equation can be mathematically represented as: 

ln (
𝐶0

𝐶𝑡
− 1) =

𝑘𝑇𝐻𝑄0𝑤

𝐹
− 𝑘𝑇𝐻𝐶0𝑡                                            (1.1) 

Where, kTH (mL min-1 mg-1) and Q0 (mg g-1) are the Thomas model constant and the 

adsorption capacity of adsorbent, respectively; F (mL min-1) represents the flow rate of 

adsorbate in the column; w (g) is the weight of adsorbent in the fixed bed column; and C0/Ct 

denotes the ratio of influent to an effluent concentration of adsorbate. 

The Thomas model assumes that the adsorption process is controlled by two steps: transport 

of the solute from the bulk liquid phase to the adsorbent surface, and adsorption of the 

solute onto the surface. The model can be used to determine the breakthrough time, which 

is the time required for the effluent concentration of the solute to reach a certain level, as 

well as the rate of adsorption and the adsorption capacity of the adsorbent (Calero et al., 

2009). Column studies using the Thomas model can be used to optimize the design and 

operation of adsorption systems, as well as to evaluate the performance of different types 

of adsorbents for the removal of pollutants from water. The model can be applied to a wide 
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range of solutes and adsorbents, and can provide valuable insights into the adsorption 

process. 

1.7.4.2. Adams-Bohart model 

The Adams-Bohart model is a mathematical model used to describe the behavior of a fixed-

bed column during the adsorption of solutes from a fluid stream (Foroughi-dahr et al., 

2016). This model is useful for predicting the breakthrough behavior of a fixed-bed 

adsorbent and can be used for design and optimization of adsorption systems. The linear 

expression can be presented mathematically as: 

ln (
𝐶𝑡

𝐶0
) = 𝑘𝐴𝐵𝐶0𝑡 −

𝑘𝐴𝐵𝑁𝐴𝐵𝑧

𝑢
                                                    (1.2) 

where C0 (mg L-1) and Ct (mg L-1) are influent and effluent adsorbate concentrations, 

adsorbent bed height is z (cm); superficial velocity u (cm min-1) that were derived by 

dividing flow rate of the column by the cross-sectional area of the bed. kAB (L mg-1 min-1) 

and NAB (mg L-1) are the kinetics constant and saturation constant. 

The Adams-Bohart model assumes that the adsorption process is a combination of external 

mass transfer and intraparticle diffusion. The model assumes that the adsorption capacity 

of the bed is uniform throughout the bed and the rate of adsorption is proportional to the 

concentration difference between the bulk fluid and the adsorbent surface. The Adams-

Bohart model is useful for determining the breakthrough time of the adsorption process, as 

well as the maximum adsorption capacity of the bed. It can also be used to optimize the 

design of the fixed-bed column, such as the bed height and diameter, flow rate, and 

adsorbent characteristics (Chu, 2020). 

1.7.4.3. Yoon-Nelson model 

The Yoon-Nelson model is used to simulate the behavior of particles in a packed column. 

In a packed column, particles are packed into a fixed bed and a fluid flow through the 

column, causing the particles to move and interact with each other. The Yoon-Nelson model 

considers the hydrodynamic interactions between the particles and the fluid, and is used to 

predict the motion and behavior of the particles in the column (Yu et al., 2015). 

Mathematical equation of this model is given below, 

ln (
𝐶𝑡

𝐶0−𝐶𝑡
) = 𝑘𝑦𝑁

𝑡 − 𝑘𝑦𝑁𝜏                                                            (1.3) 
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Here, kyN (min-1) and τ (min) are the rate constant and time needed for 50% adsorbate 

breakthrough respectively whereas t represents the processing time. 

The Yoon-Nelson model is based on the concept of a two-phase flow, where the fluid is 

treated as one phase and the particles are treated as another phase. The model uses equations 

that describe the motion and behavior of the particles and the fluid, and includes terms that 

account for the interactions between the particles and the fluid. The Yoon-Nelson model is 

generally used in column studies, to predict the behavior of particles in a packed column 

under various operating conditions. 

1.8. Problem statement and related objectives 

Water pollution, because of rapid increase in the contaminants of emerging concern 

(CECs), such as pharmaceuticals, personal care products, heavy metals, and endocrine-

disrupting compounds, in water sources poses a significant threat to the environment, living 

organisms, and public health. These CECs are persistent in aquatic environments because 

the conventional water treatment methods fail to eliminate them completely. To address this 

issue, there is a critical need for innovative and sustainable solutions. Adsorption via bio-

based engineered adsorbents present a promising solution for the removal of CECs, due to 

their potential for tailored surface modifications and environmental sustainability. 

However, several knowledge gaps and challenges such as target specificity, interaction 

studies between adsorbate and adsorbent, absence of column studies, desorption and 

reusability studies hinder the widespread application of these adsorbents for CEC removal. 

This thesis aims to address these gaps by investigating the adsorption efficiency, 

mechanisms, and scalability of bio-based engineered adsorbents in the context of removing 

contaminants of emerging concern from aquatic systems. By elucidating these aspects, this 

thesis seeks to contribute to the development of effective and sustainable water treatment 

strategies for mitigating the impact of CECs on environmental and public health. So, based 

on the discussed problem statements the current research work has been designed with the 

following objectives: 

1. Synthesis and Characterization of engineered adsorbents from bio-based materials. 

2. Optimization of adsorption parameters for maximum removal efficiency through 

batch studies. 
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3. Investigating the mechanisms and possible interactions via isotherm and kinetic 

modeling. 

4. Performing regeneration studies to evaluate adsorbents’ recyclability. 

5. Examining the toxicity before and after adsorption process through Phyto, 

Microbial and Fish models. 

6. Continuous packed bed column studies and real-time sample studies for industrial 

setup. 
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Table 1.5. Various adsorbents/biosorbents and the pollutants used in this thesis work 

Adsorbent/Biosorbent 
Precursor 

material 

Modification 

method 
Pollutant Environmental impacts of pollutants 

Magnetic Sawdust 

(MSD) 
Sawdust Magnetization Diclofenac (DCF) 

• Mortality 

• Growth abnormalities 

• Cardiotoxicity 

• Neurotoxicity 

• Hepatotoxicity 

• Nephrotoxicity 

Corn starch 

nanoparticles (CSNP) 
Corn Starch Acid hydrolysis 

Ibuprofen (IBU) 

• Gastric ulceration 

• Mucosal damages Dyspepsia 

• Bowel inflammation 

• Hinder postembryonic development 

among amphibians 

Sulfamethoxazole 

(SUL) 

• Inhibits soil phosphatase activity 

• Thyroid gland follicular adenoma 

• Oxidative damage 

• Genotoxicity 

• Bioaccumulation in liver 

• Highly toxic to aquatic organisms 

Fe3O4/CAC 

nanocomposite 

(MCAC) 

Commercial 

Activated Carbon 
Magnetization Cerium (Ce) 

• Irritation to the skin 

• Severe threat to liver 

• Carcinogenicity 

• Lung embolism 
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• Negative influences on reproduction 

• Cellular damage 

Fe3O4/AC 

nanocomposite 

Biomass of 

Prosopis juliflora 
Magnetization 

Lead (Pb) 

• Causes oxidative stress 

• Neurotoxicity 

• Hypertension 

• Cognitive deficits 

• Infertility 

• Gastrointestinal effects 

Congo red (CR) 

• Hepatocarcinoma 

• Splenic sarcoma 

• Nuclear abnormalities 

• Chromosomal errors in mammalian cells 

• Platelet aggregation 

• Thrombocytopenia 

Oxidant-modified 

biochar (OBC) 
Sawdust Oxidation Basic fuchsin (BF) 

• Carcinogenic and mutagenic effects 

• Headache 

• Muscle contraction 

• Gastrointestinal irritation 

• Nausea and vomiting 
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1.9. Outline of the thesis 

Based on the above-discussed objectives the thesis work has been divided into the 

following 7 chapters. 

Chapter-1: General introduction and theoretical background. 

Chapter-2: Ecotoxicological assessment of micropollutant Diclofenac biosorption on 

Magnetic sawdust: Phyto, Microbial and Fish toxicity studies. 

Chapter-3: Effective removal of Pharmaceutical Contaminants Ibuprofen and 

Sulfamethoxazole from water by Corn starch nanoparticles (CSNP): An ecotoxicological 

assessment. 

Chapter-4: Development of Fe3O4/CAC nanocomposite for the effective removal of 

Contaminants of emerging concern (Ce3+) from water: An ecotoxicological assessment. 

Chapter-5: Toxicological assessment and adsorptive removal of Lead (Pb) and Congo Red 

(CR) from water by synthesized Iron oxide/Activated Carbon (Fe3O4/AC) nanocomposite. 

Chapter-6: Synthesis, characterization, and application of oxidant-modified biochar 

prepared from saw-dust for sequestration of Basic Fuchsin: Isotherm, kinetics, column, and 

toxicity studies. 

Chapter-7: Summary and overall conclusion 
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Chapter 2 

Ecotoxicological Assessment of 

Micropollutant Diclofenac Biosorption 

on Magnetic Sawdust: Phyto, 

Microbial and Fish toxicity studies 

 

 
The work embodied in this chapter is published in 
Vishnu Priyan V., Shahnaz, T., Suganya, E., Sivaprakasam, S., Narayanasamy, S., 2020. 

Ecotoxicological assessment of micropollutant Diclofenac biosorption on magnetic 

sawdust: Phyto, Microbial and Fish toxicity studies. Journal of Hazardous Materials, 

403,123532. https://doi.org/10.1016/j.jhazmat.2020.123532 (Elsevier; SCI IF 2023: 

13.6). 
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Abstract 

Diclofenac (DCF), a persistent pharmaceutical micropollutant which occurs in the 

ecosystems causing adverse effects on aquatic as well as terrestrial organisms. In this study, 

magnetic sawdust (MSD) was prepared using co-precipitation method for biosorptive 

removal of DCF from water. The MSD was characterized using various analytical 

techniques like microscopic and spectroscopic analysis. Vibrating sample magnetometer 

study confirms the ferromagnetic behavior of the biosorbent which is a key advantage in 

the separation of MSD after biosorption. The effect of experimental parameters was 

optimized in batch mode with evaluated maximum efficiency of 86.12% at pH 6.0, 

biosorbent dosage 0.025 g/L for 50 mg/L of DCF. Ecotoxicological assessment has been 

performed for the treated and untreated sample using plant seeds, microbes, and zebra fish 

to check the adverse effects of DCF on these organisms. Evaluation of toxicity studies 

revealed that inhibition concentration of DCF for various seeds (60.91 mg/L to 43.11 

mg/L), E. coli (48.82 µg/mL) and B. subtilis (31.55 µg/mL). The lethal concentration of 

DCF on the Danio rerio was found to be 156.99 mg/L. In contrast, significant increase in 

both the concentration measures of DCF after biosorption was observed making this 

biosorbent a potent alternative to other available treatment measures. 

 

 

Graphical Abstract 
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2.1. Materials and methods 

2.1.1. Chemicals and materials  

Sawdust was collected from a sawmill in Guwahati, India. The sawdust was washed and 

made into magnetic sawdust using ferric chloride hexahydrate (FeCl3.6H2O), ferrous 

chloride tetrahydrate (FeCl2.4H2O), ammonia solution, and absolute ethanol (≥ 99.9%) 

were procured from HiMedia. Diclofenac sodium salt (C14H10Cl2NNaO2) which is used as 

a pollutant was obtained from Sigma-Aldrich. Sodium hydroxide (HiMedia) and 

hydrochloric acid (SRL) were used to adjust the pH of the mixture. All other chemicals 

used in this study were procured from HiMedia.  

2.1.2. Preparation of magnetic sawdust (MSD) 

The saw dust collected was washed with tap water and then with distilled water for several 

times until wash water becomes clear. Then the saw dust was dried at 70 °C for 36 h in the 

oven and grinded using a grinder. The powdered saw dust was then sieved (mesh size -150 

BSS) and the sieved dust was stored for further use. To 200 mL of distilled water, 5.00 g 

of FeCl3.6H2O, and 2.50 g of FeCl2.4H2O was added and stirred continuously in the 

magnetic stirrer until the chemicals completely dissolved in water. Then, to the solution 

10.00 g of sieved saw dust was added and stirred at 80 °C for 15 h. Then 10% ammonia 

solution were added to the mixture drop-wise until the color of the mixture changes to 

bluish black, and stirred the mixture for 50 minutes at 60 °C. Then the suspension was 

filtered and washed with distilled water and ethyl alcohol for three times. Then the prepared 

magnetic sawdust was dried at 50 °C for 24 h in oven and stored in desiccator for further 

study. 

2.1.3. Characterization of MSD 

The morphology, topology and elemental analysis of the MSD was done using Field 

Emission Scanning Electron Microscopy (FESEM, Zeiss-Sigma 300), Field Emission 

Transmission Electron Microscopy coupled with EDX detector (FETEM, JEOL-2100F) 

and Atomic Force Microscopy (AFM, Oxford, Cypher).  

The functional groups of MSD before and after biosorption were investigated using Fourier 

Transform Infrared Spectroscopy (Perkin Elmer, USA). The range of the spectra was from 

400 to 4000 cm-1. The thermal stability of the MSD was examined by thermogravimetric 
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analyzer (TGA, Netzsch-STA449F3A00). Crystallinity of the biosorbent was determined 

by using X-ray powder Diffraction (XRD, Rigaku, Micromax-007HF). 

2.1.4. Batch biosorption experiments 

The biosorption of DCF was investigated through batch studies under various initial 

concentrations. 50 mL of DCF solution was taken and stirred at 120 rpm on a shaking 

incubator. The effect of pH was studied in the range of 2.0-10.0. The pH of the solution 

was altered using 0.1M HCl or 0.1M NaOH solution. The effect of biosorbent dosage was 

determined using various amount of biosorbent ranging from 0.025-0.150 g/L. The effect 

of the initial concentration of DCF solution was investigated using various concentrations 

from (10 to 50 mg/L). The residual DCF concentration was determined using UV visible 

spectrophotometer at a wavelength of 276 nm.  

The amount of DCF biosorbed per gram of MSD was calculated from the following 

equation 

  𝑞𝑒 =
(𝐶0−𝐶𝑒)

𝑚
× 𝑉                                                           (2.1)       

The removal efficiency of DCF was determined by using following expression 

𝑅𝑒𝑚𝑜𝑣𝑎𝑙(%) =
𝐶0−𝐶𝑒

𝐶0
× 100                                           (2.2) 

where qe is the amount of DCF biosorbed at equilibrium time (mg/g), C0 and Ce are the 

initial and equilibrium DCF concentrations (mg/L), V is the volume of DCF solution (L) 

and m is the mass of the biosorbent (g). 

2.1.5. Phytotoxicity experiments 

The phytotoxicity studies of DCF before biosorption and after treating with MSD was 

examined using Vigna mungo (black gram), Macrotyloma uniflorum (horse gram), Cicer 

arietinum (Bengal gram), Vigna radiata (green gram), Pennisetum glaucum (pearl millet) 

seeds. The phytotoxic experiments were carried out by Podio et al with modifications 

(Podio et al., 2020). These experiments were done at room temperature in Petri dishes. The 

phytotoxicity effect was measured in terms of germination rate of seeds, shoot length, and 

root length of seedlings after seven days. The seeds were sterilized to avoid fungal and 

yeast growth with 1% sodium hypochlorite solution for 10 minutes and washed 15 times 

with deionized water. Then the sterilized seeds were added to Petri dishes containing 
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distilled water as control, DCF solution before biosorption and after biosorption at various 

concentrations (10, 20, 30, 40 and 50 mg/L). The Petri dishes with seeds were incubated in 

dark for seven days, and checked the rate of germination and growth inhibition to determine 

phytotoxicity. 

2.1.6. Microbial toxicity experiments 

The DCF before and after biosorption were subjected to microbial toxicity test using E. coli 

and B. subtilis strains as model organisms. The toxicity studies on the model organisms 

were done in 96 well plate. E. coli and B. subtilis were cultured in Muller-Hinton broth 

media (37 °C, 24 h). Then 100 µL of the microorganism suspensions and 100 µL of DCF 

at various concentrations (10-50 µg/mL) were added to individual wells of the plate. 

Similarly, to 100 µL of microorganism suspension, 100 µL of treated DCF were added. 

Then the plates were incubated at 37 °C for 24 h. The control well contains only bacterial 

culture. After 24 h, optical density (OD) was measured at 600 nm and the growth inhibition 

was calculated (Wu et al., 2019). 

2.1.7. Acute fish toxicity experiments 

The acute toxicity of the zebra fish for 96 h on DCF solution before biosorption (untreated) 

and DCF solution after biosorption (treated) was done according to the Test Guideline No. 

203, Fish acute toxicity testing of OECD. Danio rerio (zebra fish) were selected for each 

treatment with same size and age group. The untreated DCF solutions were prepared in the 

concentrations of 1, 5, 15, 30, 60, 90, 120, 150, 180, and 210 mg/L.  

The parameters such as pH (6.5-7.5), oxygen concentration (>75% of air saturation), 

photoperiod (14:10, Light: Dark) and the temperature of 25 °C were maintained throughout 

the experiments. Totally, 22 treatments (11 each for DCF before and after biosorption) were 

done with 10 fishes for each treatment. The solution with 0 mg/L (no DCF) was taken as 

control and the remaining treatments with untreated DCF solution and treated DCF solution 

with the above-mentioned concentrations. After 96 h the total number of fish died in each 

treatment was recorded and the mortality % was calculated (Sotto et al., 2017) (Wu et al., 

2019). 
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2.2. Results and discussion 

2.2.1. Characterization of MSD 

Field Emission Scanning Electron Microscopy, Field Emission Transmission Electron 

Microscopy and Atomic Force Microscopy were used to analyse morphology and topology 

of the MSD. The functional groups present in MSD were investigated using Fourier 

Transform Infrared Spectroscopy with spectra range 400 to 4000 cm-1. Thermal stability 

and crystallinity of the biosorbent was determined by using thermogravimetric analyzer and 

X-ray powder Diffraction. 

2.2.1.1. FESEM and FETEM analysis 

The morphology of the surface of the MSD was examined using FESEM. The sawdust (Fig. 

2.1 (a) and (b)) primarily comprised of 96.93% dry matter with extractible materials 

(7.30%), cellulose (57.60%) and lignin (28.10%) (Miao et al., 2017). The FESEM results 

revealed that the MSD forms aggregates and they are spherical in shape. These particles 

were observed clearly at high magnifications.  

 

Fig. 2.1. FESEM micrographs at different magnifications a) Sawdust (1.50 KX), b) 

Sawdust (10.00 KX), c) MSD (50.00 KX), d) MSD (150.00 KX) 

Fig. 2.1 (c) and (d) depicted that the MSD with a diameter of 30-100 nm and found to be 

non-homogeneous. FESEM results showed that the saw dust exhibits porous rough surface 
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and the particles with non-uniform size. Thus, making the saw dust magnetic which 

increases the surface to volume ratio providing large surface for biosorption process.  

 

Fig. 2.2. FETEM images (a) and (b) of MSD at different regions, c) SAED image of MSD 

Fig. 2.2 (a) and (b) showed the FETEM micrograph of MSD with average particle size less 

than 50 nm and forms clusters. Fig. 2.2 (c) illustrates the selected area electron diffraction 

(SAED) pattern of MSD which reveals that the biosorbent contains both crystalline and 

amorphous regions in it.  

2.2.1.2. EDX analysis 

The elemental characterization of the MSD was analyzed by using Energy Dispersive X-

ray (EDX) analyzer, which was attached with a FETEM. The MSD (biosorbent) surface is 

exposed to an electron beam, which produces X-rays of precise wavelengths that are 

specific for each element. The electron beam moves across the MSD surface and produces 

distinguishing X-rays for each element.  

 

Fig. 2.3. a) EDX image of Magnetic saw dust (MSD), AFM micrographs of MSD b) 2-

Dimensional and c) 3-Dimensional image 
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Fig. 2.3 (a) showed the EDX spectrum of the MSD and the results showed that the presence 

of carbon (C), oxygen (O), and iron (Fe). The weight percentage of the carbon is about 

22.23% indicates that MSD consists of organic molecules made up of carbon. Oxygen 

(24.43%) is observed which represents the presence of hemicellulose and lignin. The 

amount of Fe is maximum (53.34%) which was due to the magnetic nature of MSD. 

2.2.1.3. AFM analysis 

The physical picture of MSD surface is given by AFM. The different characteristics such 

as size, surface roughness, shape can be determined by AFM. Fig. 2.3 (b) and (c) represents 

the 2D and 3D micrographs of AFM of MSD. The nodules are represented by bright peaks 

and the pores are seen as dark depressions. From the Fig. 2.3 (c) it is observed that the 

nodules are not merged and they have clear peaks. The height difference was found to be 

82 nm. The various roughness parameters of biodegradable saw dust were found to be Ra 

(12.65), Ry (126.52), Rz (70.93), Rms (16.70) (Miao et al., 2017). The values for roughness 

and some parameters were given in the Table 2.1. 

Table 2.1. AFM roughness parameters for MSD 

Roughness Parameters  Values 

Roughness average (Ra) 7.11303 nm 

Root mean square roughness (Rq) 8.57411 nm 

Maximum height of the roughness (Rt) 39.7740 nm 

Maximum roughness valley depth (Rv) 17.7741 nm 

Maximum roughness peak height (Rp) 21.9999 nm 

Average maximum height of the roughness (Rz) 35.2501 nm 

Skewness (Rsk) 0.28532 

Kurtosis (Rku) 2.36417 

Waviness average (Wa) 3.13292 nm 

 

The adsorption of the biosorbate into biosorbent can be influenced by the topography of 

the material surfaces. The surface roughness increases the maximum density attainable in 

the biosorbent. By increasing the roughness of the surface, it leads to increase in the process 

of the adsorption of DCF on the MSD. 
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2.2.1.4. Thermal stability analysis 

The thermal stability of the MSD was determined by using TGA and DSC. Fig. 2.4 (a) 

depicts the TGA/DSC thermograms of the MSD. In TGA, heat is used to induce the reaction 

and changes the physical properties of the material. The mass change was due to oxidation, 

dehydration and decomposition of the MSD with the temperature and the time. DSC shows 

the melting point and polymorphic state of MSD. Fig. 2.4 (a) revealed that a broad exotherm 

was found at 265 °C and an endotherm at 365 °C. As the temperature increases from 50 °C 

to 220 °C, there is a weight loss of 9% weight in MSD due to the evaporation of water 

molecules from MSD. Due to pyrolysis of hemicellulose, cellulose and lignin, thermal 

degradation occurs sharply at 220 °C. The thermal decomposition takes place till 600 °C 

and the weight loss of MSD was found to be 68%. This proves that MSD have high thermal 

stability. DTG curve showed that MSD have multiple decomposition step with peak 

temperatures at 355 °C, 265 °C and 75 °C respectively. 

2.2.1.5. FTIR analysis 

Fig. 2.4 (b) explains the FTIR spectra of saw dust, MSD before and after biosorption. The 

broad and intense peak was seen in the spectra between 3700-3040 cm-1 which was due to 

the stretching of O-H vibrations of components present in saw dust, MSD, MSD after 

adsorption (MSDAA). The short weak peak was seen at 2941 cm-1 which corresponds to 

the stretching vibrations of C-H present in the alkyl groups (mostly methyl) of saw dust. 

The peak (weak) at 1730 cm-1 of the spectra denotes the C=O vibration due to the carbonyl 

groups present in hemicellulose of saw dust (Ghasemi and Gholami, 2016). Similar type of 

peaks was observed around 1739 cm-1 due to carbonyl stretching vibration (Gan et al., 

2016). The medium peak at 1640 cm-1 is assigned to C=C stretching vibrations.  

The peak about 1560 cm-1 was attributed by aromatic vibration (stretching) of saw dust, 

MSD due to the presence of lignin in them. There observed a weak peak at 560 cm-1 which 

was due to the vibration of Fe-O bond of magnetic saw dust. Due to the C-H deformation 

of alkyl and alkoxy groups the weak peak is observed around 1425 cm-1(Nagy et al., 2014). 

The peaks around 1300-1110 cm-1 attributed to C-O stretching. The peak around 3750 cm-

1 was due to the NH2 group present in the saw dust (Zhu et al., 2019).  

The peak shift in the fingerprint region of the FTIR spectra confirms the successful binding 

of DCF on the surface of MSD. It is seen that OH-bending vibration standing for phenolic 
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hydroxyl group shifted from 1344 cm-1 to 1327 cm-1, this shift phenomenon is possibly due 

to electron donating effect from negative -COO- group of DCF. Electron donating effect 

supports H-bonding interaction of DCF with MSD. π-π interactions also takes part in 

biosorption as we see peak shifts and strength changes at the region of 1000-1650 cm-1. π-

π stacking interactions with phenyl cycle of DCF, electrostatic interaction and H-bonding 

interaction plays an important role and increases the affinity of MSD with DCF (Wu et al., 

2020). 

 

Fig. 2.4. a) Thermogravimetric analysis (TGA) and differential scanning calorimetry 

(DSC) image of MSD, b) FTIR analysis of Sawdust, MSD, MSDAA showing different 

peaks for different functional groups, c) XRD analysis of Sawdust and MSD showing 2 

theta peaks explaining crystallinity, and d) Vibrating sample magnetometer (VSM) 

analysis of MSD for evaluating the magnetic behaviour 

2.2.1.6. XRD analysis 

The crystallinity and phase purity of the saw dust and MSD was determined by using XRD. 

The diffraction pattern (Fig. 2.4 (c)) of saw dust exhibited the peaks at 2 theta at about 
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14.84˚, 22.38˚, 24.20˚, 34.72˚, and 47.84˚. The peaks around 14.84˚ and 22.38˚ represents 

the characteristic peak of the cellulose present in the saw dust (Abdel-Salam et al., 2020). 

The diffraction pattern of MSD revealed the peaks at 2 thetas at 22.44˚, 30.24˚, 35.58˚, 

43.32˚, and 57.26˚. The diffraction peak with maximum intensity proved that the 

crystallinity increases in the MSD structure on comparing to saw dust. The increase in 

crystallinity was due to the addition of FeCl2 and FeCl3 to make it magnetic (Cheng et al., 

2012). 

2.2.1.7. VSM analysis 

Magnetization of magnetic saw dust was characterized by Vibrating Sample Magnetometer 

(VSM). Biosorbent with magnetic properties increases attention of many researchers due 

to their easy separation by applying magnetic field. Thus, it increases the operational cost 

and efficiency by magnetic separation. Magnetization can be measured as the function of 

temperature and magnetic field. Fig. 2.4 (d) shows the magnetization curve for the MSD at 

room temperature. The saw dust shows ferromagnetic behavior. The purpose of 

incorporating magnetism in the sample is the facilitation of easy separation after treating 

the pollutant, which also enables the sample to be reused after retrieving (Carvalho Costa 

et al., 2020). 

2.2.2. Effect of various parameters on biosorption 

2.2.2.1. Effect of pH on biosorption  

The pH of the solution is the critical process parameter affecting the biosorption process. It 

influences both the biosorbate and biosorbent chemical properties in an aqueous solution. 

The effect of pH on biosorption of DCF onto the MSD was studied by changing the pH 

value from 2.0 to 10.0 at 298 K. The DCF biosorption on the MSD was mainly dependent 

on the pH of the solution (Fig. 2.5 (a)). With the increase in pH value the biosorption 

capacity towards the removal of DCF increases and then decreased after pH 7.0. The 

maximum removal efficiency of DCF was seen at pH 6.0. As the pH increases, the 

biosorption capacity of MSD towards DCF increased from 10.29 mg/g to 25.88 mg/g and 

gradually decreases to 17.20 mg/g at high pH 10.0. The efficiency of the DCF removal was 

increased from 34.31% to 86.27% as the pH of the solution increases and then it decreases 

to 57.35%. The pH of DCF solution has effect on both the ionization of the biosorbate and 

the surface charge of the biosorbent. There is an increase in the protonation effect due to 
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less pH, which increases the biosorption capacity. At lower pH (2.0-4.0), deprotonation 

occurs on the surface of MSD and there is no less interaction with DCF causes decreased 

biosorption (Patra et al., 2020). 

 

Fig. 2.5. a) Effect of pH on biosorption of DCF by MSD at various pH ranging from pH 

2.0-10.0, b) Effect of initial DCF concentration on biosorption of DCF by MSD at 

different concentrations of DCF ranging from 10-50 mg/L and c) Effect of biosorbent 

dosage on biosorption of DCF by MSD at different dosage of MSD ranging from 0.025 to 

0.150 g/L 

2.2.2.2. Effect of initial DCF concentration on biosorption 

The effect of initial concentration (Fig. 2.5 (b)) was studied using DCF concentration 

ranging from 10-50 mg/L, 298 K and the starting pH of 6.0. While initial DCF 

concentration was increased, there increases biosorption capacity from 19.08 mg/g to 89.16 

mg/g and the efficiency of the removal was decreased from 95.41% to 89.16%. The 

dynamic interactions between the DCF solution and the MSD are affected by the initial 

DCF concentration. A sufficient biosorption environment was provided by high initial 
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concentration and the resilient adsorption driving force overcomes the mass transfer 

resistance between the biosorbate and the biosorbent (Shahnaz et al., 2020a). Higher DCF 

removal percentage was observed at a lower initial concentration of DCF solution and 

lower DCF removal efficacy was seen at higher initial DCF concentration. The lower 

removal efficiency was due to the presence of a large amount of DCF molecules than MSD, 

which tends to decrease in removal efficiency (Larous and Meniai, 2016) 

2.2.2.3. Effect of biosorbent dosage on biosorption 

The effect of adsorbent dosage was done using MSD of different dosage varying from 0.025 

to 0.150 g/L, with a fixed initial DCF concentration of 50 mg/L, 298 K and pH 6.0. The 

effect of the biosorbent dosage was displayed in Fig. 2.5 (c). While increasing the dosage 

of biosorbent, there observed an increase in the removal efficiency from 86.12% to 95.31%. 

Whereas, the biosorption capacity was decreased from 86.12 mg/g to 15.88 mg/g by 

increasing the biosorbent dosage. The removal efficiency was increased by increasing the 

dosage of the biosorbent, which increases the active sites allowing more surface area of the 

biosorbent. The rise in a dosage leads to an increase in removal efficiency because 

biosorbate adheres to the biosorbent surface, which leads to strong interaction with active 

sites. When biosorbent dosage is decreased, the diffusion sites are fully exposed, leading 

to higher biosorption capacity (Shahnaz et al., 2020b). 

2.2.3. Biosorption isotherms 

The biosorption capacity of the MSD on biosorption DCF was investigated using 

adsorption isotherms such as Langmuir, Freundlich, Temkin, Dubinin-Radushkevich, and 

Jovanovic isotherm models (Fig. 2.6 (a)). The process parameters of various isotherms are 

shown in Table 2.2.  

The monolayer biosorption onto the surface with finite number of biosorption sites were 

explained by Langmuir isotherm model. In this model, there is no transmigration of 

biosorbate in the biosorbent surface plane (Tomul et al., 2019). This model calculates the 

maximum biosorption capacity of the monolayer coverage. The value of Q0 found to be 

107.52 (mg/g). The value of separation factor RL denotes the process nature of the 

biosorption. If the RL value is (> 0 to < 1 represents favorable biosorption; > 1 corresponds 

to unfavorable biosorption; = 1 follows linear biosorption; = 0 represents irreversible 

biosorption). The RL value is 0.0414, which represents favorable biosorption.  
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Table 2.2. Various isotherm parameters of DCF biosorption onto MSD 

Isotherm Model MSD 

Langmuir Isotherm 

Q0 (mg/g) 107.52 

KL (L/mg) 0.4626 

R2 0.9878 

Freundlich Isotherm 

KF (L/g) 31.024 

n 1.5857 

R2 0.9978 

Dubinin Radushkevich Isotherm 

β (mol2/J2)  0.0018 

E (kJ/mol) 16.56 

R2 0.8606 

Temkin Isotherm 

bT (kJ/mol) 409.34 

KT (L/mg) 6.7115 

R2 0.9783 

Jovanovic Isotherm 

qm (mg/g) 22.334 

KJ (L/g) -0.0565 

R2 0.8595 
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The process of biosorption, which happens on a heterogeneous surface, was predicted using 

Freundlich isotherm. They also describe the exponential distribution of active centers and 

their energies with multilayer biosorption (Khandaker et al., 2020). The KF and n values 

were found to be 31.024 (L/g) and 1.5857. The value for the coefficient of determination 

R2 was found to be 0.9978. The value of R2 was found to be more significant showing that 

the biosorption of DCF follows Freundlich isotherm. 

Biosorption mechanism with Gaussian energy distribution onto heterogeneous surface was 

expressed by Dubinin-Radushkevich isotherm model. It is used to predict physical or 

chemical biosorption (Mate and Mishra, 2020). The value of β and qm were 0.0018 (mol2/J2) 

and 69.819 (mg/g). The R2 value found to be 0.8606. The E (apparent energy) value 

provides the mechanism of the biosorption. Physical biosorption is favorable when E value 

is between 1 and 16 kJ/mol and chemical biosorption is favorable for the E value more than 

16 kJ/mol. The apparent energy for DCF biosorption was found to be 16.56 which shows 

that the process of biosorption is chemical.  

The indirect interactions of biosorbate and biosorbent were given by the Temkin model. 

This model assumes that the surface increases with the linear decrease in the heat of 

biosorption. Temkin isotherm is valid only for a medium range of concentrations of 

biosorbate (Abutaleb et al., 2020). The values for bT and KT are 409.34 (kJ/mol) and 6.7115 

(L/mg). The value of R2 was found as 0.9783. The assumptions made in this model are like 

Langmuir isotherm. When maximum solute concentration reaches the saturation level, the 

biosorption is localized and mobilized. The values are 22.334 (mg/g) and -0.0565 (L/g). 

The R2 value of Jovanovic isotherm was 0.8595.  

2.2.4. Biosorption kinetics 

Biosorption kinetics gives the information about the rate of biosorption (uptake of 

biosorbate on the biosorbent). To predict the kinetics of the biosorption process various 

kinetic models such as pseudo-first-order, pseudo-second-order, Elovich and intra-particle 

diffusion models were used (Fig. 2.6 (b)). Pseudo-first-order assumes of the rate of number 

of filled adsorption sites to unfilled sites in most biosorption process, this model is not 

significant for whole contact time, and it suits for the biosorption process only at the initial 

stage.  
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The qe and k1 values are found to be 49.468 (mg/g) and 0.0195 (min-1). The calculated qe 

values are not significant with the values of experimental qe due to limitations in the 

boundary layer control of the process. The correlation coefficient (R2) was found to be 

0.9492, which was comparatively low on comparison with intra-particle diffusion model. 

These values represent that the pseudo-first-order model is not suited for the biosorption of 

DCF on MSD. 

 

Fig. 2.6. a) Various isotherm models for DCF biosorption and b) Various kinetic models 

for DCF biosorption 

Pseudo-second-order model states about the behavior of the biosorption process for the 

entire time. In this model it is assumed that due to the sharing of electrons between the DCF 

and MSD which involves some valence forces considered to be the rate limiting step. The 

calculated value of qe is 47.276 (mg/g) and k2 is 0.0008 (g/mg min). The value of R2 for 

pseudo-second-order was found to be 0.9101, which is very less as compared to other 

kinetic models.  

The mechanism of the chemical biosorption is elucidated by Elovich kinetic model. This 

type of model is best suited for the materials with heterogenous surface. The values for the 

α and β is found to be 3.4236 (g/mg min) and 0.0913 (mg/g). The value of coefficient of 

correlation (R2) shows that the process of biosorption of DCF on MSD is not significant to 

the Elovich kinetic model. The process of biosorption on the porous material can be of three 

stages namely, intra-particle diffusion, adsorption, and external mass diffusion. The rate 

controlling step that occurs in the process of biosorption was due to the diffusion of 

biosorbate on the biosorbent (Pholosi et al., 2020). The true rate controlling mechanism 
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involved in the biosorption process was predicted by intra-particle diffusion. The plot for 

DCF predicts that the diffusion of DCF on MSD surface layer may be the rate-controlling 

step of the biosorption process. 

Table 2.3. Different kinetic parameters of DCF biosorption onto MSD 

Kinetics  MSD 

Pseudo-first-order model 

qe (mg/g) 49.468 

k1 (1/min) 0.0195 

R2 0.9492 

Pseudo-second-order model 

qe (mg/g) 47.276 

k2 (g/mg min) 0.0008 

R2 0.9101 

Elovich model 

α (g/mg min) 3.4236 

ꞵ (mg/g) 0.0913 

R2 0.9137 

Intra-particle diffusion 

ki (mg/g min 1/2) 3.9606 

d 0.2434 

R2 0.9515 

The regression plot pass through the origin shows that the vital for the biosorption process 

is diffusion. From the Table 2.3 on observing the R2 values, the biosorption of DCF on 

MSD follows the intra-particle diffusion kinetic model. 
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2.2.5. Phytotoxic studies 

The phytotoxic effects of DCF before biosorption and after biosorption was investigated 

through seed germination (%) and inhibition of growth (%). The germination of the seeds 

decreases as the concentration of DCF increases. From the Fig. 2.7 (a) and (b) it is observed 

that the germination of seeds among all the control groups (without DCF) exhibit 100% of 

germination. At the concentration of 30 mg/L of DCF the germination % of black gram 

decreases to 96.66% and reduces till 80% for 50 mg/L. The germination of horse gram 

vigorously reduced as the DCF concentration increases. The germination of Bengal gram 

decreased from 100% to 86.66% (50 mg/L). Comparatively, green gram shows highest 

germination of seeds (90%) at 50 mg/L of DCF concentration. Pearl millet shows very less 

seed germination of about 70% at highest concentration. 

 

Fig. 2.7. Seed germination (%) of Vigna mungo (black gram), Macrotyloma uniflorum 

(horse gram), Cicer arietinum (Bengal gram), Vigna radiata (green gram), Pennisetum 

glaucum (pearl millet) seeds at various concentrations of DCF. a) DCF before 

biosorption and b) DCF after biosorption 

Sousa et al. (2020) reported that on exposure of Solanum lycopersicum seeds to DCF there 

is no effect on germination of seeds, but the length of roots was decreased by 0.43-fold on 

10 mg/ L of DCF compared to the length of untreated roots (Sousa et al., 2020). Exposure 

of 5 to 50 mg/L of pharmaceuticals to cucumber plants, shows burnt edges on the mature 

leaves due to the decrease in pigments responsible for photosynthesis (Sun et al., 2018). 
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After the biosorption process we can see that there is the drastic increase in the germination 

of seeds of all groups. The minimal germination rate increases to 93.33% for black gram 

from 80%. After the biosorption of DCF, we can observe there is an increase in germination 

of seeds (%) in all the groups. The increase in the germination was due to the removal of 

toxic micropollutant DCF from the water by MSD. 

 

Fig. 2.8. Inhibition of growth (%) of Vigna mungo (black gram), Macrotyloma uniflorum 

(horse gram), Cicer arietinum (Bengal gram), Vigna radiata (green gram), Pennisetum 

glaucum (pearl millet) seeds at various concentrations of DCF. a) DCF before 

biosorption and b) DCF after biosorption 

Fig. 2.8 (a) and (b) revealed the growth inhibition of different seeds on exposure to different 

concentrations of DCF before and after biosorption. The inhibition of seed growth takes 

place as the concentration dependent manner. As the concentration of DCF increased the 

growth of shoot and root of the seed gets decreased. The IC50 values of DCF for black gram, 

horse gram, Bengal gram, green gram, pearl millet was found to be 60.91 mg/L, 43.11 

mg/L, 49.21 mg/L, 53.12 mg/L and 50.36 mg/L respectively.  

The cellular and subcellular metabolic process of plants are adversely affected due to DCF, 

which induces the changes in their growth and development. Svobodníková et al. reported 

that the viability of BY-2 cells of Nicotiana tobacum decreased on treatment with DCF 

which induces oxidative stress triggering cell apoptosis (Svobodníková et al., 2019). 

Hájková et al. (2019) showed that DCF at acute concentrations influences the 

photosynthetic process of Lemna minor chloroplasts by inhibiting oxygen production and 
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growth of plants (Hájková et al., 2019). The concentration above the IC50 value leads to 

retardation of growth of shoot and root of the plants. 

2.2.6. Microbial toxicity studies 

The growth of microbes exposed to the untreated DCF solution and treated DCF solution 

after the biosorption process in 96-well plates expressed as % inhibition of bacterial growth 

(Fig. 2.9 (a) and (b)). The growth of E. coli and B. subtilis are affected adversely due to the 

untreated DCF solution. At the concentration of 50 µg/mL of untreated DCF solution, E. 

coli shows 66.46% of growth inhibition followed by 24.87%, 18.15%, 10.43% and 9.81% 

for the 40, 30, 20 and 10 µg/mL concentrations of untreated DCF solutions.  

 

Fig. 2.9. Growth inhibition (%) of microorganisms at various concentrations of DCF 

before and after biosorption. a) E. coli, and b) B. subtilis 

From the Fig. 2.9 (a) we can observe that as the concentration increases the percentage of 

growth inhibition also increases in concentration dependent manner. The treated DCF 

shows the maximum inhibition of 28.06% at the concentration of 50 µg/mL. Similarly, Fig. 

2.9 (b) showed the growth inhibition of B. subtilis due to the untreated and treated DCF 

solutions. The untreated DCF solution shows highest inhibition activity about 72.05% at 

50 µg/mL concentration, but the treated DCF solution shows only 39.66% inhibition to the 

growth of B. subtilis at the same concentration. The inhibitory concentration (IC50) value 

for untreated DCF solution on E. coli and B. subtilis was found to be 48.82 µg/mL and 

31.55 µg/mL. After the biosorption process, we can observe that there is a decrease in the 

growth inhibition due to the removal of DCF from the solution by MSD. After the treatment 
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process the IC50 value for E. coli and B. subtilis was found to be 88.73 µg/mL and 61.23 

µg/mL which shows that the treatment process is effective and less toxic. Acute ecotoxicity 

experiments showed that the biotransformed product of DCF was less toxic to Vibrio 

fischeri on compared DCF parent compound (Stylianou et al., 2018). 

2.2.7. Acute fish toxicity studies 

In the present study the toxicity of the micropollutant DCF before and after treatment was 

evaluated on Danio rerio (zebra fish). The untreated DCF solution (before biosorption) 

showed high toxicity towards zebra fish than the treated DCF solution (after biosorption) 

with MSD. There is no death and abnormal behavior of zebra fish in the control groups. 

We observed some acute toxic symptoms like unusual swimming, staying at bottom and 

rapid tumbling in the treatment groups with the concentration above 120 mg/L. After 60 

mg/L DCF concentration the mortality rate of zebra fish increases with the concentration 

of DCF solution in dependent manner (Fig. 2.10). 

 

Fig. 2.10. Mortality (%) of Danio rerio (zebra fish) to various concentrations of DCF 

before and after biosorption 

 In the current study, after 96 h LC50 value of DCF on the Danio rerio was found to be 

156.99 mg/L. The treated DCF solution by biosorbent shows the highest mortality rate of 
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30% at 210 mg/L concentration. The mortality % decreases to 30% on treatment of DCF 

solution with MSD. This shows that the effective removal of DCF from aqueous solution 

by MSD and the LC50 value for the treated DCF solution was found to be 340.73 mg/L 

which was double the concentration of LC50 of DCF before biosorption. Islas-Flores et al. 

(2013) reported that the EC50 value for DCF was about 71 mg/L for Cyprinus carpio (Islas-

Flores et al., 2013).  

The exposure for 72 h resulted in no observed effect concentration (NOEC) at 1.5 mg/L 

(van den Brandhof and Montforts, 2010). (Ribeiro et al., 2015) depicted that the hatching 

rate of D. rerio embryo decreases significantly when exposed to 12.5 mg/mL of DCF. 

(Praskova et al., 2014) reported that the juvenile D. rerio on exposed to DCF for 96 h 

showed LC50 value at the range of 156.80-176.40 mg/L which was more significant to our 

results and stated that the fishes in the test groups exposed to 2, 5, and 15 mg/L of DCF 

exhibited mortality rate less than 5%. They also reported that at 60 mg/L the mortality rate 

was 10% which was like our results. (Duarte et al., 2020) reported that on exposure of DCF 

to Argyrosomus regius showed that the oxidative stress is not enhanced in the liver, yet 

triggering rapid energy consumption in the muscles of fish. 

2.3. Significant findings 

In the present study MSD was prepared using co-precipitation of FeCl3.6H2O and 

FeCl2.4H2O. The biosorbent characterized with FESEM, FETEM and AFM showed the 

nano sized MSD with spherical size ranging 5-90 nm. EDX analysis confirms the presence 

of iron on the MSD. X-Ray Diffraction pattern confirmed that the magnetized biosorbent 

has both crystalline and amorphous in nature with two distinct peaks for iron. The TGA 

study showed the multiple thermal decomposition step with three peak temperatures. 

Functional groups present were analyzed with FTIR. VSM analysis confirmed the 

ferromagnetism of the MSD. The conditions for maximum removal of DCF was optimized 

at pH 6.0, 50 mg/L initial DCF concentration and 0.025 g/L MSD with adsorption capacity 

107.52 mg/g. The behavior of DCF and MSD were described by Freundlich isotherm and 

Intra particle diffusion kinetics. Ecotoxicological assessment for seed germination and 

growth inhibition %, two microbial strains for growth inhibition % and Danio rerio fish for 

mortality % at different concentration of DCF before and after biosorption with MSD were 

carried out to evaluate the lethal and inhibition concentration of the pollutant. This 

biosorbent showed an excellent efficiency for DCF adsorptive removal. These findings 

TH-3361_196106029



 

   CHAPTER 2                                                                                                                               59 

 

implied feasibility of the preparation of MSD for the efficient removal of DCF and reduced 

toxicity of the treated DCF on model organisms that could be a potent alternative in 

wastewater treatment. 
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Abstract 

Pharmaceutical pollutants, a vital type of emerging contaminants, have attracted 

researchers to study their removal from water. In this research, Corn starch nanoparticles 

(CSNP) have been synthesized and characterized using various analytical techniques. The 

synthesized CSNP was used for the biosorption of two pharmaceutical drugs, ibuprofen 

(IBU) and sulfamethoxazole (SUL). The influence of various experimental conditions was 

optimized through batch study with the removal efficiency of 86.33% (IBU) and 85.80% 

(SUL) at pH 2.0 and 3.0, initial concentration of 10 mg/L, 0.01 g/L of CSNP dosage. The 

biosorption of IBU follows Temkin, and SUL follows Langmuir isotherm models. The 

toxicological assessment was performed using the seeds of Vigna mungo (VM) and Vigna 

radiata (VR) and zebrafish to evaluate the toxic effects of pollutants on these organisms. 

The LC50 of IBU and SUL on zebrafish before the biosorption process was 209.50 mg/L 

and 338.84 mg/L. Thus, CSNP is an efficient biosorbent for removing the pharmaceutical 

pollutants to protect ecological systems. 

 

 

 

Graphical Abstract 
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3.1. Materials and methods 

3.1.1. Chemicals  

Certified analytical grade chemicals were used to prepare all chemical solutions. Starch 

nanoparticles were prepared using corn starch ((C6H10O5) n, RM198, Mol. Wt. (162.14) n, 

HiMedia) and sulfuric acid (H2SO4, 98% pure/LR, Mol. Wt. 98.08, HiMedia). The 

pollutants ibuprofen (C13H17O2Na, AR, Mol. Wt. 228.26, Sigma-Aldrich) and 

sulfamethoxazole (C10H11N3O3S, AR, Mol. Wt. 253.28, Sigma-Aldrich) was procured from 

Sigma-Aldrich. The pH was adjusted using hydrochloric acid (HCl, 99% pure, Mol. Wt. 

36.46, SRL) and sodium hydroxide (NaOH, Hi-AR/ACS, Mol. Wt. 40, HiMedia).  

3.1.2. Synthesis of Corn Starch nanoparticles (CSNP) 

To prepare corn starch nanoparticles (CSNP), 50 g of corn starch was added in 500 mL of 

distilled water under continuous mechanical stirring at ambient temperature to get 

homogeneous mixture. Then 50 mL of concentrated sulfuric acid was added drop by drop 

to the starch solution and kept under vigorous stirring for 7 days. After seven days the 

solution was centrifuged at 12000 rpm for 15 minutes and the pellet was collected and 

washed with distilled water to get CSNP. These starch nanoparticles are dried in oven at 80 

°C and stored for further use (Priyan et al., 2020; Varadharaj et al., 2020). 

3.1.3. Characterization of CSNP 

Various analytical techniques were used to characterize CSNP before and after biosorption 

of ibuprofen (IBU) and sulfamethoxazole (SUL) were tabulated in Table A3 (Appendix). 

3.1.4. Biosorption experiments 

Batch experiments were performed at various initial concentrations of IBU and SUL (10 to 

60 mg/L), pH (2.0-9.0) and CSNP dosage (0.01-0.05 g/L). To perform batch experiments 

30 mL of stock solution was taken and stirred at 150 rpm in a shaking incubator for 5 h. To 

optimize pH different pH stock solutions were taken and to optimize the CSNP dosage 

various amount of CSNP were used ranging from 0.01-0.05 g/L. The temperature was 

maintained at 308 K (35 °C) throughout the experiments. After biosorption the residual 

IBU and SUL concentration was determined from OD value taken using UV visible 

spectrophotometer at wavelength 222 nm for IBU and 270 nm for SUL (Vishnu Priyan et 

al., 2021).  
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The maximum biosorption capacity and removal efficiency of IBU and SUL biosorption 

was calculated from Table 3.1. 

Table 3.1. The maximum biosorption capacity and removal efficiency of IBU and SUL 

biosorption 

 

Parameters                Equation                             Description Equ. No. 

Maximum 

biosorption 

capacity 

𝑞𝑒 =
(𝐶0 − 𝐶𝑒)

𝑚
 × 𝑉 

qe is the amount of IBU and 

SUL biosorbed at equilibrium 

time (mg/g), 

C0 and Ce are the initial and 

equilibrium IBU and SUL 

concentrations. (mg/L), 

m is the mass of the CSNP (g),  

V is the volume of IBU and 

SUL solution (L). 

(3.1) 

Removal 

efficiency 
𝑅𝑒𝑚𝑜𝑣𝑎𝑙 (%) =

𝐶0 − 𝐶𝑒

𝐶0

 × 100 (3.2) 

 

3.1.5. Phytotoxicity experiments 

The seed toxicity studies on IBU and SUL before and after biosorption on CSNP was 

studied using the seeds of Vigna species (Vigna mungo (VM) and Vigna radiata (VR)). The 

seed toxicity experiments were done using the protocol of  (Podio et al., 2020) with minor 

modifications. These experiments were carried out in Petri dishes in dark at room 

temperature.  

The toxicological effects on these seeds were measured after seven days in terms of 

inhibition of seedling growth (%) and germination (%) of the seedlings. To avoid yeast and 

fungal contamination on seeds, the Vigna seeds were surface sterilized with 0.1% sodium 

hypochlorite solution and washed with deionized water for several times. The surface 

sterilized seeds were subjected to toxicity analysis by adding the seeds to the Petri dishes 

containing the IBU and SUL solutions before and after biosorption process. The pollutant 

solution was prepared in various concentrations (10, 30 and 50 mg/L) and distilled water is 

used as control. Then the seeds in Petri dishes were placed in dark for seven days. After 

seven days, the Vigna mungo and Vigna radiata seedlings were subjected to toxicity 

analysis. 
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3.1.6. Acute fish toxicity experiments 

Acute fish toxicity studies were performed using Zebra fish (Danio rerio) as the model 

organism. This experiment was performed according to the OECD test guideline number 

203. The experiments were done with fishes of same age and size. Different concentrations 

of IBU and SUL solutions (5, 10, 15, 30, 60, 120 mg/L) were prepared and used for this 

test. The oxygen concentration (>75%), pH (6.5-7.5), light period (14 h light: 10 h dark) 

and temperature (25 °C) were maintained constant throughout the tests. Ten healthy fishes 

were taken for each experiment with triplicates. The experiments were performed with IBU 

and SUL solutions with different concentrations before and after biosorption. The water 

without the pollutants was taken as control. At the end of 96 h total number of alive and 

dead fishes was recorded and the mortality percentage was calculated to determine the 

toxicity levels of IBU and SUL on zebra fish (Mishra and Mohanty, 2008; Sotto et al., 

2017).  

3.2. Results and discussion 

3.2.1. Characterization of CSNP 

3.2.1.1. Morphology and topology analysis 

The surface morphologies of raw corn starch (CSR) and corn starch nanoparticles (CSNP) 

were examined through FESEM. The SEM micrographs (Fig. 3.1 (a) and (b)) revealed that 

the CSR granules were polygonal in shape with mean size of about 5-20 µm. Similar results 

have been reported by (Varadharaj et al., 2020). It was found that the synthesized CSNP 

was found to be spherical in shape with aggregation (Fig. 3.1 (c) and (d)). The starch 

nanoparticles were found to be non-homogeneous with average particle size less than 100 

nm interconnected with each other. The topology of the CSNP was determined using 

FETEM revealing that the surface of the CSNP was eroded by sulfuric acid used for 

synthesis (Fig. 3.1 (e) and (f)). The action of sulfuric acid on CSR creates numerous pores 

on the surface of corn starch, which helps in biosorption of pollutants (Velásquez-Castillo 

et al., 2020). From the FETEM image (Fig. 3.1 (f)) the average size of CSNP was found to 

be 30 nm. The surface roughness of the synthesized CSNP was depicted through AFM. The 

different roughness parameters such as average roughness (Ra), RMS roughness (Rq), 

average maximum height of roughness (Rz), maximum roughness valley depth (Rv) and 
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maximum roughness peak height (Rp) were calculated and found to be 7.17 nm, 14.73 nm, 

111.8 nm, 22.3 nm and 89.5 nm respectively (Miskeen et al., 2021). 

 

Fig. 3.1. FESEM micrographs at different magnifications a) CSR (1.00 KX), b) CSR (5.00 

KX), c) CSNP (15.00 KX), d) CSNP (15.00 KX) and e & f) FETEM image of CSNP 

3.2.1.2. EDX analysis 

The elemental characterization of CSR, CSNP, CSNP-IBU and CSNP-SUL was examined 

using FESEM coupled energy dispersive X-ray spectroscopy (EDX). Characteristic X-rays 
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were produced by excitation of electrons through irradiation on the sample surface by 

charged particles of high energy. Elements such as carbon, oxygen, nitrogen, sulphur and 

sodium were found in the EDX spectra of CSR, CSNP, CSNP-IBU and CSNP-SUL. The 

weight percentage of carbon in CSR, CSNP, CSNP-IBU and CSNP-SUL was found to be 

71.8 wt.%, 77.4 wt.%, 75.7 wt.% and 70.9 wt.%. It is seen that CSR (Fig. 3.2 (a)) consists 

of oxygen (26.8 wt.%) and nitrogen (1.4 wt.%). The presence of carbon in the samples was 

mainly due to the biological nature of the corn starch.  The CSNP (Fig. 3.2 (b)) consists of 

oxygen (21.5 wt.%), nitrogen (0.6 wt.%) and sulphur (0.5 wt.%). The presence of sulphur 

was attributed due to the treatment of CSR with sulfuric acid. After the biosorption process 

the pollutants were adsorbed on CSNP.  

The EDX spectra of CSNP-IBU (Fig. 3.2 (c)) showed the presence of oxygen (22.5 wt.%), 

nitrogen (1.2 wt.%), sodium (0.3 wt.%) and sulphur (0.3 wt.%). The presence of sodium in 

the EDX spectra of CSNP-IBU was due to the sodium salt of ibuprofen which is adsorbed 

on the CSNP. Elements such as oxygen (26.3 wt.%), nitrogen (2.6 wt.%) and sulphur (0.3 

wt.%) were seen in the EDX spectra of CSNP-SUL (Fig. 3.2 (d)). 

 

Fig. 3.2. EDX spectra of, a) CSR, b) CSNP, c) CSNP-IBU and d) CSNP-SUL 
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3.2.1.3. FTIR and Raman analysis 

The functional groups present in the CSR, CSNP, CSNP-IBU, and CSNP-SUL were 

determined by using FTIR (400-4000 cm-1) as shown in the (Fig. 3.3 (a)). In CSR spectra 

the broad peak at 3300 cm-1 was due to the OH stretching group of amylopectin of corn 

starch (Remanan and Zhu, 2021). In CSNP, due to oxidation, the -OH group of amylopectin 

reduces corresponding to the reduction of broad peak at 3300 cm-1. A weak peak at 2926 

cm-1 of CSR corresponds to the CH stretching of the alkane group, which has a peak shift 

from 2926 cm-1 to 2931 cm-1 after synthesizing starch nanoparticles (CSNP). The peak shift 

might be due to the acid hydrolysis of corn starch forming CSNP. The peak at 3748 cm-1 

represents the NH stretching vibrations. The weak band at 1740 cm-1 in CSR corresponds 

to the carbonyl compound aldehyde present in the corn starch. After acid treatment we can 

observe a sharp peak shift for the aldehyde functional group to 1710 cm-1 in CSNP.  The 

peak at 1640 cm-1 was due to ketones present in CSR, which shifted to 1610 cm-1 in CSNP 

because of the breakdown of starch units into glucose units exposing a greater number of 

ketone groups. On comparing the peaks between CSNP and CSNP-IBU, CSNP-SUL all 

the functional groups were similar and we can observe the peak at 531 cm-1 for CSNP after 

biosorption of pollutants. This was due to the biosorption of IBU and SUL on CSNP. The 

cis form of organic nitrites exhibits the peaks in the region 1625- 1610 cm-1 (Awokoya et 

al., 2021). The region between 850-620 cm-1 corresponds to the CH wag vibrations of 

CSNP, CSNP-IBU, and CSNP-SUL. The bands at 767, 706, 572, and 524 cm-1 were due to 

the amide group present in the sample (Guedidi et al., 2017).   

The deformations in the structure of CSNP and their vibrational modes before and after the 

biosorption of pollutants were determined using Raman spectroscopy (Fig. 3.3 (b)). In CSR 

the band at 2911 cm-1 was due to the asymmetrical and symmetrical stretching of the CH 

group of amylopectin. It is seen that in CSNP the amylopectin region of corn starch was 

degraded by acid, and the peak shift was seen at 2564 and 2680 cm-1. The similar peak was 

seen in CSNP-IBU and CSNP-SUL with peak shift. In the given Raman spectrum, the area 

between 1800 and 1200 cm-1 provides more detailed structural information (Wang et al., 

2021). The peak at 1460, 1437, 1434, and 1441 cm-1 were due to the deformation of the 

CH2 group of corn starch. Similar types of bands were seen in the Raman spectra of CSNP 

before and after biosorption of pollutants. The band represented the deformation of CCH 

stretching at 1330-1341 cm-1. The peak at 786 cm-1 of CSR corresponds to the CC and CO 
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stretching of the glycosidic bond. In CSNP and CSNP-IBU, CSNP-SUL the band at 786 

cm-1 was not there because the acid treatment leads to the breakage of glycosidic bonds. 

The vibrations between 900 cm-1 to 400 cm-1 were due to the deformation of the glycosidic 

bond, which is degraded due to the action of sulfuric acid. In CSR, the band at 478 cm-1 

acts as the marker band to identify the presence of starch.  This peak was not seen in other 

three spectra due to acid hydrolysis. All four spectra show similar bands at 900 – 1100 cm-

1, representing the vibrational modes of amylose and amylopectin present in the samples 

(Khedr et al., 2017; Priyan et al., 2020). 

 

Fig. 3.3. a) FTIR spectra of CSR, CSNP, CSNP-IBU and CSNP-SUL and b) Raman 

spectra of CSR, CSNP, CSNP-IBU and CSNP-SUL 

3.2.1.4.  XRD analysis 

The crystallinity of the CSR, CSNP, CSNP-IBU, CSNP-SUL were examined by XRD. The 

Fig. 3.4  illustrates the diffraction pattern exhibited by the samples, in which the peak at 2 

theta about 15.02°, 17.04°, 18.02° and 23.04° represents the left handed double helical 
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structure present in the corn starch (Pan et al., 2021).  We can observe the diffraction peak 

at 19.12° attributed to the left-handed single helix of the corn starch chain. After synthesis 

of CSNP the peaks at 15.02°, 17.04°, 19.12° and 23.04° are completely disappeared. The 

peak at 18.02° have some shift till 18.84° (CSNP and CSNP-IBU) and 19.78° (CSNP-SUL) 

with increasing in width of the peak. 

 

Fig. 3.4. XRD analysis of CSR, CSNP, CSNP-IBU and CSNP-SUL showing 2 theta peaks 

explaining crystallinity 

3.2.2. Effect of various parameters on biosorption  

3.2.2.1. Effect of pH on biosorption 

A crucial parameter which influences chemical properties of sorbent and sorbate affecting 

the IBU and SUL biosorption on CSNP is pH of the solution. To know the influence of pH 

on IBU and SUL biosorption, different pH of the solutions (2.0-9.0) was taken (Fig. 3.6 

(a)). The point of zero charge (PZC) of CSNP was determined in different pH using zeta 

potential and found to be 1.8. The pH below the pH PZC the surface of CSNP was positive 

and above the pH PZC the surface was found to be negative in nature. The behaviour of 

drugs at various pH was represented in the Fig. 3.5. The pKa value of IBU was found to be 

4.91, in which the pH above the pKa value, IBU will exist in anionic form and below the 

pKa value it exists in cationic form (Oba et al., 2021). SUL molecules have both -NH2 

(amine) and -NH- (amide) groups showing two pKa values at 1.6 and 5.7. When the pH of 

the solution is less than 1.6 or higher than 5.7 SUL is positively or negatively charged 

promoting electrostatic interaction as a major role in the biosorption process (Ahsan et al., 
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2018; Guo et al., 2019). At pH 2.0 the removal efficiency of IBU was high and found to be 

57.09% and pH 3.0 favours high biosorption of SUL on CSNP with removal efficiency of 

68.22%. The biosorption difference between IBU and SUL is about 11.13%. The removal 

efficiency of SUL is higher because of formation of hydrogen bonds between amine group 

of SUL and surface of CSNP. At pH 2.0 the CSNP surface was anionic and IBU was 

cationic promoting electrostatic attraction between CSNP and IBU molecules. At pH 3.0 

the surface of CSNP was anionic and SUL exhibits zwitterion form possessing both equal 

positive and negative charges. So, the positive charge of SUL molecules gets attracted to 

the negative surface of CSNP promoting high biosorption. The decrease in the pH of the 

solution promotes the biosorption phenomenon. At high pH values, the OH- ions compete 

with the negatively charged pollutants to occupy the biosorption sites on CSNP. At low pH 

values the competition is reduced promoting high biosorption capacity. 

 

Fig. 3.5. Scheme and charges of IBU, SUL and CSNP above and below the pKa values 

and pH PZC values. IBU is cationic when pKa is below 4.9 and anionic above 4.9. SUL is 

cationic below pKa 1.6, neutral between pKa 1.6-5.7 and anionic above 5.7. CSNP 

surface is cationic below pH PZC 1.8 and anionic above pH PZC 1.8 
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3.2.2.2. Effect of initial IBU and SUL concentration 

The influence of initial concentration on biosorption of IBU and SUL by CSNP (Fig. 3.6 

(b)) was experimented using IBU and SUL solutions of various concentrations (10-60 

mg/L) with pH 2.0 for IBU and pH 3.0 for SUL. As increase in the concentration of IBU 

and SUL solutions, we can observe the increase in the biosorption capacity from 20.56 

mg/g to 65.48 mg/g for IBU biosorption and 20.50 mg/g to 82.21 mg/g for SUL biosorption. 

The efficiency of the removal percentage decreases as the concentration increases from 

86.33% to 42.64% for IBU biosorption and 85.80% to 58.30% for SUL biosorption. The 

difference in the removal percentage between IBU and SUL is of 15.66%. Dynamic 

interactions between CSNP and pollutants (IBU and SUL) affects the initial concentration 

of the pollutant solutions (Shahnaz et al., 2021b). An adequate biosorption environment 

was found at high initial concentration of IBU, SUL solutions and a strong biosorption 

driving force between the CSNP and the pollutant overcomes the mass transfer resistance. 

Higher removal efficiency was found at 10 mg/L initial concentration of IBU and SUL. 

Lower removal efficiency was seen at 60 mg/L initial concentration of the adsorbate 

solutions. At 60 mg/L initial concentration the amount of IBU and SUL molecules are very 

high than the CSNP which tends to decrease in removal efficiency (Hoslett et al., 2020). 

3.2.2.3. Effect of CSNP dosage 

The effect of CSNP dosage on biosorption of IBU and SUL was done with various CSNP 

dosage ranging from 0.01 to 0.05 g/L with constant pH, temperature, and initial 

concentration. From the Fig. 3.6 (c) we can observe that if the CSNP dosage increases, the 

removal percentage also increases from 62.78% to 82.98% for IBU and 75.80% to 89.46% 

for SUL. The difference in the biosorption removal efficiency between IBU and SUL was 

about 6.48%. The SUL has maximum removal efficiency on comparing with IBU removal.  

But we can observe the decrease in the biosorption capacity from 98.00 mg/g to 25.90 mg/g 

for IBU and 116.75 mg/g to 27.56 mg/g for SUL biosorption. The removal efficiency of 

IBU and SUL increases when CSNP dosage increases as there are numerous active sites in 

CSNP which attracts more molecules of IBU and SUL. The attraction between CSNP and 

IBU, SUL leads to a very strong adsorbent/ adsorbate interactions promoting high removal 

percentage. At 0.01 g/L dosage the complete exposure of active sites leads to high 

biosorption capacity. 

TH-3361_196106029



 

   CHAPTER 3                                                                                                                              72 

 

 

Fig. 3.6. a) Effect of pH on biosorption of IBU and SUL by CNSP at various pH ranging 

from pH 2.0-9.0, b) Effect of initial IBU and SUL concentration on biosorption of IBU 

and SUL by CNSP at different concentrations of IBU and SUL ranging from 10-60 mg/L, 

and c) Effect of biosorbent dosage on biosorption of IBU and SUL by CNSP at different 

dosage of CSNP ranging from 0.01 to 0.05 g/L 

3.2.3. Biosorption isotherms 

Biosorption isotherms are the theoretical graphs which represents the biosorption process 

as the function of an increase in adsorbate concentration at a constant temperature. The 

isotherm models (Table A1 (Appendix)) are used to determine the parameters like 

biosorption capacity, physical biosorption or chemical biosorption etc. The various 

biosorption process parameters of various isotherm models are shown in the Table 3.2. 

Isotherm models for IBU and SUL biosorption onto CSNP was shown in the Fig. 3.7 (a) 

and (b). Monolayer biosorption of IBU and SUL on the surface of CSNP was described by 

Langmuir isotherm (Hoslett et al., 2019). In Langmuir isotherm the CSNP have fixed 

number of sites for biosorption. The process of transmigration of SUL molecules on CSNP 
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surface plane is absent. The Q0 of Langmuir model was found to be 65.3590 mg/g for IBU 

and 96.1538 mg/g for SUL biosorption. The KL was found to be 0.3453 (L/mg) for IBU 

and 0.1980 (L/mg) for SUL. The R2 value of SUL biosorption was 0.9984 which shows 

that SUL biosorption fit to Langmuir isotherm  

Table 3.2. Various isotherm parameters of IBU and SUL biosorption onto CSNP 

 

Isotherm Model IBU Biosorption SUL Biosorption 

Langmuir Isotherm 

Q0 (mg/g) 65.3590 96.1538 

KL (L/mg) 0.3453 0.1980 

R2 0.9860 0.9984 

Freundlich Isotherm 

KF (L/g) 20.1465 19.2841 

n 2.8473 2.0635 

R2 0.9693 0.9774 

Dubinin- Radushkevich Isotherm 

qm (mg/g) 55.5001 69.0060 

β (mol2/J2)  0.0045 0.0054 

E (kJ/mol) 10.4720 9.5596 

R2 0.8578 0.8785 

Temkin Isotherm 

bT (kJ/mol) 188.2710 117.7760 

KT (L/mg) 3.3521 1.7541 

R2 0.9911 0.9968 
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Biosorption process of IBU and SUL on heterogeneous multilayer surface of CSNP was 

given by Freundlich isotherm model. It shows the exponential distribution of multilayer 

biosorption active centers with their energies. The values of exponent of Freundlich 

constant (n) were found to be 2.8473 for IBU and 2.0635 for SUL biosorption. The 

regression value (R2) for IBU and SUL biosorption was found to be 0.9693 and 0.9774 

respectively.  

 

Fig. 3.7. Isotherm models for a) IBU biosorption onto CSNP and b) SUL biosorption onto 

CSNP 

Mechanism of IBU and SUL biosorption process on CSNP heterogeneous surface with 

Gaussian energy distribution was explained by Dubinin-Radushkevich isotherm model. 

This model is best suited for intermediate range of IBU and SUL concentrations due to the 

exhibition of unrealistic asymptotic behavior (Khadir et al., 2020). Here the biosorption 

follows the pore filling mechanism and predicts whether the biosorption process is physical 

or chemical. The qm and β for IBU biosorption was found to be 55.5001 mg/g and 0.0046 

(mol2/J2) respectively. But for SUL biosorption the value of qm was 69.0062 mg/g and β 

was 0.0055 mol2/J2. The apparent energy (E) for IBU and SUL biosorption was found to 

be 10.4720 and 9.5596 kJ/mol which favors theoretically chemical biosorption for both 

IBU and SUL (Hu and Zhang, 2019). The R2 value was found to be 0.8578 (for IBU) and 

0.8785 (for SUL) respectively. The indirect CSNP/IBU, SUL interactions were examined 

by Temkin isotherm model. This model assumes that there is a linear reduction in the heat 

of biosorption of IBU and SUL molecules as the surface increases. The value of bT was 

found to be 188.2710 KJ/mol (IBU) and 117.7762 KJ/mol (SUL) biosorption process. The 

Temkin constant (KT) was found to be 3.3521 L/mg and 1.7541 L/mg. The R2 of IBU 
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biosorption was 0.9911 which shows that IBU biosorption fits the Temkin isotherm model 

(Vishnu Priyan et al., 2021). 

3.2.4. Biosorption kinetics 

Various biosorption kinetic models were used to investigate the rate of uptake of IBU and 

SUL on CSNP. The different kinetic models (Fig. 3.8 (a) and (b)), along with their non-

linear mathematical equations, are given in the Table A2 (Appendix). The various kinetic 

parameters of these models were tabulated in the Table 3.3.  

Table 3.3. Different kinetic parameters of IBU and SUL biosorption onto CSNP 

Kinetics IBU Biosorption SUL Biosorption 

Pseudo-first-order model 

qe (mg/g) 40.8601 81.5455 

k1 (1/min) 0.0168 0.01884 

R2 0.8770 0.8438 

Pseudo-second-order model 

qe (mg/g) 49.0196 81.3008 

k2 (g/mg min) 0.0004 0.0001 

R2 0.9761 0.8539 

Elovich model 

α (g/mg min) 3.3552 3.0025 

ꞵ (mg/g) 0.1130 0.0813 

R2 0.9309 0.8310 

Intra-particle diffusion 

ki (mg/g min 1/2) 2.7588 4.0924 

d 2.0656 4.7804 

R2 0.9481 0.9651 
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The pseudo-first-order (PFO) kinetic model assumes that the biosorption of IBU and SUL 

depends on the number of free active sites on CSNP and the concentration of IBU and SUL 

in the solution and on the surface of CSNP (Hoslett et al., 2021). The pseudo-first-order 

considers the rate of occupation of biosorption sites to be proportional to the number of 

unoccupied sites. This method is valid only at the initial stage of the biosorption process. 

For PFO, the R2 and χ2 value for IBU biosorption was found to be 0.9922 and 1.6517 

respectively. For SUL biosorption the R2 and χ2 value was found to be 0.9829 and 7.7925.  

The biosorption behavior of pollutants (IBU and SUL) on CSNP over the entire biosorption 

process was explained by pseudo-second-order (PSO) kinetic model. The rate-limiting step 

of PSO model is the chemisorption, involving interactions between the adsorbent and the 

adsorbate. The R2 and χ2 value for IBU biosorption was 0.9924 and 1.6000. For SUL 

biosorption the R2 and χ2 value was found to be 0.9870 and 5.9308. The Elovich model 

elucidates the nature of the chemical reaction between the pollutants (IBU and SUL) and 

the adsorbent (CSNP). This model is best fitted for the adsorbents with the heterogeneous 

surface. The alpha and beta value for IBU biosorption was found to be 1.2515 and 0.0728 

respectively. For, SUL biosorption it was 0.6836 and 0.0304. The R2 values of Elovich 

model is less than the R2 values of PFO and PSO. Similarly, χ2 values are higher than the 

χ2 values of PFO and PSO, so Elovich model theoretically does not fit for IBU and SUL 

biosorption process.  

Intraparticle Diffusion (IPD) model considers that there is mass transfer to the internal part 

of the CSNP, which occurs through the diffusion of the IBU and SUL molecules inside the 

pores of the CSNP. The R2 for the IBU and SUL biosorption was found to be 0.9480 and 

0.9651 respectively. On comparing the R2 values (R2(PSO) > R2 (PFO) > R2 (Elovich) > 

R2 (IPD)) and χ2 values (χ2 (PSO) < χ2 (PFO) < χ2 (Elovich) < χ2 (IPD)), it is observed that 

both IBU and SUL biosorption theoretically fits PSO kinetic model. Along with PSO 

kinetic model, other mechanisms like PFO and IPD takes place. At initial phase the 

biosorption process obeys PFO kinetic model as the initial concentration of the pollutant 

(IBU and SUL) in the solution is high leading to the boundary layer diffusion (Azizian, 

2004). The second stage is the gradual biosorption stage, where intraparticle diffusion is 

rate controlling step (Rangabhashiyam and Selvaraju, 2015). In the final stage, IPD starts 

to slow down due to the low concentration of IBU and SUL in the solution promoting PSO 

kinetics (Shahnaz et al., 2021a). 
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Fig. 3.8. Various kinetic models a) IBU biosorption on CSNP and b) SUL biosorption on 

CSNP 

3.2.5. Phytotoxicity studies                                                                                                                                                                           

The phytotoxic effects of IBU and SUL before and after biosorption on Vigna mungo (VM) 

and Vigna radiata (VR) seeds were examined through germination % of seedlings and 

inhibition of seedling growth (%). The Fig. 3.9 (a) and (b) shows that with the increase in 

IBU and SUL concentration, there is a decrease in the germination of seedlings. At 50 mg/L 

of IBU before biosorption, the seed germination % was 90% (VM) and 93.3% (VR). Due 

to the biosorption of IBU, the seed germination (%) increases to 100% for both VM and 

VR as the IBU molecules were adsorbed on CSNP. At 50 mg/L of SUL (before biosorption) 

VM and VR, the germination % was 93.3%, increasing to 96.6% after biosorption. (Sharma 

and Malan, 2017) investigated the effect of IBU on germination and growth of VR and 

reported that the maximum germination attained was 99.04%. Due to decline in the level 

of toxic metabolites, there is an increase in seed germination % of the seedlings.  

The Fig. 3.9 (c) and (d) represents the growth inhibition of various seeds to various 

concentrations of IBU and SUL before and after biosorption. As the increase in time and 

concentration of IBU and SUL, the growth of the VM and VR seedlings decreases due to 

the inhibition of various metabolic activities. Before treatment of IBU with CSNP the 

inhibition % at 10, 30, 50 mg/L for VM was about 8.92%, 32.14%, 53.92% and for VR was 

9.22%, 33.57% and 52.02% respectively. After treatment (after biosorption) the inhibition 

% decreases to 23.21% for VM and 24.72% for VR. Similarly, at 50 mg/L of SUL, the 

inhibition of growth (%) was about 46.78% (VM) and 48.70% (VR). After biosorption of 
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SUL by CSNP, we can observe that growth increases and the inhibition % decrease to 25% 

(VM) and 23.61% (VR), respectively. Pharmaceutical stress caused by IBU and SUL 

triggers an oxidative burst in mitochondrial and chloroplast compartments at the subcellular 

level through bioaccumulation of reactive oxygen species disrupting cell integrity by 

damaging proteins, DNA, and lipids leading to a decline in the growth of the seedlings 

(Wijaya et al., 2020). 

 

Fig. 3.9. a) Seed germination (%) of Vigna mungo and Vigna radiata seeds at various 

concentrations of IBU and SUL before biosorption, b) Seed germination (%) of Vigna 

mungo and Vigna radiata seeds at various concentrations of IBU and SUL after 

biosorption c) Inhibition of growth (%) of Vigna mungo and Vigna radiata seeds at 

various concentrations of IBU and SUL before biosorption, and d) Inhibition of growth 

(%) of Vigna mungo and Vigna radiata seeds at various concentrations of IBU and SUL 

before biosorption 
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3.2.6. Acute fish toxicity studies 

In this present study the acute toxicological effects of two pharmaceutical drugs, IBU and 

SUL before and after biosorption on CSNP was investigated using zebra fish as model 

organism. It is observed that, the control group fishes were active and alive throughout the 

experimental study (Fig. 3.10). There is no abnormal behaviour of zebra fish in the control 

group. Various acute symptoms like fast tumbling, unusual swimming and staying at 

bottom were observed in the fishes treated with the pharmaceutical pollutant with 

concentration above 15 mg/L. The mortality percentage of the zebra fish increases as the 

IBU and SUL concentration increases, but there is no mortality till 15 mg/L.  

The mortality percentage is depending on the concentration of the IBU and SUL solution. 

In the current study, the LC50 values were calculated for IBU and SUL, before and after 

biosorption process. After biosorption process the mortality percentage decreases due to 

biosorption of IBU and SUL on CSNP. We can observe that there is no death till 30 mg/L 

for both IBU and SUL.  

Acute fish toxicity was performed for CSNP of different concentrations, including 50, 100, 

150, 200, 1nd 250 mg/L, respectively. It was found that the control group fishes were active 

and alive throughout the experimental study. At 250 mg/L concentration of CSNP, the 

mortality % was found to be 3.33%, which might be due to the toxic effect of CSNP, which 

was treated with sulfuric acid. The LC50 values of IBU before and after biosorption on 

CSNP at 96 h was calculated as 209.50 mg/L and 1435.82 mg/L respectively. This confirms 

that CSNP removes IBU from the aqueous solution at highly efficient manner. (Mathias et 

al., 2018) investigated the various effects of IBU in environmental concentrations on 

Rhamdia quelen and found that IBU causes nephrotoxicity due to inhibition of renal 

carbonic anhydrase activity. The toxic effect of acute exposure of IBU on Clarias 

gariepinus was studied by (Ogueji et al., 2018) and found that 96 h LC50 of IBU was 0.38 

mg/L. The LC50 values for SUL before and after biosorption after 96 h was found to be 

338.84 and 1317.04 mg/L. The exposure of SUL on adult zebra fish triggers inflammatory 

cytokine expression and oxidative stress (Zhou et al., 2018).  

Long term exposure of SUL on zebra fish leads to reduction in the body weight and affects 

its body system has been reported by (Yan et al., 2016). After biosorption the mortality 

percentage decreases from 67% to 33% for IBU and 53% to 27% for SUL respectively. 
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Fig. 3.10.  Mortality (%) of Danio rerio (zebra fish) to various concentrations of IBU and 

SUL before and after biosorption (experimental conditions: oxygen concentration 

(>75%), pH (6.5-7.5), light period (14 h light: 10 h dark) and temperature (25 °C)) 

3.2.7. Proposed adsorption mechanism 

The IBU and SUL adsorption onto CSNP depends on the CSNP solution's pH. The IBU 

and SUL adsorption process involves electrostatic interaction and hydrogen bonding (Fig. 

3.11). The zero-point charge of CSNP was found to be 1.8. The pH below the pH PZC, the 

surface of CSNP was positive, and above the pH PZC, the surface was negative. The pKa 

value of IBU was found to be 4.91, in which the pH above the pKa value, IBU will exist in 

anionic form, and below the pKa value, it exists in cationic form. SUL molecules have both 

-NH2 (amine) and -NH- (amide) groups showing two pKa values at 1.6 and 5.7. When the 

pH of the solution is less than 1.6 or higher than 5.7, SUL is positively or negatively 

charged, promoting electrostatic interaction. The maximum adsorption was seen at pH 2.0 

for IBU and 3.0 for SUL, in which both the drug molecules possess positive and neutral 

charges. Due to their positive surface charges, IBU and SUL get attracted toward the 

negatively charged CSNP. Thus, the electrostatic interaction takes place between drug 

molecules and CSNP. In some cases, the surface of CSNP has -OH groups. The amine 

group in SUL forms a hydrogen bond with the surface -OH group of CSNP. 

TH-3361_196106029



 

   CHAPTER 3                                                                                                                              81 

 

 

Fig. 3.11. Proposed adsorption mechanism of IBU and SUL onto CSNP 

 

3.3. Significant findings 

In the current research, the new low cost CSNP biosorbent was prepared using corn starch 

to remove two anionic pharmaceuticals ibuprofen and sulfamethoxazole. The synthesized 

CSNP was examined through various analytical techniques such as FESEM, FETEM, 

AFM, FTIR, XRD, Raman spectroscopy and EDX. The characterization results revealed 

that CSNP possess superior biosorption properties for the removal of IBU and SUL from 

aqueous solutions. The biosorption of IBU and SUL was controlled by various parameters 

such as pH of IBU and SUL solution, dosage of CSNP, initial concentration of IBU and 

SUL and contact time.  The maximum removal efficiency of IBU was found at pH 2.0, 

initial concentration of 10 mg/L and 0.01 g/L of CSNP with removal efficiency of 86.33%. 

A high removal efficiency of 85.80% for SUL was observed at pH 3.0, 10 mg/L initial 

concentration and 0.01 g/L of CSNP dosage. The IBU and SUL biosorption follows Temkin 

and Langmuir isotherm models. Various kinetic models were analysed in which both IBU 

and SUL biosorption fits to PSO kinetic model. Seed toxicity studies revealed that before 

biosorption of IBU and SUL growth inhibition (%) and germination (%) decreases as the 

concentration of IBU and SUL increases. After biosorption seed germination drastically 
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increases upto 100% for both VM and VR respectively. Acute fish toxicity studies were 

performed in zebra fish at different concentrations of IBU and SUL before and after 

biosorption. Before biosorption the mortality rate increases to 67% and 53% for 240 mg/L 

of IBU and SUL (96 h). The LC50 of IBU and SUL on zebra fish before biosorption process 

was found to be 209.50 mg/L and 338.84 mg/L. These results inferred feasibility of CSNP 

preparation for the effective removal of IBU and SUL from aqueous solutions by reducing 

the toxicity levels.
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Abstract 

Contaminants of emerging concerns present in the ecosystems causes various adverse 

effects on all living organisms. In current study, removal of Ce3+ from water was performed 

using Fe3O4/CAC nanocomposite (MCAC) synthesized by co-precipitation technique. The 

synthesized MCAC was characterized using various analytical techniques. The magnetic 

behavior of the nanocomposite which is a crucial advantage in separation of MCAC after 

adsorption of Ce3+ from water was determined using vibrating sample magnetometer. 

MCAC was semicrystalline comprising both amorphous and crystalline regions with 

elements like C, O, Fe and N. The influence of process parameters was optimized through 

batch mode with the adsorption capacity of 86.206 mg/g. Ecotoxicological studies were 

performed using Danio rerio (Zebra fish) and seeds of Vigna mungo and Vigna radiata to 

assess the harmful effects of Ce3+ before and after adsorption process. The phytotoxicity 

studies on seeds revealed that inhibition of growth ranges from 50.39% to 12.55% (before 

adsorption) and 28.57% to 3.89% (after adsorption). After 96 h the LC50 value of Ce3+ on 

the Danio rerio was 2.44 mg/L. Thus, the current study investigated the effective removal 

of Ce3+ by MCAC and evaluates its ecotoxicological effects. 

 

 

Graphical Abstract 
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4.1. Materials and methods 

4.1.1. Chemicals and materials  

All chemical solutions were prepared from certified lab grade chemicals. Cerium (III) 

chloride heptahydrate (CeCl3.7H2O, extrapure AR, Mol. Wt. 372.60) was used as the source 

of Ce (III) in the synthetic wastewater was procured from Sisco Research Laboratories, 

India. The activated carbon (Wellon, NSF/ANSI61- granular) used in this study was made 

up of coconut shell. Fe3O4/CAC nanocomposite was synthesised using Ferric chloride 

hexahydrate (FeCl3.6H2O, Hi-LR, Mol. Wt. 270.30), Ferrous sulphate heptahydrate 

(FeSO4.7H2O, Hi-LR, Mol. Wt. 278.01) were procured from HiMedia Laboratories, India. 

Ammonia solution (NH4OH, extrapure AR, Mol. Wt. 35.05) was brought from Sisco 

Research Laboratories, India. Sodium hydroxide (NaOH, Hi-AR/ACS, Mol. Wt. 40, 

HiMedia) and hydrochloric acid (HCl, 99% pure, Mol. Wt. 36.46, SRL) were used to adjust 

the pH of the mixture. 

4.1.2. Synthesis of MCAC (Fe3O4/CAC) nanocomposite 

To synthesis MCAC, 1:2 molar ratio of FeCl3.6H2O and FeSO4.7H2O solutions were 

prepared in a beaker. To this mixture, 5 g of commercial activated carbon (CAC) was added 

under continuous vigorous stirring for 3 h. The temperature of the stirrer was maintained at 

80 °C. Then, diluted ammonia solution was added to the mixture drop by drop by using a 

syringe. Then the reaction mixture was kept at 80 °C for another 1 h. Then, the synthesized 

MCAC nanocomposite was recovered by strong magnet and washed with ethanol/distilled 

water (2:1) to eliminate the unreacted materials from the MCAC. After washing, the 

obtained MCAC was dried in oven at 100 °C for 48 h and stored for further use as adsorbent 

(Takmil et al., 2020). 

4.1.3. Characterization of MCAC 

The detailed characterization of the MCAC before and after adsorption of Ce3+ were 

investigated through various analytical techniques as provided in the Table A3 (Appendix). 

4.1.4. Ce3+ adsorption experiments 

The adsorption of rare earth element Cerium (Ce3+) by MCAC was performed in batch 

experiments under different Ce3+ initial concentrations (20 to 100 mg/L), pH (2.0-10.0) and 

MCAC dosage (0.02-0.12 g/L). 20 mL of Ce3+ stock solution was stirred at 150 rpm in a 
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shaking incubator. By using 0.1 M HCl or 0.1 M NaOH the pH of the mixture was adjusted. 

The temperature was maintained at 308 K throughout the experiments. After adsorption 

process, the residual Ce3+ concentration was determined using AES (446.021 nm).  

The maximum adsorption capacity and removal efficiency of Ce3+ adsorption was 

calculated from Table 4.1. 

Table 4.1. The maximum adsorption capacity and removal efficiency of Ce3+ adsorption 

 

Parameters              Equation                              Description Equ. No. 

Maximum 

adsorption 

capacity 

𝑞𝑒 =
(𝐶0 − 𝐶𝑒)

𝑚
 × 𝑉 

qe is the amount of Ce3+ adsorbed at 

equilibrium time (mg/g), 

C0 and Ce are the initial and 

equilibrium Ce3+ concentrations. 

(mg/L), 

m is the mass of the MCAC (g),  

V is the volume of Ce3+ solution (L). 

(4.1) 

Removal 

efficiency 
𝑅𝑒𝑚𝑜𝑣𝑎𝑙 (%) =

𝐶0 − 𝐶𝑒

𝐶0

 × 100 (4.2) 

 

4.1.5. Phytotoxicity experiments  

The phytotoxicity experiments of Ce3+ before and after adsorption on MCAC was 

performed in Petri dishes with seeds of various plant species using protocol of  (Vishnu 

Priyan et al., 2021) with minor modifications. The plant species used in this experiment 

were Vigna mungo (VM) and Vigna radiata (VR). The experiment was performed at room 

temperature.  

The effect of phytotoxicity was measured after seven days in terms of inhibition of growth 

(%) and seed germination (%) of the seedlings of Vigna mungo and Vigna radiata. The 

seeds of VM and VR were first washed with 1% sodium hypochlorite to evade yeast and 

fungal growth and then with deionized water for several times. The sterilized seeds of VM 

and VR were placed in the Petri dishes containing distilled water as control, Ce3+ solution 

before adsorption and after adsorption at different concentrations (10-50 mg/L) 

respectively. Then, Petri dishes containing seeds were kept in dark for 7 days. After 7 days, 

the seedlings of VM and VR at different concentrations of Ce3+ solution were taken out and 

subjected to phytotoxicity analysis. 
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4.1.6. Acute fish toxicity experiments 

Acute fish toxicity experiments were performed using zebra fish (Danio rerio) as the model 

organism. This test was done as per the test guideline number 203 of OECD. Zebra fishes 

with similar size and age were selected to carry out this test. Ce3+ solution was prepared in 

two sets for each concentration (1-5 mg/L). One set of Ce3+ solutions will be used for before 

adsorption experiments and another set will be subjected to adsorption process and used 

for after adsorption experiments. The dissolved oxygen concentration (>75%), pH (6.5-

7.5), light period (14 h light: 10 h dark) and temperature (25 °C) were maintained constant 

throughout the experiments. 10 healthy zebra fishes were taken for each experiment. 

Totally, 11 experiments including control (only water) were performed. At the end of 96 h 

the mortality rate and LC50 values were calculated to determine the toxicity of Ce3+ before 

and after adsorption (Shahnaz et al., 2021). 

4.1.7. Regeneration studies  

In short, 0.1 g/L of MCAC was introduced into 100 mg/L of Ce3+ solution at pH 6.0, 

followed by shaking at 150 rpm at 308 K for 90 minutes. After magnetic separation of 

MCAC from Ce3+ solution, the concentration of Ce3+ after adsorption was detected using 

Atomic Emission Spectroscopy. Then, the adsorbed MCAC was collected and subjected to 

0.1 M NaOH at 150 rpm at 308 K for 3 h. After NaOH treatment, the MCAC was rinsed 

with distilled water to remove the residual NaOH. The rinsed MCAC was dried and used 

for the next cycle of experiments. Similarly, 5 cycles were performed. 

4.2. Results and discussion 

4.2.1. Characterization studies 

The surface morphology, size, topology and roughness of the MCAC was investigated 

using various microscopy techniques including FESEM, FETEM and AFM. The Fig. 4.1 

(a) to (d) represents the FESEM micrographs of MCAC at various magnifications. From 

the images it is observed that the Fe3O4 nanoparticles (Fe3O4-NP) are distributed in clusters 

on the surface of the commercial activated carbon (CAC). The size of the Fe3O4-NP was 

found to be between 30-50 nm. Due to the distribution of Fe3O4-NP on the surface of CAC, 

makes the adsorbent more porous and spongier in structure. The Fig. 4.2 (a), (b) and (c) 

denotes the FETEM images of MCAC. From the images we can see that the surface of 
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CAC was occupied with Fe3O4-NP, which favours the magnetic property to the CAC 

promoting easy separation of the adsorbent after the adsorption of Ce3+ ions.  

 

Fig. 4.1. FESEM micrographs of MCAC at different magnifications a) MCAC (50.52 

KX), b) MCAC (50.00 KX), c) MCAC (50.00 KX), and d) MCAC (100.00 KX) 

 

Fig. 4.2. a-c) FETEM image of MCAC, d) SAED image showing crystallinity of MCAC, 

EDX spectra of e) MCAC before adsorption of Ce3+ and f) MCAC after adsorption of 

Ce3+ 

FETEM images confirms that the formed Fe3O4-NP are spherical in shape with the size less 

than 50 nm which is in good agreement with the results of FESEM. The selected area 
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diffraction pattern (Fig. 4.2 (d)) was done for MCAC and it is found that the adsorbent was 

contains both crystalline and amorphous regions. 

The Fig. 4.2 (e) and (f) represents the EDS spectra of MCAC before and after adsorption 

of Ce3+. The EDX spectrum of MCAC (Fig. 4.2 (e)) revealed the presence of elements such 

as carbon (C), oxygen (O), nitrogen (N) and iron (Fe). It is found that the C content was 

greatest (44.4 wt.%), followed by Fe (30.5 wt.%), O (24.3 wt.%) and N (0.8 wt.%). The 

carbon peaks were due to the carbon present in the surface CAC. The peaks of Fe were 

attributed due to the impregnation of Fe3O4-NP on the surface of the CAC. Meanwhile, the 

existence of N (0.8 wt.%) in the sample was due to the presence of a residual nitrogen. The 

EDS spectrum of MCAC after the adsorption of Ce3+ (Fig. 4.2 (f)) revealed the presence of 

all major elements along with Ce. The weight percentage of the elements was found to be 

C (36.8 wt.%), Fe (31.2 wt.%), O (31.4 wt.%), N (0.3 wt.%) and Ce (0.2 wt.%). The 

presence of Ce peaks was attributed by cerium ions after the adsorption process. Weight 

percentage of the elements present in MCAC before and after adsorption Ce3+ ions was 

tabulated in the Table 4.2. 

Table 4.2. Weight percentage of the elements present in MCAC before and after adsorption 

 

 

The crystallinity changes of CAC, MCAC before and after adsorption of Ce3+ were 

examined by using XRD (Fig. 4.3 (a)). The diffraction peaks for CAC were seen at 2θ of 

12.74°, 24.14°, 35.72°, 43.64°, 52.72°, 67.94° and 76.66° respectively. The XRD peaks at 

24.14° and 43.14° of CAC attributed to (002) and (101) planes of graphitic carbon (Hu et 

al., 2020). In addition, CAC shows some sharp peaks which may be due to the presence of 

residual ash in CAC. The diffraction peak found at 2θ of 12.74° corresponds to the kaolinite 

phase of the commercial activated carbon. The sharp peaks in MCAC and MCAC-Ce3+ at 

2θ of 30.12°, 35.74°, 43.46°, 53.68°, 57.62° and 62.92° represents the crystalline structure 

of the magnetite (Fe3O4) (Danalıoğlu et al., 2017; Feng et al., 2020). The presence of these 

6 typical peaks confirms the presence of Fe3O4-NP on the surface of CAC. There is no 

shifting or change in the peak position of MCAC for both before and after adsorption. The 

Sample 

Name 

Elements (wt. %) 

Carbon (C) Oxygen (O) Iron (Fe) 
Nitrogen 

(N) 

Cerium 

(Ce) 

MCAC 44.4 24.3 30.5 0.8 - 

MCAC- Ce3+ 36.8 31.4 31.2 0.3 0.2 
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peaks at 35.74°, 57.62° and 62.98° of MCAC-Ce3+ can also be due to the presence of Ce in 

the sample (Hosseynizadeh Khezri et al., 2012).  

 

Fig. 4.3. a) XRD analysis of CAC, MCAC and MCAC- Ce3+ showing 2 theta peaks 

explaining crystallinity, and b) FTIR spectra of CAC, MCAC and MCAC- Ce3+ 

The FTIR spectra of CAC, MCAC before and after adsorption was represented in the Fig. 

4.3 (b). The bands between 3800-3100 cm-1 was typically due to the various vibrational 

stretching of hydroxyl (OH) and amino (NH) groups. The maximum effect on these 

stretching vibrations was due to hydrogen bonding (Wang et al., 2020). The observed OH 

stretch depends upon the strength of the hydrogen bonds. The band at 2896 cm-1 

corresponds to the vibrations of the methyl (CH3) group. The peak at 2324 cm-1 was 

attributed by conjugated aromatics and the aliphatic groups (-N=C=O). The band at 2098 

cm-1 was assigned to C=O stretching vibrations (Ren et al., 2021). The peaks in the region 

of 1800-1500 cm-1 attributed to carbonyl containing species (D’Cruz et al., 2020). The peak 

at 1732 cm-1 was due to anhydride. The C-O stretching vibrations are seen at 1300 – 750 

cm-1. The peak at 1226 cm-1 assigned to C-C vibration mode. The bands at 877 and 820 cm-

1 represents the C-O-C stretching vibrations of carbonyl compounds. The band at 1226 and 

1117 cm-1 was shifted to 899 and 794 cm-1 due to bending vibrations in MCAC before and 
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after adsorption. We can observe the peaks at 631 and 551 cm-1 which corresponds to the 

stretching vibrations of Fe-O bond of Fe3O4-NP (Queiroz et al., 2020). 

The deformation in the structure of CAC and MCAC was investigated using Raman 

spectroscopy. From the Fig. 4.4, we can see the unique bands of graphitic carbon at 1332 

cm-1 and 1595 cm-1. The band at 1332 cm-1 and 1595 cm-1 corresponds to the D and G band 

of the graphitic carbon related with the disordered structure of carbon (A1g vibrational 

mode) due to the presence of the sp3 hybridization in CAC and MCAC (Rosaiah et al., 

2019; Nguyen et al., 2020).  

 

Fig. 4.4. Raman spectra of CAC and MCAC showing different bands 

In MCAC, these D and G bands are seen with less intensities on compare to the D and G 

bands of CAC due to the presence of Fe3O4 on the surface of MCAC and reduction of lattice 

carbon. The lower Raman shift peak at 674 cm-1 and 824 cm-1 corresponds to Fe-O bond 

of Fe3O4 in A1g, Eg and T2gvibration modes (Barmi et al., 2020). This band was not seen in 

Raman spectra of CAC because of absence of Fe3O4 on the surface of CAC. 

The magnetic properties of the prepared MCAC were investigated by using vibrating 

sample magnetometer. Fig. 4.5 depicts the graph plotted between magnetic field (Oe) and 

moment/mass (emu/g). The maximum magnetic strength (Ms) of the nanocomposite 

MCAC was found to be 42.256 emu/g. The maximum magnetic strength of the pristine 

TH-3361_196106029



 

   CHAPTER 4                                                                                                                              92 

 

Fe3O4 was 92 emu/g (Gallios et al., 2017). The decrease in the maximum magnetic strength 

(Ms) of MCAC was due to the presence of graphitic carbon layers on the surface of MCAC 

(Udhayakumar et al., 2021). Despite the lower Ms value, it is very much sufficient for 

separating the adsorbent from the aqueous solution after adsorption of Ce3+ by the magnet. 

The coercivity (Hci) and retentivity (Mr) of the MCAC was found to be 55.033 Oe and 

3.6386 emu/g.  

 

Fig. 4.5. VSM analysis of MCAC for evaluating the magnetic behaviour 

4.2.2. Effect of various parameters on adsorption 

4.2.2.1. Effect of pH on Ce3+ adsorption 

pH, one of the crucial factors in the adsorption process, play an essential role in achieving 

maximum adsorption. The MCAC chemical properties and Ce3+ are greatly affected by the 

solution pH; the adsorbent's surface charge ultimately depends on the pH. Similarly, 

adsorbate functional groups and metal ions have different charge density or charge under 

different pH values (Vishnu Priyan et al., 2021). The removal efficiency increases from 

9.58% to 37.46% as the pH of the cerium solution increases (Fig. 4.6 (a)). The point of zero 

charge (PZC) was estimated through zeta potential analysis of MCAC at different initial 

pH (2.0 to 10.0). The pH PZC for MCAC was found to be 5.5. It shows that the surface of 

adsorbent was positive below pH 5.5 and negative above pH 5.5. The maximum Ce3+ 

adsorption was observed at solution pH 6.0. But after pH 6.0, we noticed the formation of 

cerium salts in alkaline condition and it get precipitated. So, after pH 6.0 we cannot perform 
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the batch experiments for optimization due to conversion Ce3+ ions into their respective 

metal hydroxides. The MCAC surface is positive in acidic condition (pH< 5.5) causing 

electrostatic repulsion between protons (H+) and cerium (Ce3+) cations. Hence, due to the 

competition between H+ and Ce3+ we could observe very less adsorption at pH below 5.5. 

Rodrigues et al. (2020) reported that the PZC for magnetic activated carbon was found to 

be 3.72. As the pH increases, adsorption increases due to ionization of the functional sites. 

With increasing pH of solution, the electrostatic repulsion between Ce3+ and the surface of 

the MCAC is decreased. Then, the concentration of OH- increases on the surface of MCAC 

allowing more free surface sites to Ce3+, which results in an increase in removal efficiency 

(Azari et al., 2015).  

 

Fig. 4.6. a) Effect of pH on adsorption of Ce3+ by MCAC at various pH ranging from pH 

2.0-10.0, b) Effect of initial Ce concentration on adsorption of Ce3+ by MCAC at different 

concentrations of Ce ranging from 20-100 mg/L, and c) Effect of adsorbent dosage on 

adsorption of Ce3+ by MCAC at different dosage of MCAC ranging from 0.02 to 0.12 g/L 
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4.2.2.2. Effect of initial Ce3+ concentration 

The initial concentration of Ce3+ affects the removal efficiency as well as the adsorption 

capacity of the MCAC. As the initial concentration increases, the removal efficiency 

decreases because, at a lower concentration, MCAC carry more unoccupied active sites 

relative to Ce3+ molecules; thus, high removal efficiency is obtained (Fig. 4.6 (b)). In other 

words, it can be said that for the available mass of adsorbent, the adsorption amount is fixed 

(Priyan et al., 2020). Conversely, the adsorption capacity of adsorbent rises with an increase 

in initial concentration, which is caused by the high driving force for mass transfer between 

Ce3+ and MCAC. In the present study, the effect of the initial concentration of Ce3+ (20-

100 mg/L) was analysed on the fixed mass of MCAC at an optimized pH value.  

As the initial concentration rises, the removal efficiency was reached 35.82% from 77.9% 

gradually, and the adsorption capacity increased from 38.95 to 85.55 mg/g. This behaviour 

has also been observed in other adsorption studies (Ahsan et al., 2018; Danalıoğlu et al., 

2017; Ebadollahzadeh and Zabihi, 2020; Esmaeili and Eslami, 2020) were the initial 

concentration is an important parameter which provides a driving force for the adsorbate 

molecules to diffuse from the aqueous phase to the solid phase by overcoming all mass 

transfer resistances. Moreover, higher concentration of adsorbate molecules leads to more 

collision, which results in a higher adsorption capacity. 

4.2.2.3. Effect of MCAC dosage 

Determining the minimum dosage amount of MCAC required to remove the same initial 

concentration of Ce3+ with an increasing dosage amount is imperative because it scales 

down the overall adsorption process's cost. An increase in the dosage amount affects the 

adsorption via elevating removal efficiency, which may be due to the availability of many 

binding sites compared to Ce3+ molecules at the higher MCAC concentration for 

adsorption. However, after a certain dosage amount, there is no increase in removal 

efficiency even at a higher adsorbent amount, which can be attributed to a lack of adsorbate 

molecules in the solution in comparison to available binding sites (Fabre et al., 2020). A 

decrease in adsorbate amount adsorbed per unit mass of adsorbent at a specified volume is 

obtained, thereby causing a reduction in adsorption capacity (Han et al., 2020). For 

optimizing MCAC dosage amount, Cerium adsorption was carried out using MCAC at 

different dosages with a fixed initial concentration of cerium (100 mg/L). It was observed 
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that removal efficiency increased from 71.01% to 96.61% by increasing the dosage of 

MCAC, whereas adsorption capacity reduced from 106.53 to 24.1525 mg/g (Fig. 4.6 (c)). 

Shirsath and Shirivastava (2015) reported that at equilibrium there is a decrease in 

adsorption capacity with an increase in magnetic nano adsorbent dosage from 0.5 mg/L to 

5 mg/L. Similar type of results have been reported by Eslami et al. (2019) narrating that the 

removal efficiency increases gradually with increasing dosage of adsorbent. 

4.2.3. Adsorption isotherms 

The adsorption mechanism or interactive behaviour depends on the surface functional 

groups and porosity of the adsorbent and the nature of adsorbate molecules. Therefore, 

specific isotherm models such as Freundlich, Langmuir, Dubinin-Radushkevich (D-R), 

Temkin were brought up to explain the binding mechanism and ability of adsorbate for the 

adsorbent (Fig. 4.7 (a)). Each model provides physiochemical data to predict the adsorption 

process and maximum adsorption capacity, which is evaluated using these models’ 

equations Table A1 (Appendix). Maximum adsorption is achieved when adsorption and 

desorption rate become equal, and it can be easily determined by conducting isotherm 

experiments using isotherm models subsequently (Patel et al., 2019). The adsorption 

process parameters of different isotherm models are depicted in Table 4.3. 

Langmuir adsorption isotherm model, a non-linear model, assumes that all active sites on 

adsorbent are identical and that each adsorbate molecules binding energy for active sites is 

similar. This model also considers no interaction among adsorbate molecules, and only 

monolayer formation occurs (Ahsan et al., 2018). The values of KL and Q0 for Ce3+ 

adsorption was found to be 0.1841 (L/mg) and 86.206 (mg/g). The nature of adsorption 

process was determined from the value of RL (separation factor). The favorable adsorption 

takes place when the RL value > 0 to < 1, for unfavorable adsorption RL value > 1, for linear 

and irreversible adsorption the RL value = 1 and = 0. The value of RL is 0.1062 which shows 

favorable adsorption process. The R2 value (0.9769) of Ce3+ adsorption fit to the Langmuir 

isotherm model and it is found to be more significant on compare to other isotherm models 

for Ce3+ adsorption.  

In contrast, heterogeneous surface and multilayer adsorption is suggested by the Freundlich 

isotherm model with unequal binding energy distribution and affinity between adsorbent 

and adsorbate molecules (Kumar et al., 2017). The calculated values of n and KF are 3.481 
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and 26.199 (L/g). Unlike other adsorption models, Dubinin-Radushkevich (D-R) model is 

used to predict the type of adsorption, e.g., chemical or physical adsorption, and it does not 

assume a homogeneous surface or constant adsorption potential (Kilic et al., 2011).  

Table 4.3. Various isotherm parameters of Ce3+ adsorption onto Fe3O4/CAC adsorbent 

 

Isotherm Model Ce3+ adsorption 

Langmuir Isotherm                                    

Q0 (mg/g) 86.206 

KL (L/mg) 0.1841 

R2 0.9769 

Freundlich Isotherm                                    

KF (L/g) 26.199 

n 3.481 

R2 0.9697 

Dubinin Radushkevich Isotherm          

qm (mg/g) 75.452 

β (mol2/J2)  0.0049 

E (kJ/mol) 10.042 

R2 0.8665 

Temkin Isotherm                                     

bT (kJ/mol) 460.678 

KT (L/mg) 0.7939 

R2 0.9606 
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The apparent energy (E) depicts the mechanism of adsorption process. If E is between 1 to 

16 kJ/mol it favors physisorption and E > 16 kJ/mol it favors chemisorption. In our case it 

is found to be theoretically physisorption (E=10.042 kJ/mol).  

On the other hand, the Temkin isotherm model suggests that binding energy of adsorption, 

which is a function of temperature, of all molecules in the layer decline linearly rather than 

logarithmic with a surface coverage of adsorbent (Vishnu Priyan et al., 2021). The values 

of bT and KT was found to be 460.678 kJ/mol and 0.7939 L/mg. The regression value was 

found to be 0.9606 for Ce3+ adsorption. 

4.2.4. Adsorption kinetics 

Adsorption rate pertaining to the mechanism of adsorption is an essential parameter for 

determining the amount of Ce3+ biosorbed at a particular time interval on a adsorbent (Gao 

et al., 2021). Various kinetic models such as pseudo 1st order, pseudo 2nd order, Elovich 

and intra-particle-diffusion (Fig. 4.7 (b)) were investigated in this study to understand the 

better mechanism of adsorption of Ce3+ on MCAC. The various kinetic models and their 

equations were represented in the Table A2 (Appendix). 

The Pseudo-first-order model assumes that the rate of change of adsorption depends on the 

free active sites available on the MCAC and the concentration of Ce3+ in the solution and 

on the MCAC surface (Patra et al., 2020). This model generally explains the physisorption 

mechanism and is considered valid for up to a certain interval of time; In other words, it 

suits the adsorption process only at the initial stage. The regression value is found to be 

0.9467, which is comparatively high then pseudo 2nd order (0.8821) and Elovich models 

(0.9172).  

On the other hand, the pseudo 2nd order model is considered to describe the chemisorption 

mechanism, where Ce3+ ions form chemical bonds with MCAC functional groups. Here, 

the rate-limiting step is the adsorption, which involves chemical interaction.  

The nature of chemical adsorption (chemical reaction) mechanism was elucidated by 

Elovich model (Chandrasekaran et al., 2020). Elovich kinetic model is best applied for the 

adsorbents with heterogeneous surface.  

Adsorption on porous adsorbent is better explained by the intra-particle diffusion model in 

which diffusibility of adsorbate is the rate-controlling step. The intraparticle diffusion 
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model removes the diffusion limitation present in the above models. The R2 value for this 

model is found to be 0.9792 showing that intraparticle diffusion model was the most 

significant model to study the kinetics of Ce3+ adsorption on MCAC. The various kinetic 

parameters of these models were tabulated in the Table 4.4.  

Table 4.4. Various kinetic parameters of Ce3+ adsorption onto Fe3O4/CAC adsorbent 

 

Kinetics Ce3+ adsorption 

Pseudo-first-order model             

qe (mg/g) 20.426 

k1 (1/min) 0.0292 

R2 0.9467 

Pseudo-second-order model                  

qe (mg/g) 23.255 

k2 (g/mg min) 0.0016 

R2 0.8821 

Elovich model                                        

α (g/mg min) 2.366 

ꞵ (mg/g) 0.2271 

R2 0.9172 

Intra-particle diffusion model                     

ki (mg/g min 1/2) 2.116 

d 0.4534 

R2 0.9792 
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 Fig. 4.7. a) Isotherm models of Ce3+ adsorption on MCAC adsorbent and b) Kinetic 

models of Ce3+ adsorption on MCAC adsorbent 

4.2.5. Phytotoxicity studies 

The various toxic effects on seeds of Vigna mungo (VM) and Vigna radiata (VR) before 

and after Ce3+ adsorption on MCAC was investigated in this study. The phytotoxicity was 

evaluated based on seed germination (%) (Fig. 4.8 (a)) and the growth inhibition of the 

seedlings (%) (Fig. 4.8 (b)) at 10-50 mg/L initial concentrations of Ce solution. For control, 

the seeds are soaked in distilled water without any Ce3+ ions in it. It is observed that the 

control groups show 100% germination for seeds of both plant species. The germination 

rate of seeds before Ce3+ adsorption was found to be 100%, 93.33%, 86.66%, 80% and 

66.66% for Vigna radiata and 100%, 100%, 90%, 83.33% and 73.33% for Vigna mungo at 

different initial concentrations (10, 20, 30 ,40 and 50 mg/L). The reduction in rate of seed 

germination was due to the inhibition of certain enzymes, closure of stomata, metabolic 

pathways and damage in outer membrane of seeds by Ce3+ ions. After the adsorption 

process, we can notice that till 30 mg/L the seeds exhibit 100% germination in both plant 

species. At 40 mg/L and 50 mg/L of Ce initial concentration the rate of seed germination 

was found to be 96.66% (VR), 96.66% (VM) and 93.33% (VR), 86.66% (VM) respectively. 

Thus, adsorption removes the Ce3+ ions from the water and increases the germination % of 

seeds by decreasing the toxicity caused by Ce3+. Moreira et al. (2019) reported that cerium 

exposure on various plant species such as corn, rice, wheat, sorghum, sunflower, radish, 

soybeans, and beans reduce their germination rate. The lowest observed effective 

concentration for corn was 144.5 mg Ce kg-1. Cerium NPs exhibit very high toxicity for the 
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seeds of Lactuca sativa, Cucumis sativus, Solanum lycopersicum and Spinacia oleracea 

tested at the maximum stable concentration of 0.64 mg/mL (García et al., 2011) . 

 

Fig. 4.8. a) Seed germination (%) of Vigna mungo and Vigna radiata seeds at various 

concentrations of Cerium before and after adsorption, and b) Inhibition of growth (%) of 

Vigna mungo and Vigna radiata seeds at various concentrations of Cerium before and 

after adsorption 

Fig. 4.8 (b) represents growth inhibition (%) of seedlings of Vigna mungo and Vigna 

radiata. When the concentration of Ce3+ within the plant exceed optimal levels, it adversely 

affects the plant growth (i.e., it inhibits the growth of the plant). Thus, the high 

concentration induces the inhibition in growth of the plant by reduction in the length of the 

shoot and root of the plant. The reduction in the shoot and root length was due to inhibition 

of cytoplasmic enzymes and damage of cellular structures caused due to oxidative stress. 

Before adsorption of Ce3+ the growth of seedlings decreases as the concentration increases 

in dependent manner. Before adsorption at 10 to 50 mg/L concentration of Ce, the growth 

inhibition (%) was found to be 12.55%, 18.18%, 26.40%, 38.52%, 45.88% for VR and 

21.42%, 29.36%, 35.31%, 39.28%, 50.39% for VM respectively. Similar results have been 

reported at 10-50 mg/L Ce concentrations, there is a significant decrease in the root length 

of Allium cepa L. on comparing with control. They also stated that at 5 mg/L concentration 

and above, the proliferation activity was decreased, leading to high cytotoxic effects on 

Allium cepa L. (Kotelnikova et al., 2019). High Ce3+ concentrations lead to ROS production 

and apoptosis which inhibits the growth of seedlings. However, this toxic effect on the 

vegetative growth of plants was mostly reported when the plants are exposed to high Ce3+ 
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concentrations, while at lesser concentrations it is beneficial for the growth of plants. The 

growth rate decreased to 64% compared to control on exposure of Spirodela polyrhiza L. 

at 60 μM Ce solution. It is also found that high Ce concentration will inhibit PS-II 

photochemical reaction in S. polyrhiza L. (Xu et al., 2017). After adsorption process, we 

can observe the reduction in inhibition of growth. This confirms that MCAC effectively 

removed the Ce3+ ions present in the water. 

4.2.6. Acute fish toxicity studies 

In this study, the toxicity levels of Ce3+ on zebra fish before and after adsorption on MCAC 

was evaluated through acute toxicity test (Fig. 4.9). For this, 110 healthy zebra fishes were 

taken and separated into 11 sets in individual fish tanks marking control (without Ce3+), 

before treatment (Ce3+ before adsorption) and after treatment (Ce3+ after adsorption). The 

initial Ce3+ concentrations taken from 1mg/L to 5 mg/L in the interval of 1 mg/L. It is 

noticed that there is no mortality (death) of fishes in the control tank. The fishes in the 

control tank were active with usual swimming even after 96 h. But we can observe the 

abnormal behaviour in fish motility at 4 mg/L before treatment tank after 48 h. At the end 

of 96 h, about 20% of mortality is seen for 4mg/L. At the end of 96 h, 5 mg/L before 

treatment the mortality rate increases from 30% to 90%. The symptoms such as unusual 

swimming, rapid moving, lying at bottom were observed in the 5 mg/L tank before 

treatment. No mortality in zebra fish was observed to the experiment groups after treatment 

(after adsorption) till 4 mg/L. In 5 mg/L after treatment at 48 h mortality is about 10% and 

at 96 h the mortality increases to 20%. The concentrations of the pollutant in water that 

kills 50% of the test animals during the observation period is called as Lethal Concentration 

50 (LC50) value. After adsorption of Ce3+ by MCAC, the concentration of Ce3+ in the water 

will be low on comparison to the concentration Ce3+ in water before adsorption. So, the 

concentration of Ce3+ required to kill 50% of Danio rerio (LC50) before adsorption process 

was 2.44 mg/L. But the LC50 value increases to 77.85 mg/L after adsorption because there 

will be less Ce3+ ions in water due to the adsorption of Ce3+ on MCAC. So, the required 

concentration of Ce3+ to kill 50% of Danio rerio after adsorption will be 77.85 mg/L. After 

adsorption process once the concentration of Ce3+ reaches to 77.85 mg/L, then the 50% of 

fishes from total population will be die. This confirms that MCAC effectively remove the 

toxic Ce3+ from the water allowing the fishes alive with normal behaviour and swimming. 

Chandra and Sukumaran (2020) reported that the LC50 value for Cirrhinus mrigala was 
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found to be 22 mg/L after 24 h of exposure. The LC50 value of cerium exposure on D. 

magna was found to be 0.012 mg/mL which shows even at very low concentrations cerium 

has great effect on aquatic organisms (García et al., 2011). 

 

Fig. 4.9. Mortality (%) of Danio rerio (zebra fish) to various concentrations of Ce before 

and after adsorption 

4.2.7. Regeneration studies 

Regeneration experiments were carried out to determine the potential reusability of MCAC, 

which makes the adsorption process more economically feasible. Using 0.1 M NaOH as a 

desorbing agent, MCAC was desorbed after each cycle of adsorption. The removal 

efficiency at the first, second, third, fourth, and fifth cycles was 93.08%, 88.09%, 81.25%, 

68.23% and 43.28% respectively (Fig. 4.10).  

 

Fig. 4.10. Regeneration studies of MCAC 
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After 3 cycles, the removal efficiency of MCAC was less significant. These consecutive 

adsorption, desorption, and regeneration studies revealed that MCAC could be effectively 

reusable for up to 3 cycles. After desorption with 0.1 M NaOH, the presence of Ce3+ ion on 

the surface of MCAC limits this phenomenon. We can observe a gradual decrease in the 

biosorption capacity, which may be due to the structural change in MCAC. Therefore, we 

can conclude that MCAC can be effectively reused for series of adsorption-desorption 

cycles from the regeneration studies. 

4.3. Significant findings 

MCAC was prepared using coprecipitation of ferric and ferrous salts. The synthesised 

nanocomposite was subjected to different characterization techniques for determining their 

shape and size, which shows that MCAC was nano range in size with spherical Fe3O4 

nanoparticles (30-50 nm) covering the CAC. The crystallinity of MCAC before and after 

adsorption of Ce3+ was found to be semicrystalline in nature containing both amorphous 

and crystalline regions. The magnetic nature of MCAC helps in the recovery of the 

adsorbent after adsorption process which plays an important role in separation of MCAC 

from water. The maximum removal of Ce3+ by MCAC was optimized at pH 6.0, initial 

concentration of 20 mg/L and 0.04 g/L of MCAC with adsorption capacity (Q0) 86.206 

mg/g. The behaviour of Ce3+and MCAC were described by Langmuir isotherm and intra-

particle diffusion kinetic model. The efficiency of the MCAC on Ce3+ removal at 120 mg 

of adsorbent was found to be 96.61%, which shows that the synthesised adsorbent was 

more effective in removing the pollutant present in the water. Ecotoxicological assessment 

was carried out with Vigna mungo, Vigna radiata and Danio rerio. Phytotoxicity studies 

revealed that before adsorption of Ce3+ the percentage of seed germination decreases as the 

concentration of Ce3+increases. At 50 mg/L, the seed germination rate was found to be 

66.66% for Vigna radiata and 73.33% for Vigna mungo. After adsorption we can observe 

drastic increase in seed germination % upto 93.33% for Vigna radiata and 86.66% for 

Vigna mungo. Acute mortality (%) was determined in Danio rerio at various concentrations 

of Cerium before and after adsorption. At the end of 96 h, 5 mg/L of Ce3+ (before 

adsorption) the mortality rate increases from 30% to 90%. The LC50 of Ce3+ on Danio rerio 

was found to be 2.44 mg/L. These findings inferred feasibility of the preparation of MCAC 

nanocomposite for the maximum effective removal (%) of Ce3+ from water.
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Abstract 

Heavy metals and dyes are the persistent pollutants causing harmful effects on living 

organisms in different ecosystems. In current study, removal of Lead (Pb) and Congo Red 

(CR) from water was performed using Iron oxide/Activated Carbon (Fe3O4/AC) 

nanocomposite. Ferromagnetic behavior of the nanocomposite is the crucial advantage in 

separation of nanocomposite after biosorption process. The biosorbent was thermally stable 

till 800 °C of temperature. The synthesized biosorbent was polycrystalline in nature 

comprising of elements like C, O, Fe. The influence of various experimental conditions 

was optimized through batch study with the biosorption capacity of 144.92 mg/g (Pb) and 

122.22 mg/g (CR) at pH 5.0-6.0, Fe3O4/AC dosage (0.04 g/L) for 40 mg/L of Pb and CR. 

Toxicological assessment was performed using Danio rerio and seeds to evaluate the 

harmful effects of pollutants on these organisms. The phytotoxicity results revealed that 

growth inhibition of seeds lies between 85.64% to 55.92% (Pb) and 77.94% to 51.85% 

(CR). The LC50 value of Pb on the Danio rerio was found to be 20.98 mg/L. These findings 

implied feasibility of the preparation of MSD for the efficient removal of DCF from water 

systems. 

 

 

 

 

Graphical Abstract 
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5.1. Materials and methods 

5.1.1. Chemicals and materials 

To synthesis the Fe3O4/AC nanocomposite, the chemicals including FeCl3.6H2O, 

FeSO4.7H2O, NH3 solution, and ethanol (absolute, ≥ 99.9%) were obtained from HiMedia. 

The stock solution sorbate was prepared from lead nitrate (Pb(NO3)2) and congo red dye 

(C32H22N6Na2O6S2) which was procured from Sigma-Aldrich. To regulate the pH of the 

solution 0.1 M NaOH (HiMedia) and 0.1 M HCl (SRL) were used. 

5.1.2. Synthesis of Fe3O4/AC nanocomposite 

At the first step of nanocomposite synthesis, biomass of Prosopis juliflora was collected 

from Coimbatore district of Tamil Nadu, India and washed with distilled water to remove 

all debris and dried at 100 °C for 36 h. The dried biomass was pulverized to fine powder 

and the powder was subjected to sieve to get uniform particles. Following this, the biomass 

was carbonized in the muffle furnace at 550 °C for 3 h. The obtained activated carbon (AC) 

was oven dried at 80 °C for further use. 

At second step, FeCl3.6H2O and FeSO4.7H2O solutions were prepared in the molar ratio of 

1:2 and to this, 1 g of AC was added under continuous stirring at the temperature of 80 °C 

for 3 h. Then, 10% ammonia solution was added drop by drop to the mixture by using a 

syringe. Then, the synthesized nanocomposite was recovered by magnet and washed with 

ethanol/distilled water (2:1) to eliminate the unreacted and excess materials. After washing, 

the obtained Fe3O4/AC nanocomposite was oven dried at 100 °C for 36 h and powdered by 

a mill for further use as biosorbent (Takmil et al., 2020). 

5.1.3. Characterization of Fe3O4/AC nanocomposite 

The detailed characterization of the Fe3O4/AC nanocomposite before and after biosorption 

of Pb and CR were investigated through various techniques provided in the Table A3 

(Appendix) 

5.1.4. Biosorption experiments 

The biosorption of lead (Pb) and congo red dye (CR) were studied through batch 

experiments under different initial concentrations (20 to 100 mg/L) of the stock solution. 

30 mL of stock solution was stirred at 150 rpm in a shaking incubator with the pH range of 
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2.0-10.0. By using 0.1 M HCl or 0.1 M NaOH the pH of the mixture was altered. To 

optimize the biosorbent dosage different amount of biosorbent ranging from 0.02-0.12 g/L 

was used. After biosorption, the residual Pb and CR concentration was determined using 

AES (405.781 nm), UV visible spectrophotometer (498 nm) (Chen and Qiu, 2021).  

The amount of Pb and CR biosorbed per gram of Fe3O4/AC nanocomposite was calculated 

from the following expression 

                                                𝑞𝑒 =
(𝐶0−𝐶𝑒)

𝑚
 × 𝑉                                                   (5.1)   

The removal efficiency of Pb and CR was determined by following equation 

                                        𝑅𝑒𝑚𝑜𝑣𝑎𝑙 (%) =
𝐶0−𝐶𝑒

𝐶0
 × 100                                                  (5.2)            

where qe is the amount of pollutant biosorbed at equilibrium time (mg/g), C0 and Ce are the 

initial and equilibrium pollutant concentrations (mg/L), m and V were the mass of the 

Fe3O4/AC nanocomposite (g) and the volume of Pb and CR solution (L). 

5.1.5. Phytotoxicity experiments 

The seed toxicity studies of Pb and CR before and after biosorption on Fe3O4/AC 

nanocomposite was investigated using the seeds of Pennisetum glaucum (PG), Cicer 

arietinum (CA), Vigna mungo (VM) and Vigna radiata (VR). The experiments for seed 

toxicity were done using the protocol of (Vishnu Priyan et al., 2021) with minor 

modifications. These experiments were carried out in Petri dishes at ambient temperature. 

The effect of seed toxicity was measured after seven days in terms of growth inhibition (%) 

and seed germination (%) of the seedlings. By using 0.1% sodium hypochlorite solution 

and deionized water the seeds were rinsed to avoid the fungal and yeast contamination. The 

sterilized seeds were subjected to toxicity analysis by adding the seeds to the Petri dishes 

containing the Pb and CR solutions before and after biosorption process. The Pb and CR 

solutions were prepared in different concentrations (10, 30 and 50 mg/L) and distilled water 

is used as control. Then the seeds in Petri dishes were placed in dark for seven days. After 

seven days, the seedlings were subjected to toxicity analysis. 

5.1.6. Acute fish toxicity experiments 

Zebra fish (Danio rerio) was selected as the model organism to perform acute fish toxicity 

test. This test as performed as per the test guideline number 203 of OECD. Fishes with 
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same age and size were selected to perform experiments. Various concentrations of Pb and 

CR solutions (1, 5, 10, 15, 20, 25, 30, 40, 50 mg/L) were prepared and named as untreated 

solutions (before biosorption). The oxygen concentration (>75%), pH (6.5-7.5), light period 

(14 h light: 10 h dark) and temperature (25 °C) were maintained constant throughout the 

experiments. Ten healthy fishes were taken for each experiment. Totally, 20 experiments 

were performed with various untreated and treated solutions of Pb and CR. The water 

without Pb and CR was taken as control. At the end of 96 h total number of alive and dead 

fishes was recorded and the percentage of mortality was calculated (Shahnaz et al., 2021).  

5.1.7. Desorption and reusability studies 

In short, 0.1 g of synthesized Iron oxide/Activated Carbon (Fe3O4/AC) nanocomposite was 

added into 100 mg/L of Pb and CR solution and kept in a shaking incubator at 150 rpm at 

303 K for 5 h. After 5 h Fe3O4/AC nanocomposite was separated using magnet from Pb 

and CR solutions. The amount of Pb and CR after adsorption onto Fe3O4/AC 

nanocomposite was detected using Atomic Emission Spectroscopy and UV-Visible 

spectrometer. Then, the collected adsorbent was treated with sodium hydroxide (1 M) for 

4 h. After the treatment with NaOH, the Fe3O4/AC nanocomposite was rinsed with distilled 

water for several times to eliminate the residual sodium hydroxide. The rinsed Fe3O4/AC 

nanocomposite was dried in oven and used for further cycle of experiments. 5 cycles of 

experiments were performed in similar way. 

5.2. Results and discussion 

5.2.1. Characterization of Fe3O4/AC nanocomposite 

5.2.1.1. Morphology analysis 

The surface morphologies of activated carbon and Fe3O4/AC nanocomposite were 

examined by FESEM and the micrographs were shown in the Fig. 5.1. (a-d). As shown in 

Fig. 5.1. (a) the surface of the AC is smooth and forms a layered structure. From the Fig. 

5.1. (c) and (d) the surface of Fe3O4/AC nanocomposite is relatively rough due to the 

impregnation of iron oxide. The impregnation leads to the formation of spongy pore 

structure. The size of the formed crystallites of Fe3O4/AC nanocomposite was measured 

lesser than 50 nm.  The Fe3O4/AC nanocomposite produced by the chemical coprecipitation 
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method will be in smaller size due to the ferocious agitation by magnetic stirrer, which 

enhances the distribution of Fe3O4 particles onto AC. 

 

Fig. 5.1. FESEM micrographs at different magnifications a) AC (5.00 KX), b) Fe3O4/AC 

nanocomposite (2.50 KX), c) Fe3O4/AC nanocomposite (50.00 KX), d) Fe3O4/AC 

nanocomposite (100.00 KX), e) FETEM image of Fe3O4/AC nanocomposite, f) SAED 

image of Fe3O4/AC, AFM micrographs of Fe3O4/AC g) 2-Dimensional and h) 3-

Dimensional image 
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FETEM image (Fig. 5.1. (e)) of the synthesized Fe3O4/AC nanocomposite depicted that the 

iron oxide nanoparticles were evenly distributed on the surface of the AC, which favors the 

magnetism of Fe3O4/AC nanocomposite. The FETEM images also showed that the size of 

Fe3O4/AC nanocomposite is less than 30 nm which confirms the results of FESEM. Fig. 

5.1. (f) shows the selected area electron diffraction (SAED) pattern of the Fe3O4/AC 

nanocomposite which shows the nanocomposite comprises of both amorphous and 

crystalline regions in it. 

5.2.1.2. AFM analysis 

The various characteristics such as shape, size and surface roughness of Fe3O4/AC 

nanocomposite was depicted through AFM. The 2D and 3D images of Fe3O4/AC is 

represented in the Fig. 5.1. (g) and (h). It is seen that brighter peaks represents the nodules 

which are clear and not merged. The darker depressions represent the pores (Priyan et al., 

2020). The difference in height was found to be 64 nm. The different roughness parameters 

such as average roughness (Ra), RMS roughness (Rq), average maximum height of 

roughness (Rz), maximum roughness valley depth (Rv) and maximum roughness peak 

height (Rp) were calculated and found to be 1.038 nm, 3.438 nm, 64.17 nm, 14.33 nm and 

49.84 nm respectively. 

5.2.1.3. EDX analysis 

The chemical characterization of the AC, Fe3O4/AC, Fe3O4/AC-Pb and Fe3O4/AC-CR was 

determined by using energy dispersive X-ray spectroscopy (EDX), which was coupled with 

FESEM. A beam of high energized charged particles was irradiated on the surface of the 

sample which causes excitation of electrons producing characteristic X-rays specific for 

each element. It is found that AC (Fig. 5.2. (a)) consists of carbon (80.1 wt.%) and oxygen 

(19.9 wt.%). In Fe3O4/AC nearly 37.4 wt.% of Fe and 33.0 wt.% of O were present due to 

the process of magnetization of AC.  

The result of EDX spectra of Fe3O4/AC (Fig. 5.2. (b)) reveals that the iron oxide particles 

are present homogenously on the surface of the AC. The presence of sulphur in the Fig. 

5.2. (c) was due to the biosorption of CR upon the Fe3O4/AC. We can see Pb (2.5 wt.%) in 

the EDX spectra (Fig. 5.2. (d)), due to the biosorption of Pb by Fe3O4/AC. The peak of Fe, 

C and O in the EDX spectra of Fe3O4/AC, Fe3O4/AC-Pb and Fe3O4/AC-CR confirms the 

presence of iron oxide particles on AC to form nanocomposite. The weight percentage of 
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the elements present in AC, Fe3O4/AC, Fe3O4/AC-Pb and Fe3O4/AC-CR were represented 

in the Table 5.1. 

Table 5.1. Weight percentage of the elements present in AC, Fe3O4/AC, Fe3O4/AC-Pb and  

Fe3O4/AC-CR 

Sample Name 
Elements (Wt. %) 

Carbon (C) Oxygen (O) Iron (Fe) Sulphur (S) Lead (Pb) 

AC 80.1 19.9 - - - 

Fe3O4/AC 29.6 33.0 37.4 - - 

Fe3O4/AC-Pb 29.6 27.3 40.6 - 2.5 

Fe3O4/AC-CR 32.8 22.3 44.7 0.2 - 

 

 

Fig. 5.2. EDX image of a) AC, b) Fe3O4/AC, c) Fe3O4/AC-CR and d) Fe3O4/AC-Pb  

5.2.1.4. XRD analysis 

The phase purity and crystallinity of the AC, Fe3O4/AC nanocomposite before and after 

biosorption of Pb and CR was investigated by XRD. The Fig. 5.3. shows the diffraction 
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pattern of the samples, in which the peak at 2 theta about 24.2° of AC confirms the 

amorphous nature of the carbon. Also, the peak at 28° denotes the fluffy structure of the 

AC. The similar peak at 2 thetas about 24° and 28° was reported by (Feng et al., 2020). We 

can observe the characteristic peaks of Fe3O4 (magnetite) at 30.26°, 35.65°, 43.28°, 53.79°, 

57.12°, 62.81°. These six individual peaks agree with 220, 311, 400, 422, 511 and 440 

planes of magnetite (Danalıoğlu et al., 2017). In Fe3O4/AC nanocomposite, the sharper 

peaks were formed due to the magnetization process of AC. Higher the intensity of the 

peaks higher the magnetic strength of the crystallites (Venkateswarlu et al., 2020). The 

carbon peaks were not found in Fe3O4/AC, Fe3O4/AC-CR, Fe3O4/AC-Pb because of the 

high crystallinity of the Fe3O4 particles on the AC. 

 

Fig. 5.3. XRD analysis of AC, Fe3O4/AC, Fe3O4/AC-CR and Fe3O4/AC-Pb showing 2 

theta peaks explaining crystallinity 

5.2.1.5. FTIR analysis 

The FTIR analysis was done for AC, Fe3O4/AC, Fe3O4/AC-Pb and Fe3O4/AC-CR to 

determine the functional groups as shown in Fig. 5.4. (a). The weak peak at 3750 cm-1 

TH-3361_196106029



 

   CHAPTER 5                                                                                                                              113 

 

attributed to NH2 group due to the presence of small amount of amine compounds in the 

biomass of Proposis juliflora. The broad peak between 3615-3035 cm-1 which corresponds 

to stretching vibrations of O-H group (Wang et al., 2020). In the FTIR spectra of AC we 

can observe the sharp peaks at 1698, 1588, 1437, 1373, 1213, 871, 807 and 753 cm-1 

respectively. The band at 1698 cm-1, denotes the C=O bonds of carbonyl compounds such 

as aldehydes, ketones and carboxylic acids in vibrational stretching mode (Ebadollahzadeh 

and Zabihi, 2020).  

 

Fig. 5.4. a) FTIR analysis and b) Raman spectra of AC, Fe3O4/AC, Fe3O4/AC-CR and  

Fe3O4/AC-Pb 

The bands at 1588 and 1437 cm-1 corresponds to the out-phase and in-phase stretching 

vibrations of CO2. The peak at 1588 cm-1 is very strong than the in-phase band at 1437 cm-

1. The medium peak at 1373 cm-1 attributed to CH3 in-phase bending and the peak at 1213 

cm-1 assigned to C-C vibration mode. The peaks at 871, 807 and 753 cm-1 were due to the 

C-O-C stretching vibrations of carbonyl compounds such as esters and anhydrides (Sharma 

et al., 2020). The band at 753 cm-1 also be due to C-O bond of alcohol. The spectra of 

Fe3O4/AC, Fe3O4/AC-Pb and Fe3O4/AC-CR showed two strong peaks at 631 and 549 cm-
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1, which corresponds to the stretching vibration of Fe-O bond of Fe3O4 (D’Cruz et al., 

2020). These characteristic peaks confirm the presence of iron oxide in the composite. 

5.2.1.6. Raman analysis 

The structural deformations of AC, Fe3O4/AC nanocomposite before and after biosorption 

of Pb and CR was studied using Raman spectroscopy. From the Fig. 5.4. (b) we can observe 

the two characteristic bands of carbon namely D band at 1342 cm-1 and G band at 1598 cm-

1 (Spessato et al., 2020). The D-band is due to the structural disorder of graphitic domains 

caused due to the disorder in aromatic rings. The characteristic G-band appears due to the 

symmetrical nature which occurs in all sp2 hybridized carbons (Queiroz et al., 2020). These 

D and G bands were present in AC, Fe3O4/AC nanocomposite before and after biosorption 

of Pb and CR. But it is seen that the intensity of G-band decreases after the biosorption 

process and there is a slight shift on the D and G bands due to the interactions of Fe on AC. 

The total number of defective sites in AC is proportional to the ID/IG of D and G bands, 

which reveals that the ratio is high, the degree of graphitization will be low (Abbas et al., 

2020). The characteristic bands of Fe-O-Fe bond was observed at 352 cm-1, 493 cm-1 and 

696 cm-1 (D’Cruz et al., 2020). The peak at 963 cm-1 for Fe3O4/AC-CR was due to the 

aromatic ring of benzene in the structure of congo red dye. 

5.2.1.7. Thermal stability analysis  

TGA is used to examine the thermal stability of the synthesized Fe3O4/AC nanocomposite. 

The TGA thermogram (20 °C- 1000 °C) of Fe3O4/AC nanocomposite was shown in the 

Fig. 5.5. (a). In TGA the properties of the sample were altered by heat produced at high 

temperatures. The process like dehydration, oxidation and decomposition alters the mass 

of the Fe3O4/AC (Vishnu Priyan et al., 2021). From the Fig. 5.5. (a) it is illustrated that the 

Fe3O4/AC shows very good thermal stability at higher temperatures. At the initial stage, a 

loss of 3.47% of total weight at temperature of 100 °C was due to the humidity present in 

Fe3O4/AC. At a temperature about 250 °C, we can observe a small weight loss (8.17%) due 

to evaporation of rigidly bound water and thermal degradation of cellulose and 

hemicellulose from Fe3O4/AC (Jain et al., 2018). As the temperature increases the mass of 

the Fe3O4/AC decreases due to gasification of C atoms. At the temperature about 800 °C 

the decomposition starts to occur rapidly. The DTG peaks at 103 °C, 556 °C and 910 °C 

illustrates that the degradation occurs in 3 distinct stages. At the temperature of 1000 °C 
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the residual mass is found be 38.28% which might be due to the presence of non-degraded 

iron oxide and carbon residues. The surface area of the Fe3O4/AC nanocomposite before 

and after adsorption of Pb and CR was investigated using surface area and pore size 

analyzer. Results revealed that specific surface area (m2/g) of Fe3O4/AC nanocomposite 

before adsorption of Pb and CR was found to be 632 m2/g and after adsorption process the 

specific surface area of Fe3O4/AC nanocomposite reduces to 406 m2/g (Pb) and 452 m2/g 

(CR) adsorption. 

 

Fig. 5.5. a) TGA/DSC image of Fe3O4/AC nanocomposite, b) VSM analysis of Fe3O4/AC 

nanocomposite for evaluating the magnetic behaviour 

5.2.1.8. VSM analysis 

The magnetization of the activated carbon was studied using vibrating sample 

magnetometer. A graph between Field (Oe) and Moment/mass (emu/g) was plotted as 

shown in Fig. 5.5. (b). The magnetic saturation (maximum magnetic strength) of Fe3O4/AC 

nanocomposite was found to be 48.098 emu/g, which was in agreement with the values of 

magnetic saturation of Fe3O4/AC (52.2 emu/g) reported by (Jain et al., 2018). The magnetic 

saturation of the pure Fe3O4 was predicted as 92 emu/g. The saturation magnetization of 

the nanocomposite was quite lesser due to the presence of carbon on comparison with pure 

Fe3O4. The coercivity (Hci) is found to be 18.068 Oe (1.8068 mT) which indicates the 

ferromagnetic nature of the biosorbent (Fe3O4/AC nanocomposite). The retentivity (Mr) is 

found to be 1.3010 emu/g. The Fe3O4/AC nanocomposite have high magnetic saturation 

value which make them rapid response to external magnetic field, thus helps in fast 

separation process from the solution (Danalıoğlu et al., 2017). 
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5.2.2. Effect of various parameters on biosorption 

5.2.2.1. Effect of pH on biosorption 

A very important parameter which affects the process of biosorption of Pb, CR on 

Fe3O4/AC nanocomposite is pH of the solution as it influences chemical properties of 

sorbent and sorbate. To study the influence of pH on Pb and CR biosorption, different pH 

of the solutions (2.0-10.0) was taken. Zeta potential was performed to analyse the PZC 

(point of zero charge) of Fe3O4/AC nanocomposite at various pH 2.0 to 10.0. The pH PZC 

for Fe3O4/AC nanocomposite was found to be 5.7. It illustrates that the Fe3O4/AC 

nanocomposite surface was positive at pH below 5.7 and above pH 5.7 the surface was 

negative. The surface of Fe3O4/AC nanocomposite is positive in acidic condition which 

leads to the electrostatic repulsion between the Fe3O4/AC nanocomposite surface and Pb. 

At pH above 5.7 the surface of Fe3O4/AC nanocomposite is -ve promoting higher 

adsorption of Pb.  

As the pH of the Pb solution increases the removal efficiency of Pb also increases gradually 

till pH 6.0 and above pH 7.0 the Pb precipitates to its salt form thus the removal efficiency 

of the biosorbent cannot be predicted. The formation of the salt does not happen at lower 

pH. So, the pH below 6.0 will be the suitable pH for the biosorption of Pb. In case of CR 

biosorption the removal efficiency increases as the pH of the CR solution increases. 

Suddenly, the efficiency decreases at pH 7.0 and we can observe the gradual decrease in 

the removal efficiency till pH 10.0.  At lower pH (4.5-6.0) the colour of CR changes due to 

amino group protonation. At pH above 6.0, most of the CR molecules are predominantly 

in deprotonated form. So, due to protonation the CR molecules are more anionic leading to 

higher adsorption at pH 5.0-6.0. The maximum biosorption capacity about 79.38 mg/g for 

Pb biosorption at pH 6.0 and 38.60 mg/g for CR biosorption was seen at pH 5.0-6.0 (Fig. 

5.6. (a)). The removal efficiency of Pb biosorption increases from 6.58% to 26.46% at pH 

6.0. As the pH increases from 2.0 to 6.0 the removal efficiency of CR biosorption also 

increased and maximum removal efficiency was found at pH 5.0-6.0 with nearly 85.78% 

removal. The pH of the Pb and CR solution effects the surface charge of Fe3O4/AC 

nanocomposite. At the lower pH, the protonation effect is more, which promotes high 

biosorption capacity (Sharma et al., 2020).  
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Fig. 5.6. a) Effect of pH on biosorption of Pb and CR by Fe3O4/AC at various pH ranging 

from pH 2.0-10.0, b) Effect of initial Pb and CR concentration on biosorption of Pb and 

CR by Fe3O4/AC at different concentrations of Pb and CR ranging from 20-100 mg/L and 

c) Effect of biosorbent dosage on biosorption of Pb and CR by Fe3O4/AC at different 

dosage of Fe3O4/AC ranging from 0.02 to 0.12 g/L 

5.2.2.2. Effect of initial concentration of Pb and CR solution  

The influence of initial concentration on Pb and CR biosorption (Fig. 5.6. (b)) was 

performed using Pb and CR solutions of different concentrations (20-100 mg/L). As the 

concentration of Pb and CR solutions increases, we can observe the increase in biosorption 

capacity from 87.90 mg/g to 154.10 mg/g for Pb biosorption and 26.28 mg/g to 115.01 

mg/g for CR biosorption. The percentage of removal efficiency decreases as the biosorption 

capacity increases from 87.90% to 30.82% for Pb biosorption and 87.62% to 76.67% for 

CR biosorption. The initial concentration of the solutions was affected by the dynamic 

interactions between the sorbate and sorbent. An adequate sorption environment was seen 

at high initial concentration of Pb, CR solutions and a strong biosorption driving force 

between the sorbent and sorbate overcomes the mass transfer resistance (Patra et al., 2020). 
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Higher Pb, CR removal percentage was seen at 20 mg/L initial concentration and lower Pb, 

CR removal efficiency was observed at 100 mg/L initial concentration of solutions. Due to 

high amount of sorbate molecules (Pb and CR) than the sorbent (Fe3O4/AC nanocomposite) 

at high initial concentration leads to decrease in efficiency of removal. 

5.2.2.3. Effect of Fe3O4/AC nanocomposite dosage 

The influence of Fe3O4/AC nanocomposite dosage on biosorption was performed with 

different dosage ranging from 0.02 - 0.12 g/L with constant temperature, pH and initial 

concentration. From the Fig. 5.6. (c) we can observe that as the dosage of Fe3O4/AC 

nanocomposite increases, the efficiency of removal of Pb, CR also increased from 69.02% 

to 99.61% for Pb and 71.58% to 86.77% for CR. Whereas, we can see the decrease in 

biosorption capacity (qe) from 103.53 mg/g to 24.90 mg/g for the Pb biosorption and 17.90 

mg/g to 3.62 mg/g for CR biosorption. As the dosage increases, the removal efficiency of 

Pb and CR also increases because of large number of active sites in biosorbent attracts a 

greater number of Pb and CR. The attraction between sorbate and sorbent leads to strong 

sorbent/sorbate interactions, which increases removal efficiency. The maximum 

biosorption capacity was seen at low biosorbent dosage due to the complete exposure of 

diffusion sites (Priyan et al., 2020). 

5.2.3. Biosorption isotherms 

The biosorption process was investigated through theoretical graphs called biosorption 

isotherms which is the function of increase in pollutant (adsorbate) concentration at a 

constant temperature. Various parameters including biosorption capacity, nature of 

biosorption process (physical or chemical) of the Fe3O4/AC nanocomposite was determined 

by various isotherm models (Fig. 5.7 (a) and (b)). The biosorption process parameters of 

different isotherm models are depicted in Table 5.2. 

5.2.3.1. Langmuir isotherm 

The Langmuir isotherm model describes the monolayer biosorption of Pb and CR onto the 

surface of Fe3O4/AC nanocomposite which have fixed number of sites for biosorption. In 

Langmuir model, the process of transmigration of the Pb and CR molecules in the 

Fe3O4/AC nanocomposite surface plane is absent. The maximum sorption capacity of 

biosorbent is calculated as monolayer coverage in the model. The Q0 for the biosorption of 
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Pb and CR was found to be 144.92 and 122.22 (mg/g). The nature of biosorption process 

was determined from the value of RL (separation factor). The favorable biosorption takes 

place when the RL value > 0 to < 1, for unfavorable biosorption RL value > 1, for linear and 

irreversible biosorption the RL value = 1 and = 0 (Chandrasekaran et al., 2020). The value 

of RL is 0.0352 (for Pb biosorption) and 0.2754 (for CR biosorption), which shows 

favorable biosorption. The R2 value (0.9971) of CR biosorption fit to the Langmuir 

isotherm model and it is found to be more significant on compare to other isotherm models 

for CR biosorption. 

5.2.3.2. Freundlich isotherm 

Freundlich isotherm model assumes that the biosorption process occurs in a heterogeneous 

multilayer surface. It also shows the exponential distribution of multilayer biosorption 

active centers with their energies (Patra et al., 2020). Freundlich isotherm constant (KF, 

(L/g)) for biosorption of Pb and CR are 74.900 and 15.125. The value of 1/n is nearly zero 

for the higher concentration of the Pb and CR. Hence at very high concentration of 

adsorbate, the biosorbent potential of the biosorbent becomes independent of the biosorbent 

dosage. The value of n for Pb and CR biosorption was found to be 5.824 and 1.456, which 

represents the degree to which biosorption deviates from linearity. The regression value 

(R2) of Pb and CR biosorption was found to be 0.9925 and 0.9700 respectively. The R2 

value of Pb biosorption fit to the Freundlich model and it is found to be more significant 

on compare to other isotherm models for Pb biosorption. 

5.2.3.3. Dubinin-Radushkevich (D-R) isotherm 

D-R isotherm model describes the mechanism of biosorption on heterogeneous surface with 

Gaussian energy distribution. This model is best suited for intermediate range of adsorbate 

concentrations due to the exhibition of unrealistic asymptotic behavior and absence to 

predict the Henry’s law at very low pressure (Mate and Mishra, 2020). Here the biosorption 

process follow the pore filling mechanism. This model is used to predict whether the 

mechanism of biosorption is physical or chemical. The value of apparent energy (E) depicts 

the mechanism of Pb and CR biosorption process. If E is between 1 to 16 kJ/mol it favors 

physisorption and E > 16 kJ/mol it favors chemisorption. The apparent energy (E) for Pb 

and CR biosorption was found to be 9.559 kJ/mol and 10.042 kJ/mol which favors 

theoretically physisorption for both Pb and CR. 
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Table 5.2. Various isotherm parameters of Pb and CR biosorption onto Fe3O4/AC 

nanocomposite 

 

Isotherm Model Pb Biosorption CR Biosorption 

Langmuir Isotherm                                     

Q0 (mg/g) 144.92 122.22 

KL (L/mg) 0.6160 0.0540 

R2 0.9165 0.9971 

Freundlich Isotherm                                   

KF (L/g) 74.900 15.125 

n 5.8240 1.456 

R2 0.9925 0.9700 

Dubinin Radushkevich Isotherm           

qm (mg/g) 139.714 94.273 

β (mol2/J2)  0.0054 0.0049 

E (kJ/mol) 9.559 10.042 

R2 0.8121 0.8763 

Temkin Isotherm                                           

bT (kJ/mol) 574.82 363.61 

KT (L/mg) 1.7847 1.1927 

R2 0.9434 0.9631 

5.2.3.4. Temkin isotherm 

The indirect biosorbent/adsorbate interactions were depicted by Temkin isotherm model. It 

assumes that as the surface increases there is a linear decrease in the heat of biosorption 
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(ΔH) of all the molecules (Abutaleb et al., 2020). This isotherm model is valid only for the 

intermediate concentration range of the adsorbate solutions. The values bT for the 

biosorption of Pb and CR was calculated as 574.82 and 363.61(kJ/mol). The regression 

value was found to be 0.9434 for Pb and 0.9631 for CR biosorption. 

 

Fig. 5.7. Isotherm models for a) Pb and b) CR biosorption, Kinetic models for c) Pb and 

d) CR biosorption on Fe3O4/AC biosorbent 

5.2.4. Biosorption kinetics 

The rate of uptake of the adsorbate on the biosorbent is investigated through the kinetics 

study different kinetic models and their equations were used to study the kinetics of 
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biosorption of Pb and CR on Fe3O4/AC nanocomposite (Fig. 5.7 (c) and (d)). Various 

kinetic models and their calculated parameters are given below in the Table 5.3. 

In the pseudo first order kinetics, we assume that the rate of total number of filled 

biosorption sites to the unfilled biosorption sites in most adsorption process and it is not 

very much significant for entire contact time. So, this model is only applicable at initial 

stage of biosorption (Thuyavan et al., 2014). The values of k1 for Pb and CR was calculated 

as 0.0329 (min-1) and 0.0256 (min-1). The qe value (9.605 (mg/g) for Pb and 59.590 (mg/g) 

for CR) calculated was not significant with the experimental values of qe, due to boundary 

layer control of biosorption process. The R2 value of pseudo first order found to be less on 

comparison with other kinetic models, which reveal that the biosorption of Pb (0.9512) and 

CR (0.6967) upon Fe3O4/AC nanocomposite is not significant for pseudo first order 

kinetics. 

Pseudo second order kinetic model describes about the action of the adsorption process for 

the whole time (Rajabi et al., 2019). This model assumes that there is a sharing of electrons 

between Pb and CR with biosorbent, which forms some valence forces which act as rate 

limiting step. The value of R2 (0.9693 for Pb biosorption and 0.9321 for CR biosorption) 

was found to be less on comparison with intraparticle diffusion model. 

The nature of chemical biosorption (chemical reaction) mechanism was elucidated by 

Elovich model. Elovich kinetic model is best applied for the biosorbents with 

heterogeneous surface (Gupta et al., 2020). The values of α for Pb and CR biosorption are 

2.5570 (g/mg min), 3.5856 (g/mg min). The value of β for Pb and CR biosorption are 

0.3888 (mg/g) and 0.1464 (mg/g).  The coefficient of correlation for Pb, CR biosorption 

was found to be 0.9593 and 0.8609. Which reveals the process of biosorption of Pb, CR 

upon Fe3O4/AC nanocomposite does not fit for Elovich kinetic model. 

Adsorption, intraparticle diffusion and external mass diffusion are the 3 stages in the 

process of adsorption on porous material (Vishnu Priyan et al., 2021). The diffusion of 

sorbate on the sorbent was rate limiting step in the process. Pb biosorption and CR 

biosorption on Fe3O4/AC nanocomposite which shows that diffusion of Pb and CR on 

Fe3O4/AC nanocomposite surface may be the rate controlling step for the sorption process. 

From the Table 5.3 on seeing the values of R2 it is found that the Pb biosorption and CR 

biosorption on Fe3O4/AC nanocomposite follows the intraparticle diffusion model. 
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Table 5.3. Different Kinetic parameters of Pb and CR biosorption onto Fe3O4/AC 

nanocomposite 

Kinetics Pb Biosorption CR Biosorption 

Pseudo-first-order model             

qe (mg/g) 9.6051 59.5901 

k1 (1/min) 0.0329 0.0256 

R2 0.9512 0.6967 

Pseudo-second-order model                  

qe (mg/g) 13.5300 42.1903 

k2 (g/mg min) 0.0052 0.0005 

R2 0.9693 0.9321 

Elovich model                                     

α (g/mg min) 2.5570 3.5856 

ꞵ (mg/g) 0.3888 0.1464 

R2 0.9593 0.8609 

Intra-particle diffusion                           

ki (mg/g min 1/2) 1.2073 2.3959 

d 1.4722 2.5830 

R2 0.9766 0.9667 

 

5.2.5. Thermodynamic studies 

The influence of temperature on adsorption of Pb and CR onto Fe3O4/AC nanocomposite 

was investigated with temperatures ranging from 293 K to 303 K. The removal % at 293, 
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298, 303 K for Pb was found to be 41.55%, 66.23%, and 90.60% and for CR it was found 

to be 55.03%, 62.66%, and 84.44% respectively. As the temperature increases from 293 K 

to 303 K, the removal % also increases. Different thermodynamic parameters were 

calculated and mentioned in Table 5.4. ΔG (kJ/ mol) for the adsorption of Pb and CR were 

negative, which shows that the adsorption process is spontaneous. The values of ΔH (kJ 

/mol) and ΔS (kJ \mol K) were negative and positive for both Pb and CR biosorption, 

proving that the Pb and CR biosorption process was exothermic and showed randomness. 

Table 5.4. Different thermodynamic parameters of Pb and CR biosorption onto Fe3O4/AC 

nanocomposite 

Temperature (K) 
ΔG (kJ/ mol) ΔH (kJ /mol) ΔS (kJ \mol K) 

Pb CR Pb CR Pb CR 

293 -1.844 

 

-3.168 

 

-23.112 

 

-13.180 

 

0.0795 

 

 

 

0.0461 298 -4.390 

 

-4.004 

 

303 -8.474 

 

-7.028 

 

 

5.2.6. Phytotoxicity studies 

The toxic effects of Pb and CR before and after biosorption on Fe3O4/AC nanocomposite 

on seeds of various plant species were studied through germination of seeds (%) and growth 

inhibition (%). From the Fig. 5.8. (a) and (b), as the concentration of Pb and CR increases 

there is a decrease in the percentage of seed germination. In the control groups, the seed 

germination was observed to be 100%. At 50 mg/L of Pb solution we can notice the drastic 

decrease in germination rate from 86.6% to 70% for Pennisetum glaucum, 76.6% to 63.3% 

for Cicer arietinum, 93.3% to 76.6% for Vigna mungo and 90% to 86.6% for Vigna radiata. 

The decreased % of seed germination was due to the interference of Pb with some 

enzymatic activities, closure of stomata and some membranal damages. These damages 

were caused due to abscisic acid induction and negative correlation of Pb with K in plants 

(Zulfiqar et al., 2019). In the different concentrations of CR (10, 30, 50 mg/L) the 

germination (%) is above 90%, which shows the CR is less toxic to the seeds on comparison 

with Pb. After the removal of Pb and CR through biosorption, we can observe there is 

increase in the percentage of seed germination at each concentration used in the 

experiments. Vigna mungo and Vigna radiata shows the highest percentage of germination 
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above 93.3% for Vigna mungo and 96.6% for Vigna radiata. The increase in the rate of 

germination of seeds was due to the efficient removal of Pb and CR from the water by the 

biosorbent. 

 

Fig. 5.8. Seed germination (%) of Pennisetum glaucum, Cicer arietinum, Vigna mungo 

and Vigna radiata seeds at various concentrations of Pb and CR. a) Before biosorption, 

b) After biosorption, Inhibition of growth (%) of Pennisetum glaucum, Cicer arietinum, 

Vigna mungo and Vigna radiata seeds at various concentrations of Pb and CR. c) Before 

biosorption, d) After biosorption 

Fig. 5.8. (c) and (d) represents the growth inhibition of various seeds to various 

concentrations of Pb and CR before and after biosorption. As the concentration and time 

exposure of Pb and CR increases the growth of the seeds decreases due to inhibition in 

concentration and time dependent manner. The root and shoot length of the seedlings 

decreases at high concentrations of Pb and CR. At the concentration of 50 mg/L of Pb the 

growth inhibition of Pennisetum glaucum, Cicer arietinum, Vigna mungo and Vigna 

radiata were found to be 85.64%, 79.56%, 57.76% and 55.92% respectively. In case of CR 
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at 50 mg/L concentration the inhibition of growth was found to be 51.85% (Vigna radiata), 

55.95% (Vigna mungo), 68.61% (Cicer arietinum) and 77.94% (Pennisetum glaucum). On 

removal of Pb and CR by biosorption promotes the growth seedlings and reduces the 

inhibition rate to 40% (Pb), 37.43% (CR) for Pennisetum glaucum, 21.89% (Pb) and 

25.54% (CR) for Cicer arietinum, 24.72% (Pb) and 10.54% (CR) for Vigna mungo and 

23.61% (Pb), 15.12% (CR) for Vigna radiata respectively. The exposure of Pb and CR to 

the plants at higher rates disturbs nutritional and water relations leading to oxidative 

damages to the seedlings which affects the growth of the seedlings (Vishnu Priyan et al., 

2021b). But, the removal of these pollutants from the water promotes the growth and 

reduces the oxidative stress in the plants (Tasrin et al., 2021). 

5.2.7. Acute fish toxicity studies 

In this current study the toxicological effects of Pb and CR before and after biosorption 

process on zebra fish was investigated. It is found that, the control group fishes were active 

and alive throughout the study (Fig. 5.9.). There is no abnormal behaviour of Danio rerio 

in the control group. Acute symptoms like fast tumbling, unusual swimming and staying at 

bottom were observed in the treatment groups (before biosorption) with the Pb 

concentration above 10 mg/L. The acute symptoms were not seen in the treatment groups 

with congo red (CR). The mortality percentage of the zebra fish increases as the Pb 

concentration increases, but there is no mortality in CR till 50 mg/L. The mortality 

percentage is depending on the concentration of the solution. In the present study, the LC50 

values were calculated for Pb before and after biosorption due to mortality in the treatment 

groups. The treatment groups with CR (before and after biosorption) was studied till 50 

mg/L initial concentration (50 ppm) there is no mortality of fish. It is found that CR is not 

acutely toxic to zebra fish, but it can induce deflation in swimming bladder at the 

concentration above 30 mg/L. (Hernández-Zamora and Martínez-Jerónimo, 2019) reported 

that the LC50 of CR is about 476.84 mg/L to Danio rerio embryos. The CR salt is deposited 

on the surface of scales of the zebra fish. 

The LC50 values of Pb before biosorption process at various time intervals of 24 h, 48 h, 72 

h and 96 h were calculated as 70.84 mg/L, 58.83 mg/L, 42.04 mg/L and 20.98 mg/L. At the 

end of 96 h the LC50 value was found to be 20.98 mg/L which is in good agreement with 

the LC50 values reported by (Kim et al., 2020). We can also observe from the graph there 

is no mortality rate for CR (both before and after biosorption) and there is about 100% 
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mortality of fishes at the concentration of 50 mg/L of Pb. 100% mortality decreased to 60% 

mortality after the biosorption of Pb on Fe3O4/AC nanocomposite. This confirms that the 

Fe3O4/AC nanocomposite removes the Pb from the aqueous solution at highly efficient 

manner. 

 

Fig. 5.9. Mortality (%) of Danio rerio (zebra fish) to various concentrations of Pb and 

CR before and after biosorption 

5.2.8.  Proposed biosorption mechanism 

The biosorption of Pb and CR onto Fe3O4/AC nanocomposite is dependent on the pH of 

the solution. The biosorption of Pb2+ ions on Fe3O4/AC nanocomposite involves surface 

complexation and electrostatic interaction. The Pb charge is positive and gets attracted to 

the negatively charged surface as the pHZPC of Fe3O4/AC nanocomposite was found to be 

5.7. Above pH 5.7, the surface of Fe3O4/AC nanocomposite is negative, and below 5.7, the 

surface is positive, which results in the repulsion of lead ions. The adsorption of CR 

molecules on Fe3O4/AC nanocomposite involves different mechanisms such as π–π 

stacking interaction, hydrophobic interactions, hydrogen bond formation, and electrostatic 

interactions (Fig. 5.10.). π–π stacking interaction occurs between the π electrons of   

Fe3O4/AC nanocomposite and the aromatic ring of Congo red dye molecules, including the 
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transfer of charges. The hydrophobic part (no charge) of the CR molecules interacts with 

the hydrophobic surface of the activated carbon. The formation of H bonds occurs between 

the surface of -OH groups of Fe3O4/AC nanocomposite and the -NH2 group of the CR 

molecule. As the result of the protonation of oxygen atoms on the surface of Fe3O4/AC 

nanocomposite, electrostatic interaction occurs between -vely charged SO3
- group of CR 

dye molecules and the +vely charged Fe3O4/AC nanocomposite surface. 

 

Fig. 5.10. Proposed biosorption mechanism 

5.2.9. Effect of salts 

Ground water contains different kinds of salts such as MgSO4, Mg(NO3)2, ZnSO4, KH2PO4, 

CaCl2, K2CO3, CuSO4, KCl and NaCl which can interfere in the removal of Pb and CR. To 

check the effects of these salts on adsorption of Pb and CR onto Fe3O4/AC nanocomposite 

1:1 ratio of pollutant solution and 0.1M salt solution was taken. The results showed that the 

removal % for Pb and CR was found to be 76.51% and 67.72% without any salts (Fig. 5.11. 

(a)). On adding these salts in the Pb solution the removal % was found to be MgSO4 

(66.75%), Mg(NO3)2 (73.25%), ZnSO4 (67.05%), KH2PO4 (96.30%), CaCl2 (73.2%), 

K2CO3 (88.3%), CuSO4 (63.25%), KCl (85.45%) and NaCl (79%). On addition of 

potassium and sodium salts the removal efficiency of Pb increases which may be due to the 

precipitation of lead salts. The removal % of CR on addition of the salts were found to be 

MgSO4 (49.34%), Mg(NO3)2 (52.74%), ZnSO4 (52.51%), KH2PO4 (47.57%), CaCl2 

(44.63%), K2CO3 (14.05%), CuSO4 (49.16%), KCl (63.04%) and NaCl (20.02%) 
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respectively. The adsorption of metal ion on adsorbent is directly correlated with the ionic 

radius. The decline in the removal percentage of Pb and CR could be due to transformation 

of the metal ions into its metal hydrate forms in water, specially into its M(OH)+ and 

M(OH)X forms. Metal ions with higher ionic radii compete with Pb2+ and CR showing 

reduction in the removal % of Pb and CR. 

5.2.10. Desorption and reusability studies 

Desorption and reusability experiments were performed to determine the regeneration 

potential of Iron oxide/Activated Carbon (Fe3O4/AC) nanocomposite, which makes the 

process of adsorption economically feasible. 1 M sodium hydroxide is used as desorbing 

agent, for the desorption of Pb and CR from Fe3O4/AC nanocomposite after every 

adsorption cycle. The % removal of Pb was found to be 97.66% (1st cycle), 91.61% (2nd 

cycle), 84.69% (3rd cycle), 72.57% (4th cycle) and 56.25% (5th cycle) and for CR 82.77% 

(1st cycle), 78.91% (2nd cycle), 69.52% (3rd cycle), 55.44% (4th cycle) and 39.29% (5th cycle) 

respectively (Fig. 5.11. (b)).  

 

Fig. 5.11. a) Effects of different salts on adsorption of Pb and CR and b) Desorption and 

reusability studies 

After three cycles, the adsorption of Pb and CR onto Fe3O4/AC nanocomposite was less 

significant. These repeated adsorption, desorption, and regeneration studies showed that 

Fe3O4/AC nanocomposite could be effectively reusable for up to three cycles of adsorption. 

After treatment with 1 M sodium hydroxide, the presence of pollutants on Fe3O4/AC 

nanocomposite surface limits this phenomenon. Due to some structural change in 

Fe3O4/AC nanocomposite, we can witness a gradual reduction in the adsorption capacity. 
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So, from the reusability studies we can conclude that Fe3O4/AC nanocomposite can be 

effectively reused for adsorption of Pb and CR for many cycles. 

5.3. Significant findings 

Fe3O4/AC nanocomposite was synthesised using coprecipitation of ferric chloride and 

ferrous sulphate. The synthesised nanocomposite was characterized with different 

microscopic techniques (FESEM, FETEM, AFM) for structural, topological and 

morphological analysis, which shows that Fe3O4/AC nanocomposite was nano range (10-

50 nm) in size with Fe3O4 nanoparticles covering the AC. The presence of elements like 

iron, oxygen, carbon, sulphur and lead were determined by EDX analysis of the samples. 

The crystallinity of the biosorbent before and after biosorption of Pb and CR were analysed 

using XRD which shows the polycrystalline nature of Fe3O4/AC nanocomposite. The XRD 

peaks at 30.26°, 35.65°, 43.28°, 53.79°, 57.12°, 62.81° proves the presence of magnetite on 

AC. The FTIR and Raman spectroscopy was done for AC, which predicts the functional 

groups and their vibrational modes. The thermal stability of the biosorbent was investigated 

using TGA which shows that the nanocomposite is highly thermal stable till 800 °C. The 

DTG peaks at 103 °C, 556 °C and 910 °C illustrates that the degradation occurs in 3 distinct 

stages. VSM was done for Fe3O4/AC nanocomposite showing the coercivity (Hci) about 

18.068 Oe indicating the ferromagnetic nature of the biosorbent. The maximum removal of 

Pb and CR by Fe3O4/AC nanocomposite was optimized at pH 5.0-6.0, initial concentration 

of 40 mg/L and 0.04 g/L of Fe3O4/AC nanocomposite with biosorption capacity (Q0) 144.92 

mg/g for Pb and 122.22 mg/g for CR. The behaviour of sorbate and sorbent were described 

by Freundlich isotherm and intra-particle diffusion kinetic model for Pb biosorption, 

Langmuir isotherm and intra-particle diffusion kinetic model for CR biosorption. 

Toxicological assessment was carried out with seeds of different plant species for growth 

inhibition (%) and seed germination (%). Acute mortality (%) was determined in zebra fish 

at various concentrations of Pb and CR before and after biosorption. These findings inferred 

feasibility of the preparation of Fe3O4/AC nanocomposite for the maximum removal (%) 

of pollutants (Pb and CR) and decreased toxicity of the treated Pb and CR on model 

organisms.
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Abstract 

Waste re-cycling and up-cycling are important strategies to preserve the sustainability of 

resources on earth, as water is the key for sustenance of life. In the present study, oxidant-

modified biochar (OBC) is used for the adsorptive removal of Basic fuchsin in aqueous 

system through batch and column studies. Characterization of the adsorbent was done using 

various analytical techniques. Morphology analysis shows that OBC was irregular in shape 

with more spongy structure. The adsorbent was thermally stable till 850 °C. Functional 

groups on OBC before and after adsorption was determined using Raman spectroscopy and 

FTIR. Through batch investigations, the effect of different experimental factors on the 

adsorption process, such as pH, adsorbent dosage, and initial concentration of pollutant was 

optimized. The highest removal efficiency of 98.28% was seen at pH 6.0 with 0.05 g/L 

adsorbent dosage at the initial concentration of 10 mg/L. Freundlich isotherm and Pseudo-

second order kinetics model fits to the adsorption process. The continuous column studies 

show that at 0.5 cm bed height, 1.5 mL/min flowrate, 50 mg/L initial concentration, Yield 

% is 79.73. The toxicity of Basic fuchsin before and after adsorption was compared using 

exposure of Vigna radiata seeds to the dye. The growth inhibition reduces to 26.86% from 

67.67% after adsorption process. Thus, oxidant-modified Biochar was effective in 

adsorptive removal of Basic fuchsin from water.  

 

 

Graphical Abstract 
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6.1. Materials and methods 

6.1.1. Chemicals and materials 

The sawdust was procured from a sawmill in Maligaon, Guwahati, Assam, India. Potassium 

permanganate (KMnO4, Mol. Wt. 158.03, purity >98.0%) was used as an oxidant, and 

Basic Fuchsin (C20H20ClN3, Mol. Wt. 337.85, purity >99.0%) was used as a pollutant 

procured from HiMedia. The pH of the pollutant solution for the pH study was adjusted 

using Hydrochloric acid (purity >99.0%, SRL) and Sodium hydroxide (purity >99.0%, 

HiMedia). Analytical grade chemicals without further purification were used in this study. 

6.1.2. Preparation of oxidant-modified biochar (OBC) 

The procured sawdust was grounded using a grinder to get a uniform particle size of 150 

BSS mesh. The powdered sawdust was washed with distilled water to remove impurities 

on the surface and oven dried at 65°C for 24 h. Oxidant-modified biochar (OBC) was 

synthesized using the solvothermal method. Briefly, to 4:1 of sawdust and KMnO4, 50 mL 

of distilled water was added and stirred for one hour at 100 rpm in a magnetic stirrer. After 

stirring, the mixture was dispersed ultrasonically for 3 h. Then the dispersed mixture was 

placed in a solvothermal autoclave (Teflon-lined stainless steel) followed by heating the 

autoclave at 200 °C for 12 h. After cooling down, the mixture was taken out, filtered, and 

washed several times with ethanol and deionized water. Then the prepared OBC was kept 

at 70 °C for further use as an adsorbent. 

6.1.3. Characterization of oxidant-modified biochar (OBC) 

The characterization of OBC before and after adsorption of Basic Fuchsin (BF) was carried 

out using different analytical techniques as stated in the Table A1 (Appendix). 

6.1.4. Adsorption experiments 

The adsorption parameter optimization was performed using batch experiments under 

different experimental conditions. Various process parameters such as pH (2.0-12.0), OBC 

dosage (0.01- 0.05 g/L), temperature (298-328 K) and initial BF concentration (10-100 

mg/mL) were optimized for high removal of pollutant. 0.1M NaOH and HCl was used to 

alter the pH of the BF solution to study the effect of pH on adsorption process. The batch 

studies were performed in an incubator shaker by adding the required amount of adsorbent 

(OBC) in pollutant (BF) solution of different concentrations at 100 rpm for 8 h. The residual 
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BF concentration was found using UV-Vis spectrophotometer (546 nm) (Saood Manzar et 

al., 2022).  

The maximum adsorption capacity and removal efficiency of BF adsorption was calculated 

from Table 6.1. 

Table 6.1. The maximum adsorption capacity and removal efficiency of BF adsorption 

 

Parameters              Equation                              Description Equ. No. 

Maximum 

adsorption 

capacity 

𝑞𝑒 =
(𝐶0 − 𝐶𝑒)

𝑚
 × 𝑉 

qe is the amount of BF adsorbed at 

equilibrium time (mg/g), 

C0 and Ce are the initial and 

equilibrium BF concentrations. 

(mg/L), 

m is the mass of the OBC (g),  

V is the volume of BF solution (L). 

(6.1) 

Removal 

efficiency 
𝑅𝑒𝑚𝑜𝑣𝑎𝑙 (%) =

𝐶0 − 𝐶𝑒

𝐶0

 × 100 (6.2) 

 

6.1.5. Phytotoxicity experiments 

The phytotoxic assessment of BF before and after adsorption was evaluated as the measure 

of growth inhibition % and germination % of seedlings of Vigna radiata. The experiments 

were conducted as per V. Priyan V et al. with minor modifications (Priyan V et al., 2022). 

The tests were performed at room temperature and in the dark. To prevent fungal infection, 

the Vigna seeds were treated with a 1% NaOCl (sodium hypochlorite) solution and 

repeatedly washed with water. Ten seeds were distributed on a Petri dish with varying BF 

solution concentrations before and after adsorption. Water was used as the control. To 

assess the phytotoxic effects of BF on Vigna radiata, the seed germination percentage and 

seedling growth inhibition were evaluated after seven days of incubation. 

6.1.6. Column studies 

Continuous column studies were performed to estimate the capacity of the OBC to 

eliminate Basic Fuchsin (BF) under various conditions in continuous mode. For conducting 

continuous column studies, glass column of diameter 21 mm with thickness 3 mm and 

height 150 mm was used. Peristaltic pump (PP-20-EX, Miclins, India) was used to pump 

the Basic Fuchsin solution into the column. The flow was kept upward to prevent 
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channelling. Various parameters influencing the adsorption of BF such as bed height, initial 

BF concentration and flow rate were studied. The effect of bed height was studied by 

considering bed height 0.25 cm, 0.5 cm, and 1 cm. The influence of flow rate was 

investigated by using flow rate 1.5 mL/min, 3 mL/min and 6 mL/min. The effect of initial 

BF concentration was examined by using 10 mg/L, 50 mg/L and 100 mg/L BF dye. Various 

column adsorption parameters and their equations were given in Appendix A4. 

6.2. Results and Discussion 

6.2.1. Characterization of OBC 

6.2.1.1. Morphology analysis  

Surface morphology of SD and OBC was examined using Field Emission Scanning 

Electron Microscope. From the Fig. 6.1 (a) and (b) it is seen that SD surface is rough with 

irregular shape and size. The synthesized biochar from SD with KMnO4 (Oxidant) have 

more cracks and spongy structure as seen in the Fig. 6.1 (c) and (d). The diverse pore 

structures result in rougher surface and would allow efficient adsorption of Basic Fuchsin 

than on saw dust (John et al., 2022). Similar structure of biochar was reported by Rashad 

et al (Rashad et al., 2022).  

 

Fig. 6.1. a) & b) FESEM micrographs of SD at different magnifications, c) & d) FESEM 

micrographs of OBC at different magnifications and e) & f) FETEM image of OBC  

Fig. 6.1 (e) and (f) represents the Field Emission Transmission Electron Microscope 

micrograph of OBC confirming the irregular shape and size for aggregates. From the Fig. 
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6.1 (f) it is seen that the produced biochar was arranged layer-by-layer. These observations 

were due to the high density of hydroxyl groups on the surface of oxidant modified biochar, 

which resulted in the formation of hydrogen bonds. 

6.2.1.2. Raman and FTIR analysis  

The Raman spectra of SD and OBC before and after the adsorption of BF are shown in the 

Fig. 6.2. The band at 1314 cm-1 represents the D-band that occurs due to the disordered 

graphitic carbon rings. The G-band at 1614 cm-1 represents the vibrations of sp2 hybridized 

graphitic carbon (Zhou et al., 2022). The band at 882 cm-1 was due to the C-O-C skeletal 

mode of cellulose. All three spectra, SD, OBC, and OBC-BF, have bands at 1080 cm-1 

corresponding to OC stretching and CH3 wagging of cellulose (Tasrin et al., 2021). The 

2190 cm-1 and 2542 cm-1 bands correspond to C≡C stretching and methyl CH stretching 

bands, respectively (Shrestha et al., 2019).  

 

Fig. 6.2. Raman spectra of SD, OBC and OBC-BF 
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The Raman spectra of SD show a band at 556 cm-1 corresponding to CCO and CCC in-

phase bend of lignin of sawdust. The band at 270 cm-1 confirms the C-C aliphatic chains of 

cellulose. The band at 621 cm-1 of OBC and OBC-BF is the characteristic band of the MnO2 

group, which confirms the modification of biochar with KMnO4 (Gao et al., 2009; Lupoi et 

al., 2015). The oxidant modification can cause more defects in carbon structure in biochar 

due to alkaline corrosion or metal insert at graphited carbon. 

Fig. 6.3 shows the FTIR spectra of SD and OBC before and after BF adsorption. O-H 

stretching and N-H stretching vibrations were related to the bandwidth between 3700-3040 

cm-1 (Al-Juboori et al., 2022). The weak peak at 2922 cm-1 corresponds to C-H stretching 

vibrations in sawdust's alkyl groups. The band at 1737 cm-1 of SD shows C=O vibration in 

hemicellulose carbonyl groups (Ghani et al., 2013; Pan et al., 2016). The aromatic 

stretching vibration caused by the presence of lignin resulted in a peak of around 1594-

1584 cm-1 in SD, OBC, and OBC-BF. Similar type of peak was also reported by Vishnu 

Priyan et al (Vishnu Priyan et al., 2021b). The C-C-O/C-O-C asymmetric stretching caused 

a sharp peak of around 1029 cm-1. The peak confirmed O-H out of plane bending at 559 

cm-1. A weak peak of about 1425 cm-1 was due to the C-H deformation of alkoxy and alkyl 

groups (Mylarappa et al., 2016). 

 

Fig. 6.3. FTIR spectra of SD, OBC and OBC-BF 

6.2.1.3. XRD analysis 

The XRD diffractogram of sawdust (SD) and Oxidant-modified biochar (OBC) before and 

after adsorption of Basic Fuchsin (BF) was shown in the Fig. 6.4. Sawdust comprises 
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cellulose, hemicellulose, and lignin. XRD pattern of SD shows a significant peak at 15.52 

°, 22.58 °, and 34.34 ° due to the characteristic peak of cellulose in the sawdust (Vishnu 

Priyan et al., 2021b). Similar peaks were also seen in OBC before and after the adsorption 

of BF. The diffraction peaks of OBC before and after adsorption of BF at 28.54 °, 31.28 °, 

and 51.66 ° was due to MnO2. These results showed that oxidation and reduction reactions 

between potassium permanganate and biochar exist. Biochar was oxidized to generate high 

CO groups, and potassium permanganate was reduced to MnO2 (Chowdhury et al., 2016; 

Shaheen and Emam, 2018). The peak at 28.51° disappeared at OBC-BF after the adsorption 

of BF on OBC. Although OBC may exist as compounds with low crystallinity, the material 

lattice of OBC did not change considerably after BF adsorption, demonstrating that OBC 

does not form any crystal structures following BF adsorption. 

 

Fig. 6.4. XRD spectra of SD, OBC and OBC-BF 

6.2.1.4. Thermal stability analysis  

The thermal stability of OBC was examined by measuring the change in mass at different 

temperatures using Thermogravimetric analysis (TGA). Fig. 6.5 represents the thermogram 

of the OBC in the temperature range of 20℃ to 900℃. There are four stages namely 

evaporation of water molecules (stage 1), 1st stage decomposition (stage 2), 2nd stage 

decomposition (stage 3), and final decomposition (stage 4). There is 6.2% decrease in mass 

between 55℃ to 280℃. This can be attributed to the evaporation of water molecules. There 

is further decrease of 53% in mass in the temperature range of 280 ℃ to 435 ℃. Earlier 

reports suggest that the thermal degradation of cellulose and hemicellulose in the SD occurs 
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in the temperature range of 200 ℃ to 400 ℃ (Shrestha et al., 2019). The mass further 

decreases by 18.3% in the temperature range of 435 ℃ to 852 ℃. Decomposition of lignin 

is reported to occur in the third stage (Mishra and Mohanty, 2018). The residual mass of 

the sample present was 29% and the thermal decomposition occurred till 850 ℃. This 

shows that the OBC possess high thermal stability. 

 

Fig. 6.5. TGA plot of OBC 

6.2.2. Effects of various parameters on adsorption 

6.2.2.1. Effect of pH on adsorption 

pH effects the chemical nature and surface charge of the adsorbent and adsorbate in aqueous 

solutions. So, studying the effect of pH is necessary to optimize any adsorption process. 

The removal efficiency and adsorption capacity in the range of pH 2.0 to pH 12.0 was 

studied (Fig. 6.6 (a)). Zeta potential analysis was carried out and point of zero charge aka 

pZC of OBC was evaluated to be 1.9. At pH below 1.9, OBC surface would possess a 

positive charge and a negative charge at pH above 1.9. The removal efficiency increases 

till pH 6.0, reaches a maximum with 91.11% removal and then decreases to 70.04% at pH 

12.0. Basic fuchsin is a cationic dye which will be in positive state in aqueous solution. pH 

is adjusted to acidic values by the addition of protons and the adsorbent is negatively 

charged. Therefore, protons could compete with the dye molecules for adsorption sites 

leading to decreased removal % (El Haddad, 2016). Also at basic pH, the addition of 

hydroxyl ions leads to change in dye conformation and discoloration (Huang et al., 2012). 

Therefore, at pH 6.0 the cationic dye could possibly out-compete the protons showing a 

higher adsorption efficiency. The adsorption capacity increases as the pH increases and a 
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maximum of 49.77 mg/g was observed at pH 12.0.  Since the adsorbate possesses a negative 

surface at all the experiment condition (pH > pZC) considered here, the capacity of the 

adsorbate it can hold increases with increase in pH.  

 

Fig. 6.6. a) Effect of pH on adsorption of BF by OBC at various pH ranging from pH 2.0-

12.0, b) Effect of initial BF concentration on adsorption of BF by OBC at different 

concentrations of BF ranging from 10-100 mg/L, and c) Effect of adsorbent dosage on 

adsorption of BF by OBC at different dosage of OBC ranging from 0.01 to 0.05 g/L 

6.2.2.2. Effect of initial BF concentration 

Initial concentration of BF is another influential parameter on the adsorption process. Its 

effect was studied using 10 mg/L to 100 mg/L solutions of Basic fuchsin (Fig. 6.6 (b)). The 

removal efficiency is maximum with 98.29% at 10 mg/L initial concentration. Further, the 

removal % decreases as initial concentration increases. A minimum of 85.26% was 

observed at an initial concentration of 100 mg/L. In this experiment, the adsorbent dosage 

is fixed. Hence, at lower initial concentration, there will be less number of BF molecules 

and so the number of unoccupied adsorption sites in the OBC will also be more, than at 
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higher initial concentration (Kannan and Sundaram, 2001). As the initial dye concentration 

increases the residual dye concentration after adsorption also increases, thereby showing 

lower removal efficiency. The adsorption capacity increases with the increasing initial 

concentration. Maximum and minimum adsorption capacity of 213.14 g/mg and 24.57 

mg/g was observed at the initial concentration of 100 mg/L and 10 mg/L respectively. As 

there are higher number of BF molecules in solution, greater adsorption capacity is 

observed to bring about the equilibrium in the adsorption process (Gorzin and Bahri Rasht 

Abadi, 2018). Also, at high initial concentration, BF molecules overcomes the mass transfer 

resistance.  

6.2.2.3. Effect of OBC dosage 

The dosage of adsorbent also influences the adsorption process. To study its effect, dosage 

is varied from 0.01 to 0.05 g/L. Minimum and maximum removal efficiency of 81.45% and 

91.74% was observed at 0.01 and 0.05 g/L adsorbent dosage (Fig. 6.6 (c)), respectively. 

The number of active adsorption sites increases with increasing dosage (Vishnu Priyan et 

al., 2021a). The OBC-BF interaction is hence strong and this attributes to the increasing 

trend of removal efficiency. At 0.01 and 0.05 g/L adsorbent dosage, adsorption capacity of 

206.41 and 46.49 mg/g was observed respectively, with a decreasing trend.  There is higher 

exposure of adsorption sites at lower adsorbent dosage, leading to higher amount of BF 

adsorption per unit mass of adsorbent at a specified volume and vice versa.  

6.2.3. Adsorption isotherms  

The functional groups on OBC surface influences the adsorption of BF on OBC. The 

interaction of BF with OBC and binding mechanism were determined using various 

isotherm models (Fig.6.7 (a)). Adsorption isotherms are theoretical graphs that allow the 

study of the adsorption process in relation to an increase in concentration of adsorbate at 

constant temperature. Maximum adsorption capacity and mechanism of adsorption were 

predicted using physiochemical data which is calculated from specific equations for 

specific isotherms (Tasrin et al., 2021; Vishnu Priyan et al., 2021b). The Table 6.2 displays 

the various isotherm model process parameters. 

The Langmuir isotherm model considers identicality of OBC active sites, and that the 

binding energies of BF molecules at each active site are equivalent. This model states the 

monolayer adsorption of BF onto the OBC surface. The Q0 was found to be 241.19 mg/g 
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for BF adsorption. The R2 and χ2 for Langmuir isotherm model is estimated to be 0.9812 

and 76.496, respectively.  

Table 6.2. Various isotherm parameters of BF adsorption onto OBC adsorbent 

Isotherm Model BF adsorption 

Langmuir Isotherm 

KL (L/mg) 0.3696 

Q0 (mg/g) 241.19 

R2 0.9812 

χ2 76.496 

Freundlich Isotherm 

n 2.4890 

KF (L/g) 74.749 

R2 0.9847 

χ2 62.289 

Temkin Isotherm 

KT (L/mg) 6.9030 

bT (kJ/mol) 59.231 

R2 0.9659 

χ2 139.25 

Jovanovic Isotherm 

KJ (L/g) 0.3357 

qm (mg/g) 199.19 

R2 0.9579 

χ2 171.96 

 

In contrast, multilayer and heterogeneous surface adsorption was explained by Freundlich 

isotherm model. In this model, unequal affinity and binding energy distribution occurs 

between OBC and BF molecules. Non-linear equation was used to calculate the value of 
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KF and n which is found to be 74.749 (L/g) and 2.4890. The R2 and χ2 value is estimated to 

be 0.9847 and 62.2894, respectively. Temkin isotherm model assumes that as the surface 

of OBC increases, the heat of adsorption of molecules of BF linearly decreases. The bT and 

kT values is calculated from non-linear Temkin equation and was 59.2312 KJ/mol and 

6.9030 L/mg. The R2 and χ2 is found to be 0.9659 and 139.257 respectively. The assumption 

of Jovanovic model is based on Langmuir model with inclusion of mechanical contact 

between adsorbing and desorbing molecules. The R2 and χ2 of Jovanovic isotherm model 

was found to be 0.9579 and 171.9621 which was found to be non-significant than other 

isotherm models. The R2 of Freundlich isotherm model was found to be higher than all 

other isotherm models and it has lower the χ2 value, which shows that adsorption of BF 

onto OBC theoretically fits into Freundlich isotherm model showing multilayer and 

heterogeneous surface adsorption. 

6.2.4. Adsorption kinetics 

The rate of adsorption is an important parameter to calculate the amount of BF adsorbed 

on the OBC at specific time interval. The mechanism of adsorption can also be determined 

using various kinetic models such as Elovich, Intraparticle diffusion (IPD), pseudo first 

order (PFO) and pseudo second order (PSO) (Kannan and Sundaram, 2001). The Table 6.3 

represents the process parameters of various kinetic models. 

Rate of adsorption in the PFO kinetic model depends on the BF molecules concentration in 

the solution and availability of free active sites on the surface of OBC. This model 

demonstrates the mechanism of adsorption to be physisorption with the limitation that this 

model valid for initial time of the process of adsorption. The qe and k1 is estimated to be 

179.38 mg/g and 0.0244 min-1. The R2 and χ2 value for the PFO is estimated to be 0.9455 

and 141.90, respectively. 

The behaviour of the adsorption process for the entire time was stated by PSO kinetic 

model, which assumes that the electrons are shared between BF and OBC involving valence 

forces with rate limiting step. This model explains about chemical adsorption process. The 

R2 and χ2 value for PSO is estimated to be 0.9730 and 70.214, respectively. The 

heterogenous surface adsorption was elucidated by Elovich kinetic model. The R2 value is 

estimated to be 0.9580 which is not significant compared to other R2 values. The R2 value 

of IPD is 0.7830 which is very lesser compared to all other R2 values of kinetic models. 
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The IPD has higher χ2 value which shows that this model is not suited for adsorption of BF 

onto OBC. Based on the higher R2 and lower χ2 values the PSO kinetic model is the best 

fitted model for BF adsorption process (Fig. 6.7 (b)). 

Table 6.3. Various kinetic parameters of BF biosorption onto OBC adsorbent 

Kinetics BF adsorption 

Pseudo-first-order model 

k1 (1/min) 0.0244 

qe (mg/g) 179.38 

R2 0.9455 

χ2 141.90 

Pseudo-second-order model 

k2 (g/mg min) 0.0001 

qe (mg/g) 197.71 

R2 0.9730 

χ2 70.214 

Elovich model 

ꞵ (mg/g) 0.0302 

α (g/mg min) 24.349 

R2 0.9580 

χ2 109.37 

Intra-particle diffusion 

d 64.454 

ki (mg/g min 1/2) 6.3261 

R2 0.7830 

χ2 565.55 
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Fig. 6.7. a) Isotherm models of BF adsorption onto OBC adsorbent and b) Kinetic models 

of BF adsorption onto OBC adsorbent 

6.2.5. Phytotoxicity studies 

The phytotoxic effects of BF before and after treatment with OBC were assessed using 

growth inhibition % and germination % of Vigna radiata seedlings. According to the Fig. 

6.8 (a), the seed germination percentage decreased as the BF concentration increased. Seed 

germination was observed to be 100% in groups that just received water without BF 

(control). The seed germination rate was lowered to 60% before adsorption with a BF 

solution at a 200 mg/L concentration. The seed germination % till 100 mg/L concentration 

was about 80%. The interference of BF molecules with enzymes in the cell system caused 

membranous damage and stomatal closure in Vigna seedlings, decreasing seed germination 

percentage (Vishnu Priyan et al., 2021b). Later, BF molecules were removed from the water 

by adsorption; we can detect an increase in seed germination percentage at every 

concentration. 

The Fig. 6.8 (b) depicts the percentage of growth inhibition of Vigna radiata at BF 

concentrations ranging from 5 to 200 mg/L before and after adsorption. The growth of the 

Vigna seedlings is inhibited as the concentration of BF rises. The percentage of growth 

inhibition was determined to be 10.27%, 16.37%, and 20% at 5, 10, and 20 mg/L of BF 

before adsorption, respectively. After adsorption, it was reduced to 2.16%, 2.21%, and 

4.86%. Adsorption of BF onto OBC promotes seedling development and reduces the 

inhibition rate to 26.86% for 200 mg/L. The disturbance of nutritional and water balance 

relations was induced by the increased rates of BF exposure to the Vigna seedlings, which 
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resulted in oxidative stress and injury to the seedlings, impacting their growth of the 

seedlings. 

 

Fig. 6.8. a) Seed germination (%) and b) Growth inhibition (%) of Vigna radiata seeds to 

various concentrations of BF before and after adsorption 

6.2.6. Proposed adsorption mechanism  

The BF adsorption on OBC involves different mechanisms such as π–π interactions, 

covalent bonding, and hydrogen bonding (Fig. 6.9).  

 

Fig. 6.9. Proposed adsorption mechanism of BF adsorption onto OBC 
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π–π interactions takes place when one aromatic π system binds face-to-face to the another 

π system. π–π interactions occur between π-system of Basic fuchsin dye (10 pi bonds) and 

π system of oxidant modified biochar. The H bonds are formed between the surface -OH 

groups of OBC and :NH2 group of BF. The covalent bonding occurs between O- group of 

Biochar and N+ group of BF. These were the possible mechanism for the adsorption of BF 

onto OBC. 

6.2.7. Continuous column studies 

In this study a fixed-bed column is packed with  OBC (adsorbent material), and a liquid 

containing the BF (pollutant) to be adsorbed is passed through the column. Various 

parameters influencing the adsorption of BF such as bed height, initial BF concentration 

and flow rate were studied. The diagrammatic representation of the packed bed column is 

shown in the Fig. 6.10 (a-c). The effect of bed height was studied by considering bed height 

0.25 cm, 0.5 cm, and 1 cm. The influence of flow rate was investigated by using flow rate 

1.5 mL/min, 3 mL/min and 6 mL/min. The effect of initial BF concentration was examined 

by using 10 mg/L, 50 mg/L and 100 mg/L BF dye. The experimental parameters such as 

ttotal (min), qtotal (mg), mtotal (g), Veff (mL) and  Y (%) are tabulated in the Table 6.4. 

 

Fig. 6.10. Diagrammatic representation of the packed bed column a) Column packed with 

OBC, b) Column dimensions, and c) Laboratory column setup  
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Table 6.4. Various column parameters of BF biosorption onto OBC adsorbent 

Z 

(cm) 

F 

(mL/min) 

C0 

(mg/mL) 

ttotal 

(min) 

mtotal 

(g) 

qtotal 

(mg) 

qe(exp) 

(mg/g) 

Veff 

(mL) 

Y 

(%) 

0.25 3 50 1860 279 168.06 168.06 5580 60.23 

0.5 3 50 3000 450 322.80 146.73 9000 71.73 

1 3 50 4180 627 491.51 109.22 12540 78.39 

0.5 1.5 50 3940 296 235.61 107.09 5910 79.73 

0.5 3 50 3000 450 322.80 146.73 9000 71.73 

0.5 6 50 2400 720 524.97 238.62 14400 72.91 

0.5 3 10 4300 129 99.76 45.34 12900 77.33 

0.5 3 50 3000 450 322.80 146.73 9000 71.73 

0.5 3 100 2100 630 412.16 187.35 6300 65.42 

 

6.2.7.1. Effect of bed height 

The effect of bed height for the adsorption of BF onto OBC was carried out at different bed 

heights of 0.25 cm, 0.5 cm, and 1 cm at a fixed initial BF concentration of 50 mg/L and 

flow rate of 3 mL/min. As the bed height increases, the volume of BF solution required for 

saturation of the bed and the time required for breakthrough increases Fig. 6.11 (a) 

Additionally, a rise in total time was seen along with a rise in bed height. BF removal 

percentage increased from 60.23% to 78.39% with an increase in bed height from 0.25 to 

1 cm. It could be because more dye species can diffuse and adsorb onto OBC due to the 

increased time an adsorbate (BF dye) spends in contact with an adsorbent (OBC) due to 

increased bed height. However, a higher surface area from the raised bed height meant that 

more active sites on the adsorbent surface were available for the adsorption of BF dye 

species. 

6.2.7.2. Effect of flow rate 

The effect of flow rate was investigated for the adsorption of BF dye at 1.5 mL/min, 3 

mL/min, and 6 mL/min with a fixed bed height of 0.5 cm and initial BF concentration of 

50 mg/L. It was seen that when the flow rate increased, the breakthrough time and overall 

time decreased Fig. 6.11 (b). Additionally, less BF solution was needed to completely 

saturate the bed as the flow rate increased. With an increase in flow rate, the percentage of 
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BF removal also reduced. With an increase in flow rate from 1.5 mL/min to 6 mL/min, the 

adsorption capacity for BF adsorption increased from 107.09 mg/g to 238.62 mg/g, and the 

removal % decreased from 79.73% to 72.91% respectively. The sorbate-sorbent contact 

time decreased with an increased influent rate, and the external film mass resistance 

decreased. Decreased saturation time resulted from dye species leaving the adsorbent 

without being absorbed in a column from the effluent. Similar results have been reported 

by Tasrin et al. 

6.2.7.3. Effect of initial dye concentration 

The effect of initial dye concentration was performed for 10 mg/L, 50 mg/L, and 100 mg/L 

keeping bed height and flow rate constant at 0.5 cm and 3 mL/min, respectively. With an 

increase in initial BF concentration from 10 mg/L to 100 mg/L, total time, and breakthrough 

time it has decreased Fig. 6.11 (c). The adsorption capacity increased with an increase in 

the initial BF concentration from 45.34 mg/g to 187.35 mg/g, and the % removal decreased 

from 77.33% to 65.42%, respectively. This may be due to the greater driving force between 

the functional groups on the surface of the adsorbent and the BF molecules due to the higher 

initial BF concentration. 

 

Fig. 6.11. a) Effect of bed height b) Effect of flow rate, and c) Effect of initial BF 

concentration  
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6.2.8. Breakthrough curve and modelling 

Thomas model assumes that the adsorption of solutes occurs on a surface with a finite 

capacity, and that the driving force for adsorption is the concentration difference between 

the bulk liquid phase and the adsorbent surface. The data were fitted to Thomas model to 

determine the values of both adsorption capacity (q0, mg/g) and rate constant (kTH, mL/mg 

min) which were calculated from the intercept and slope of a plot of ln [ Co Ct −1] against 

time. From the Table 6.5, as the initial concentration of BF increases, the adsorption 

capacity increases from 271.48 to 987.89 mg/g. The value of kTH decreases from 0.0180 to 

0.0033 mL/mg/min. As bed height increases from 0.25 to 1.0 cm, the values of both kTH 

and  q0 decreases. However, as the flow rate increases from 1.5 to 6 mL/min the values of  

kTH also increases from 0.0034 to 0.0060 mL/mg/min.  

The Adams-Bohart model assumes that the adsorption process is a combination of external 

mass transfer and intraparticle diffusion. The values of saturation constant (NAB, mg/L)  and 

kinetic constant (KAB, mL/mg min)  were determined from the intercept and slope of 

Adams-Bohart plot at different initial dye concentrations, bed height, and flow rates as 

shown in Tables 6.5.  

The values of  kAB decreases as the initial concentration of dye and bed height increases 

indicating that the overall system kinetics was not dominated by external mass transfer. As 

the bed height increases the value of NAB decreases from 5065.61 to 2928.49 mg/L. Of all 

the models used, it has the poorest fittings with R2 values ranging from 0.7389 to 0.9359 

indicating that the model has less applicability.  

The Yoon-Nelson model is based on the concept of a two-phase flow, where the fluid is 

treated as one phase and the particles are treated as another phase. The model uses equations 

that describe the motion and behavior of the particles and the fluid, and includes terms that 

account for the interactions between the particles and the fluid. The values of rate constant 

(kYN, 1/min), τ (time required for 50% BF breakthrough) were estimated from the slope and 

intercept of Yoon-Nelson plot at different concentrations, bed height, and flow rates as 

shown in Tables 6.5. The values of kYN were found to increases with increases in 

concentration from 0.0018 to 0.0033 1/min and flow rate from 0.0017 to 0.0030 1/min but 

decreases with increases in bed height. The well-fitting of the experimental data with the 

Thomas model indicated that the external and internal diffusion is not the limiting step.
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Table 6.5. Parameters of different models for BF adsorption in packed bed at various conditions 

 

Column parameters Thomas Model Adams-Bohart Model Yoon-Nelson Model 

Z 

(cm) 

F 

(mL/min) 

C0 

(mg/mL) 

q0 

(mg/g) 

kTH 

(mL/mg min) 

R2 

NAB 

(mg/L) 

kAB 

(mL/mg min) 

R2 

kYN 

(1/min) 

𝝉 

(min) 

R2 

0.5 3 10 271.48 0.0180 0.9904 1285.81 0.0080 0.8802 0.0018 199.08 0.9904 

0.5 3 50 822.05 0.0050 0.9817 4109.11 0.0020 0.8935 0.0025 120.57 0.9817 

0.5 3 100 987.89 0.0033 0.9447 5770.60 0.0011 0.7389 0.0033 72.45 0.9447 

0.5 1.5 50 624.26 0.0034 0.9409 3139.57 0.0014 0.8960 0.0017 183.12 0.9409 

0.5 3 50 822.05 0.0050 0.9817 4109.11 0.0020 0.8935 0.0025 120.57 0.9817 

0.5 6 50 1261.05 0.0060 0.9616 6777.27 0.0022 0.8967 0.0030 92.48 0.9616 

0.25 3 50 828.65 0.0068 0.9662 5065.61 0.0020 0.9359 0.0034 54.58 0.9648 

0.5 3 50 822.05 0.0050 0.9817 4109.11 0.0020 0.8935 0.0025 120.57 0.9817 

1.0 3 50 630.39 0.0036 0.9648 2928.49 0.0016 0.8159 0.0018 189.12 0.9662 
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6.3. Significant findings 

In the current research, Oxidant-modified Biochar (OBC) was prepared using SD for the 

removal of BF dye from aqueous system. The synthesized adsorbent was characterized 

using various analytical techniques like FESEM, FETEM, TGA, XRD, Raman 

spectroscopy and FTIR. It was found that OBC showed enhanced surface properties than 

raw SD. The TGA analysis showed that OBC is thermally stable over 850 ℃. The XRD 

peaks at 28.54º, 31.28º and 51.66º in OBC confirms the presence of MnO2 groups. The 

FTIR and Raman spectroscopic data presents the changes in function groups and 

vibrational modes confirming the modification of adsorbent before and after adsorption of 

BF. Batch adsorption studies were carried out to optimize process parameters like pH of 

BF solution, initial concentration of BF and OBC dosage. At pH 6.0, 10 mg/L initial 

concentration of BF and 0.05 g/L OBC dosage maximum removal efficiency of 98.28% 

was obtained.  The isotherm and kinetic model fitting were done and the results showed 

that the adsorption of BF onto OBC follows Freundlich isotherm and pseudo second order 

kinetics. The phytotoxicity studies revealed that before adsorption process, BF was more 

toxic to the seeds of Vigna and after adsorption the toxicity level decreases due to the 

removal of BF from water by OBC. The continuous column studies show that at 0.5 cm 

bed height, 1.5 mL/min flowrate, 50 mg/L initial concentration, Yield % is 79.73. Thus, 

oxidant-modified biochar serves as an effective adsorbent for the removal of basic fuchsin 

dye from aqueous system. 
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6.4. APPLICATION OF ADSORBENTS ON REAL-TIME WASTEWATER 

6.4.1. Collection of wastewater samples 

Real-time wastewater samples used for the research work was collected from five different 

spots (Spot 1- 26°14'00.6"N, 91°42'19.2"E; Spot 2- 26°13'24.4"N, 91°42'41.0"E; Spot 3- 

26°13'26.5"N, 91°42'55.5"E; Spot 4- 26°13'16.7"N, 91°42'32.3"E; Spot 5- 26°13'10.4"N, 

91°42'38.1"E) of Brahmaputra Industrial Park, Gauripur, Assam as per the standard 

wastewater sampling protocol. Then the collected wastewater was examined for various 

physico-chemical parameters including biochemical oxygen demand (BOD, mg/L), 

chemical oxygen demand (COD, mg/L), total dissolved solids (TDS, mg/L), pH, 

conductivity (μs/cm), turbidity (NTU), salinity (%), and heavy metals (Cr, Ni, Zn, Cd, Cu, 

Ce, Mn, Co, and Pb) in (mg/L) before and after adsorption process. 

6.4.2. Adsorption studies 

All the adsorbents prepared for this research work were subjected to real-time analysis. 

Equal amount (0.01g) of Magnetic Sawdust (MSD), Corn starch nanoparticles (CSNP), 

Fe3O4/CAC nanocomposite (MCAC), Fe3O4/AC nanocomposite, and Oxidant-modified 

biochar (OBC) were mixed properly. Then it was added to the 1L of collected wastewater 

and kept at 35 °C for 4h under continuous shaking at 100 rpm. After 4h the adsorbents were 

recovered from the wastewater and the wastewater was analysed for the various physico-

chemical parameters (after adsorption) using standard procedures. 

6.4.3. Results and discussion 

The various physico-chemical parameters of real-time wastewater before and after the 

adsorption process provide valuable insights into the effectiveness of the synthesized 

adsorbents via the adsorption process. Before the adsorption process, the collected 

wastewater exhibited higher levels of various pollutants, as indicated by parameters. These 

parameters are indicative of organic and inorganic contaminants, as well as the overall 

quality of the water. Following the adsorption process, a significant reduction in BOD, 

COD, TDS, pH, conductivity, and turbidity was observed, suggesting the successful 

removal of pollutants by adsorbents. The various physico-chemical parameters of real-time 

wastewater before and after the adsorption process were tabulated in the Table. 6.6. It is 

found that the pH of the wastewater before adsorption process was found between 5.72 to 
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8.01 which falls in the permissible pH given by World Health Organization (WHO) and 

Central Pollution Control Board (CPCB). The adsorption process proved effective in 

neutralizing the pH, indicating the method's capacity to mitigate acidity or alkalinity in the 

wastewater. Initially, the BOD levels were notably high, ranging from 4 to 23.4 mg/L. After 

the adsorption process, a remarkable reduction in BOD was observed, with values ranging 

from 0.8 to 8.3 mg/L. The BOD level of spot 5 is comparatively very low than other spots. 

This substantial decrease indicates the efficient removal of organic pollutants, 

demonstrating the adsorbent's capacity to mitigate the biodegradable organic matter in the 

wastewater. Similarly, the COD levels, initially ranging from 32 to 293 mg/L, experienced 

a substantial reduction after adsorption process, with values ranging from 4.4 to 57.5 mg/L. 

This signifies effective removal of both biodegradable and non-biodegradable organic 

pollutants. The conductivity levels, initially ranging from 137.4 to 470.1 μs/cm, witnessed 

a considerable decrease in post-adsorption, further indicating the removal of dissolved salts 

and ions. Initially, the concentrations of these heavy metals were varied, with values 

exceeding permissible limits in some spots. But after adsorption these values gets rapidly 

reduced to negligible values. 

Overall, these results suggest that the adsorption of pollutants by synthesised adsorbents 

effectively improved the physico-chemical parameters of the wastewater, rendering it more 

compliant with environmental standards and demonstrating the potential for the use of these 

adsorbents in wastewater treatment. 

 

Fig. 6.12. Location spots for real-time water sample collection
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Table 6.6. Physico-chemical parameters of real-time wastewater before and after adsorption process 

Indicators 
WHO/EPA 

Standard 
CPCB 

Spot 1 

26°14'00.6"N 

91°42'19.2"E 

Spot 2 

26°13'24.4"N 

91°42'41.0"E 

Spot 3 

26°13'26.5"N 

91°42'55.5"E 

Spot 4 

26°13'16.7"N 

91°42'32.3"E 

Spot 5 

26°13'10.4"N 

91°42'38.1"E 

BA AA BA AA BA AA BA AA BA AA 

BOD (mg/L) 
nil/ 5.0- 

7.0 
30 23.4 8.3 16 3.7 4.7 1.1 20 4.6 4 0.8 

COD (mg/L) nil/ 40 250 288 57.5 172 22.2 40 7.9 293 28.6 32 4.4 

TDS (mg/L) 1000/ nil nil 234.3 89.6 194.6 71.1 68.7 17.3 206.2 76.4 43.2 13.6 

pH 
6.0-8.5/ 

6.0-9.5 
5.5-9.0 5.72 7.34 6.47 6.91 8.01 7.2 6.23 6.56 7.2 7.31 

Conductivity 

(μs/cm) 
nil/ 1000 nil 470.1 186.2 398.9 127 121.7 33.9 452.3 159.3 137.4 42.4 

Turbidity 

(NTU) 
5 nil 33.64 5.42 26.42 3.96 4.18 1.12 41.67 7.83 2.16 1.75 
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Salinity (%) nil 3.5 0.9 0.4 0.8 0.4 0.3 0.2 0.9 0.5 0.2 0.2 

Cr (mg/L) 0.05 0.1 1.6 0.06 0.07 0.02 0.02 0 2.1 0.18 0 0 

Ni (mg/L) 0.07/ 0.02 3 1.2 0.02 0.02 0 0 0 1.5 0.09 0 0 

Zn (mg/L) nil/ 3 5 0.08 0 0.03 0 0.12 0.03 2.7 0.56 0.01 0 

Cd (mg/L) 0.003 2 0.02 0 0.02 0 0 0 0.01 0 0 0 

Cu (mg/L) 2.0 / 1.0 3 1.2 0.05 0.81 0.07 0.05 0 0.24 0.04 0 0 

Ce (mg/L) nil nil 0.8 0 0.12 0 0 0 0.8 0 0 0 

Mn (mg/L) nil / 0.2 2 0 0 0 0 0.04 0 0 0 0 0 

Co (mg/L) 0.01 0.1 0.01 0 0.03 0.02 0 0 0.7 0.6 0 0 

Pb (mg/L) 0.01 0.1 0.56 0.01 0.33 0 0.02 0 1.2 0.01 0 0 

BA- Before Adsorption; AA- After Adsorption 
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7.1. Overall Summary  

The Chapter 1 begins with a broad introduction to the global concern of water quality 

degradation, highlighting the rise of contaminants of  emerging concern and their potential 

impacts on human health and the environment. It emphasizes the urgency of addressing 

these issues and introduces the thesis's central focus on utilizing bio-based engineered 

adsorbents for the removal of these contaminants. It also emphasizes various theoretical 

aspects in modelling studies. Moreover, this chapter briefly introduces the specific problem 

statements and the outline of the thesis.  

In the Chapter 2, the saw dust which is a by-product of wood processing was made 

magnetic, since magnetic sawdust (MSD) can be separated easily from the water after 

biosorption. MSD can be effectively used for the removal of diclofenac (DCF). The effect 

of experimental parameters was optimized in batch mode with evaluated maximum 

efficiency of 86.12% at pH 6.0, biosorbent dosage 0.025 g/L for 50 mg/L of DCF. Various 

ecotoxicological effects such as phytotoxicity using plant seeds of Vigna mungo (black 

gram), Macrotyloma uniflorum (horse gram), Cicer arietinum (Bengal gram), Vigna radiata 

(green gram), Pennisetum glaucum (pearl millet), microbial toxicity using E. coli and B. 

subtilis were studied and their inhibition concentration (IC50) values were determined 

before and after DCF biosorption. Moreover, acute fish toxicity on exposure of DCF, on 

Danio rerio (zebra fish) were performed and (lethal concentration) LC50 values were 

evaluated in this chapter.  

In the Chapter 3, corn starch nanoparticles (CSNP) were synthesised using acid hydrolysis 

for the removal of two anionic pharmaceuticals ibuprofen (IBU) and sulfamethoxazole 

(SUL) from the water. The efficiency of IBU and SUL removal was determined as a 

function of concentration in the experiments. The rate and mechanism of IBU and SUL 

biosorption using CSNP was studied by performing kinetic modelling. Two and three 

parameter isotherm models were used to study the biosorption equilibrium. Various seed 

toxicity assessment including inhibition of seedling growth (%) and germination (%) of the 

seedlings using plant seeds of Vigna mungo (VM) and Vigna radiata (VR) were studied. 

Acute fish toxicity on exposure of pharmaceuticals IBU and SUL at different 

concentrations before and after biosorption process by CSNP, on Danio rerio (zebra fish) 

were done and LC50 values for IBU and SUL exposure were calculated in this study. 
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In Chapter 4, Fe3O4/CAC nanocomposite was synthesised via a simple co-precipitation 

method and used to adsorb cerium (Ce3+). In this study, commercial activated carbon 

(CAC) was impregnated with iron oxide (Fe3O4) particles, which adds desired 

characteristics to the biosorbent, thereby making the surface more active to contaminants. 

The maximum removal of Ce3+ by MCAC was optimized at pH 6.0, initial concentration 

of 20 mg/L and 0.04 g/L of MCAC with adsorption capacity (Q0) 86.206 mg/g. To assess 

the biosorption capacity of MCAC nanocomposite different kinetic models were discussed 

in the treatment of water containing Ce3+. Different ecotoxicological assessments including 

seed toxicity using plant seeds of Vigna mungo and Vigna radiata were studied. Acute fish 

toxicity on exposure of Ce3+ at various concentrations before and after biosorption process, 

on Danio rerio (zebra fish) were done and LC50 values were calculated in this study.  

In the Chapter 5, the magsorbent of Iron oxide/Activated Carbon (Fe3O4/AC) 

nanocomposite was synthesized by incorporating iron oxide (Fe3O4) on the surface of 

activated carbon (AC). The incorporation of iron oxide on activated carbon provides the 

ferromagnetic property to Fe3O4/AC nanocomposite, which helps the magsorbent for rapid 

and easy separation from the aqueous solution after the biosorption of Pb and CR. 

Fe3O4/AC nanocomposite was efficiently used to remove Pb and CR from the water. 

Different toxicological assessments including seed toxicity, seed germination (%), and 

growth inhibition (%) using plant seeds of Pennisetum glaucum, Cicer arietinum, Vigna 

mungo, and Vigna radiata were studied. Acute fish toxicity on exposure of Pb and CR at 

various concentrations before and after the biosorption process on Danio rerio (zebrafish) 

was done, and LC50 values were calculated in this study. 

In the Chapter 6, sawdust is modified into biochar in presence of potassium permanganate 

(KMnO4) and thus the oxidant-modified biochar (OBC) was used as the adsorbent. The 

treatment with oxidizing agent could enhance the functional groups like carboxylic, 

phenolic, hydroxyl and amide groups in the surface of OBC and hence leads to effective 

Basic Fuchsin (BF) dye removal. At pH 6.0, 10 mg/L initial concentration of BF and 0.05 

g/L OBC dosage maximum removal efficiency of 98.28% was obtained. Toxicity before 

and after adsorption process were evaluated using Vigna radiata. The regeneration studies 

were performed to determine the re-usability of OBC. Moreover, continuous column 

experiments were performed to study the process of adsorption in industrial and laboratory 
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setup. Various parameters influencing the adsorption of BF such as bed height, initial BF 

concentration and flow rate were studied in this chapter. 

The comparison table of various bio-based engineered adsorbents and the model pollutants 

used in the entire thesis work along with their various adsorption parameters were tabulated 

in the Table 7.1. 

7.2. Significance of thesis work 

✓ This work will contribute to sustainable engineering practices. 

✓ The synthesized bio-based engineered adsorbents will act as an alternative to 

activated carbon filters in water purification systems. 

✓ The synthesized magnetic adsorbents have advantages in terms of selectivity, 

regeneration, and separation from water systems after adsorption process. 

✓ Used adsorbents can be converted in to fertilizers. 

7.3. Future perspectives 

✓ The integration of adsorption by bio-based engineered adsorbents with other water 

treatment technologies. 

✓ Expanding toxicological evaluations to encompass long-term and cumulative 

effects on various model organisms. 

✓ Laboratory-scale studies to practical applications. 

✓ Formulating the regulatory frameworks to incorporate bio-based engineered 

adsorbents in water quality standards.
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Table 7.1. Adsorption parameters of various bio-based engineered adsorbents and the model pollutants used in the entire thesis work 

 

 

 

 

Adsorbent Pollutant pH 

Adsorbent 

Dosage 

(g/L) 

Initial 

Concentration 

(mg/L) 

Temp. 

(°C) 
Isotherm Kinetics 

Reusability 

(Cycles) 

Adsorption 

Capacity 

(mg/g) 

% 

Removal 

MSD DCF 6.0 0.025 50 25 Freundlich IPD 5 107.52 86.12 

MCAC Ce3+ 6.0 0.04 20 35 Langmuir IPD 3 86.21 77.90 

Fe3O4/AC 

Pb 6.0 0.04 40 30 Freundlich IPD 3 144.92 78.17 

CR 6.0 0.04 40 30 Langmuir IPD 3 122.22 82.41 

CSNP 

IBU 2.0 0.01 10 35 Temkin PSO 5 65.35 86.33 

SUL 3.0 0.01 10 35 Langmuir PSO 5 96.15 85.80 

OBC BF 6.0 0.05 10 35 Freundlich PSO 5 241.19 91.74 
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7.4. Overall Conclusion 

In conclusion, this research has undertaken a comprehensive exploration into the realm of 

water quality enhancement through the application of bio-based engineered adsorbents for 

the adsorptive removal of contaminants of emerging concern (CECs). Through a 

combination of sophisticated modeling techniques and rigorous toxicological evaluations, 

the research has made significant contributions to our understanding of the effectiveness 

and implications of utilizing these innovative bio-based adsorbents. The key findings of 

this study underscore the potential of bio-based engineered adsorbents as a viable and 

sustainable solution for the removal of CECs from water sources. The predicted models, 

grounded in fundamental principles of adsorption, provide valuable insights into the 

mechanisms governing the adsorption process and offer a predictive tool for optimizing 

system parameters. 

Furthermore, the toxicological evaluations conducted as part of this research shed light on 

the environmental implications of CEC removal. The assessment of pollutants and the 

overall impact on aquatic ecosystems contribute to a more holistic understanding of the 

trade-offs involved in water treatment strategies. While the results demonstrate promising 

outcomes, it is essential to acknowledge the limitations inherent in any scientific inquiry. 

Variabilities in real-world conditions, the dynamic nature of water matrices, and the 

potential long-term effects of continuous adsorption processes necessitate ongoing research 

in this field. Addressing these challenges will not only refine the proposed models but also 

pave the way for the practical implementation of bio-based engineered adsorbents on a 

larger scale. Looking ahead, this research provides a foundation for future research 

endeavours. The identified research gaps and limitations present opportunities for further 

exploration, including the refinement of adsorbent materials, optimization of operational 

parameters, and the development of more comprehensive toxicity assessments. In essence, 

the work presented in this report contributes to the evolving landscape of water quality 

management by offering a sustainable approach to addressing contaminants of emerging 

concern. By combining scientific rigor with a commitment to environmental stewardship, 

this research marks a significant step toward ensuring the availability of clean and safe 

water resources for present and future generations.
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Table A1. Various isotherm models with their linear and non-linear equations 

 

Isotherm Model Linear equation Non-linear equation Description 

Langmuir Isotherm 
𝐶𝑒

𝑞𝑒
=

1

𝐾𝐿𝑄0
+

𝐶𝑒

𝑄0
 𝑞𝑒 =

𝑄0 𝐾𝐿𝐶𝑒

1 + 𝐾𝐿𝐶𝑒
 

qe is the quantity of adsorbate adsorbed (mg/g), 

Q0 denotes the amount of adsorbate adsorbed 

monolayer capacity (mg/g), 

Ce is the adsorbate equilibrium concentration 

(mg/L), 

KL is the Langmuir isotherm constant (L/mg). 

Freundlich Isotherm log 𝑞𝑒 = log 𝐾𝐹 +
1

𝑛
log 𝐶𝑒 𝑞𝑒 = 𝐾𝐹𝐶𝑒

1/𝑛
 

KF is the Freundlich isotherm constant (L/g), 

n represents the exponent of Freundlich 

constant. 

Dubinin-

Radushkevich 

Isotherm 

ln 𝑞𝑒 = ln 𝑞𝑚 − 𝛽 ε2 𝑞𝑒 = 𝑞𝑚𝑒−𝛽𝜀2
 

qm is the maximum adsorption capacity (mg/g), 

β corresponds to the activity coefficient 

(mol2/J2), 

ε represents the Polanyi potential. 

Temkin Isotherm 𝑞𝑒 =
𝑅𝑇

𝑏𝑇
ln 𝐾𝑇 +

𝑅𝑇

𝑏𝑇
ln 𝐶𝑒 𝑞𝑒 =

𝑅𝑇

𝑏𝑇
𝑙𝑛(𝐾𝑇𝐶𝑒) 

KT is the equilibrium binding constant (L/g), 

bT is Temkin constant for the heat of adsorption 

(kJ/mol). 

Jovanovic Isotherm 𝑙𝑛 𝑞𝑒 = 𝑙𝑛 𝑞𝑚 − 𝐾𝐽𝐶𝑒 𝑞𝑒 = 𝑞𝑚(1 − 𝑒𝐾𝐽𝐶𝑒) 
KJ is Jovanovic isotherm constant (L/g). 
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Table A2. Various kinetic models with their equations 

 

 

 

 

 

 

Kinetic Model                                           Equation                                                                     Description 

Pseudo-first-order model             𝑙𝑜𝑔( 𝑞𝑒 − 𝑞𝑡) = 𝑙𝑜𝑔 𝑞𝑒 − 𝑘1𝑡/2.303 

qe and qt represents the equilibrium 

adsorption capacity and adsorption 

capacity at time t (mg/g),  

k1 is the pseudo-first-order rate constant 

(min-1). 

Pseudo-second-order model                  
𝑡

𝑞𝑡
=

1

𝑘2𝑞𝑒
2

+
𝑡

𝑞𝑒
 

k2 is the pseudo-second-order rate 

constant (g/mg min). 

Elovich model                                        𝑞𝑡 =
1

𝛽
𝑙𝑛 𝛼𝛽 +

1

𝛽
𝑙𝑛 𝑡 

α (g/mg min) and β (mg/g) corresponds 

to the Elovich constants. 

Intra-particle diffusion model                          𝑞𝑡 = 𝐾𝐼𝐷√𝑡 + 𝑐 

KID (mg/g min 1/2) is the rate constant, 

c is the intra-particle diffusion model 

constant. 
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Table A3. Various characterization techniques 

 

Analysis Characterization techniques Make and Model 

Morphological, topological, and surface 

analysis 

Field Emission Scanning Electron 

Microscopy, FESEM 
Zeiss-Gemini 

Field Emission Transmission Electron 

Microscopy, FETEM 
JEOL-2100F 

Atomic Force Microscopy, AFM Oxford-Cypher 

Elemental analysis 

Energy Dispersive X-Ray Analysis, EDX Zeiss-Sigma 

Atomic Emission Spectroscopy, AES Agilent-4210 MP 

Functional group determination 

Fourier Transform Infrared Spectroscopy, 

FTIR 
PerkinElmer- Spectrum 2 

Raman Spectroscopy, RS Horiba Jobin Vyon-LabRam HR 

Nature of crystallinity X-ray powder Diffraction, XRD Rigaku- Micromax-007HF 

Magnetic nature Vibrating Sample Magnetometer, VSM Lakeshore-7410 series 

To measure the absorbance UV–Visible Spectrophotometry Tecan-Infinite M200 PRO 
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A4. Packed bed column parameters 

Various column adsorption parameters and their equations are as follows as: 

 
(A.1) 

 

𝒒𝒕𝒐𝒕𝒂𝒍 =
𝑪𝟎𝑭

𝟏𝟎𝟎𝟎
× (𝒕𝒕𝒐𝒕𝒂𝒍 − ∫

𝑪𝒕

𝑪𝟎

𝒕=𝒕𝒕𝒐𝒕𝒂𝒍

𝒕=𝟎

𝒅𝒕) 

 

(A.2) 

 

 
(A.3) 

𝒒𝒆(𝒆𝒙𝒑) =
𝑸𝒕𝒐𝒕𝒂𝒍

𝒘
 (A.4) 

 

 

 

(A.5) 

 

Were, 

F (mL/h): Flow rate 

C0 (mg/L): Initial dye concentration 

Ct (mg/L): Dye concentration at time t 

ttotal (min): Total time for column saturation 

mtotal (mg): Total amount of dye introduced into the column  

Qtotal (mg): amount of dye molecules adsorbed by OBC in the column experiment 

qe(exp)  (mg/g): Maximum adsorption capacity in column studies 

Veff (mL): Total volume of the effluent 

Y (%): Removal percentage of dye

Y % =
𝒒𝒕𝒐𝒕𝒂𝒍

𝒎𝒕𝒐𝒕𝒂𝒍
× 𝟏𝟎𝟎 

𝑽𝒆𝒇𝒇 = 𝑸 × 𝒕𝒕𝒐𝒕𝒂𝒍 

𝒎𝒕𝒐𝒕𝒂𝒍 =
𝑭𝑪𝟎𝒕𝑡𝑜𝑡𝑎𝑙

𝟏𝟎𝟎𝟎
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