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ABSTRACT 

The earth's surface is made up of 97% salty seawater and the rest is freshwater, which 

is the only resource for drinking, domestic and industrial use. These water sources are 

constantly contaminated with organic and inorganic wastes, pathogens, and 

pharmaceutical and personal care products (PPCP) (PPCP). The release of PPCP 

products, particularly as nonsteroidal anti-inflammatory drugs (NSAIDs), caffeine and 

antibiotics is present in municipal sewage influent and effluent at low concentrations 

ranging from a few ng/L to mg/L. It is also transported to surface water via either a 

direct or indirect pathway, which is extremely harmful to aquatic habitats and has an 

impact on the population of naturally occurring bacteria. On the nanotechnological 

adsorbent basis, adsorption is now growing among wastewater remediation techniques, 

which can effectively remove existing PPCP in water bodies even at low concentrations. 

Nickel ferrite NiFe2O4 (NFO) has been extensively used because of its vast surface-

active sites, specific surface area, exceptional magnetic and chemical characteristics 

and alterable shape and size with which they can be modified or functionalized. In 

recent years, the functionalization of NFO nanoparticles with biomolecules such as β-

cyclodextrin (β-CD) and amino acid has improved the possibility of adsorption of 

targeted pollutants. β-cyclodextrin (β-CD) with six glucose subunits has a significant 

feature of forming solid inclusion complexes with a wide variety of guest molecules 

within the hydrophobic cavity of the host cyclodextrin. The functionalization of amino 

acids with at least one amino group (-NH2) and one carboxyl group (-COOH) could 

improve the stability of nickel ferrite as well as its ability to absorb the targeted 

contaminants by providing strong chelating sites. Thus, a laboratory scale experiment 

was conducted to study the physical, chemical, thermal and magnetic properties of 
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NFO@SiO2@β-CD, L-Leucine functionalized NFO nanocomposite (NFO@L) as an 

adsorbent and NFO as a catalyst was used in the activation of PMS for the degradation 

process. The NFO@SiO2@β-CD was used to study the feasibility of the removal of 

Ketoprofen (KF) and Diclofenac (DCF). The co-precipitation approach was utilised to 

synthesize nickel ferrite (NFO) nanoparticles, which were then functionalized with 

TEOS to form NFO@SiO2; β-cyclodextrin was then functionalized using 3-

Glycidoxypropyltrimethoxysilane (GPTMS) as an interface to form NFO@SiO2@β-

CD. FTIR, XRD, FE-SEM, EDX, TGA/DTG, VSM, BET, zeta potential and particle 

size analysis were then used to characterise the nanocomposites. The average diameter 

of NFO@SiO2@β-CD was determined to be 109.1 nm, with superparamagnetic 

behaviour, a mesoporous surface and a specific surface of 20.78 m2/g. The 

functionalized NFO@SiO2@β-CD nanocomposite removed 94% of diclofenac in 5 min 

and 80% of ketoprofen in 360 min with the adsorption capacities of 8.46 and 0.54 mg/g, 

respectively. The obtained experimental datum for both the pollutants was fitted in 

kinetic and isotherm models, with the pseudo-second-order kinetic model and 

Freundlich adsorption isotherm showing the best fit with the highest regression of R2 = 

0.99. The nanocomposite was regenerated using 0.1 M NaOH and recycled for about 

four consecutive cycles in which the reduction in the removal efficiency of ketoprofen 

and diclofenac was observed to be 51.36% and 64%, respectively.  

The removal of ciprofloxacin (CIP) and lomefloxacin hydrochloride (LFH) in the 

aqueous phase was investigated using a hydrothermally synthesized L-Leucine 

functionalized nickel ferrite nanocomposite (NFO@L). Various analytical techniques 

were used to analyze L-Leucine functionalized nickel ferrite, and the nanocomposite’s 

average particle diameter was determined to be between 11 and 15 nm. The maximal 
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measured zeta potential was - 21.5 mV. Fourier transform infrared spectroscopy (FTIR), 

ninhydrin assay and X-ray diffraction (XRD) analysis confirmed the attachment of L-

Leucine onto nickel ferrite. The nanocomposite’s surface-to-volume ratio was 

calculated to be 92.916 m2/g.  The S-shaped curve from the vibrating sample 

magnetometer analysis reflected the superparamagnetic behaviour of the 

nanocomposite with a saturation magnetization of 0.665 emu/g. Various parametric 

experiments were conducted, in which 93.549% ciprofloxacin was removed in 120 min 

at 303 K, pH 8 and with a NFO@L dosage of 100 mg in 100 mL whereas 75.192% 

lomefloxacin hydrochloride was removed in 140 min at 333 K, pH 9 and with a 

NFO@L dosage of 70 mg in 100 mL. The plot of experimental datum in kinetic and 

isotherm studies fitted well with the Pseudo second order kinetic model and Langmuir 

isotherm. The ICP – OES analysis revealed that the  leaching of iron ions was within 

the permissible limits in the final analyte. The recycle and regeneration studies showed 

good stability with a small reduction after four cycle runs. 

 A laboratory batch study on the degradation of Lomefloxacin hydrochloride (LFH), 

Caffeine (CAF) and LC (CAF and LFH mixed solution) was carried out by stimulating 

potassium peroxymonosulfate (PMS) using NFO. The NFO nanoparticles were 

synthesized through a co-precipitation method and characterized using FTIR, XRD, 

FESEM/EDX, TGA/DTA/DTG, BET, AFM, VSM, Zeta potential, and particle size 

distribution from FESEM (using ImageJ software). The NFO nanoparticles' specific 

surface area was estimated to be 112.02 m2/g, and the magnetic properties of the NFO 

nanoparticles were investigated using VSM analysis. The parametric study included the 

study on the effect of bare NFO, PMS without catalyst, pH, catalyst dosage, PMS 

variation with optimized catalyst, initial concentration of LFH and CAF, and reaction 
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time, with nearly 98.61 % LFH was degraded in 220 min, 100 % CAF was degraded in 

80 min, 78.07 % LC was degraded in 40 min. The degraded compounds m/z of LFH, 

CAF and LC were identified using LC-MS. The regeneration and recycling of NFO 

nanoparticles were investigated to determine the stability of the NFO nanoparticles in 

the degradation of LFH and CAF in which the degradation efficiency decreased to 90.68 

% and 64.1 % respectively upon the third wash with distilled water. As a result, the 

NiFe2O4/PMS system showed improved degradation even after two recycle runs. Based 

on these findings, the results suggested that the NFO@SiO2@β-CD nanocomposite, 

Leucine functionalized nickel ferrite nanocomposite and Nickel ferrite (NFO) could be 

a potent adsorbent and catalyst to target specific low-concentrated pharmaceutical 

pollutants, making it an efficient and economical system even for multi-pharmaceutical 

pollutants. 

 

Keywords: Adsorption, Adsorption kinetics, Adsorption isotherm, Biomolecule 

functionalization, Degradation, Pharmaceutical pollutants, Regeneration and Recycling  
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CHAPTER 1 

INTRODUCTION 

Water pollution/contamination is a major environmental issue that has piqued the interest 

of scientists and research communities all over the world. The rapid development in both 

population and industrialization has led to the shortage of water resources and has created 

an ever-increasing demand for water (Pavithra et al. 2017). According to the National 

Commission on Integrated Water Resources Development (NCIWRD), water demand 

would exceed 843 billion cubic metres in 2025 and 1180 billion cubic metres in 2050, 

encompassing agriculture, drinking water, industry, energy, and other requirements. 

According to projections, the world’s population will increase from 7 billion to 9 billion by 

2050. India accounts for 17.7 % of the total global population. Every year, more than 2.2 

million people worldwide die as a result of a lack of safe drinking water and contaminated 

water (Ahammad et al. 2022; Manna and Sen 2022; Pavithra et al. 2017). Therefore, the 

discharge of unregulated micropollutants into water resources as a result of anthropogenic 

activities has pushed us to protect existing water sources and recycle wastewater in 

productive ways (Chandrashekar Kollarahithlu and Balakrishnan 2021).  

The “emerging hazardous micropollutants” include pharmaceuticals such as non-steroidal 

anti-inflammatory drugs, antibiotics, antidepressants, anticonvulsants, anti-microbial and 

beta blockers, another class is synthetic and endocrine-disrupting chemicals (Ahammad et 

al. 2022; Tran et al. 2018). The word emerging refers to either new pollutants discovered 

in aquatic media and organisms or new properties and the effects of compounds already 

present in the environment (Taheran et al. 2018). These pollutant concentrations in the 

environment are now identified as hazardous to ecosystems and have garnered considerable 

attention. (Fent et al. 2006; Jjemba 2006; Kolpin et al. 2002). One such class of emerging 

pollutants is pharmaceuticals which have received a lot of attention in recent decades, 

especially since the early 2000s. In 1993, the global production of Pharmaceuticals and 

personal care products (PPCPs) exceeded 1×106 tonnes and the annual production of PPCPs 

could exceed 2×107 tonnes (Wang and Wang 2016). From 2000-2015, the usage of 

antibiotics has scaled up by 65 % and it might climb up three times more than that in 2015 

and increase of 6.8 % is seen between 2011 to 2019 (He et al. 2022b). 
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India, with a population of 1.44  billion people, is one of the top five countries in 

pharmaceutical product production, with a high generation of domestic sewage, of which 

only 31% is treated (Balakrishna et al. 2017; Subedi et al. 2017). Furthermore, due to the 

high demand for PPCPs in preventing or curing disease and sustaining economic 

development such as aquaculture and livestock farming, PPCPs production is still 

increasing. As a result, environmental pollution caused by the pervasive use of PPCPs is 

becoming predominant (Wang and Wang 2016). PPCPs have been consumed and 

discharged in water bodies at low concentrations from a few ng/L to µg/L in surface water 

and from µg/L to mg/L in groundwater (Wang and Wang 2016). These drugs enter the 

ecosystem via either a direct or indirect pathway through various channels such as 

discarded medicine, patient body waste from medical centres, and pharmaceutical 

industries which is extremely harmful to aquatic habitats and has an impact on the 

population of naturally occurring bacteria (Ramos-Payan et al. 2016). The emerging 

pollutants in the aquatic environment, if left unnoticed and consumed become life-

threatening because, some of them can disrupt the enzymatic, hormonal and genetic 

systems of humans (Falconer et al. 2006). Furthermore, the drugs in aquatic environments 

can cause a significant decrease in the renal and necrotic shift in vertebrates, perturbation, 

and an increase in toxicity (Rodriguez-Narvaez et al. 2017).  

(a) Nonsteroidal anti-inflammatory drugs (NSAIDs) 

A class of pharmaceuticals known as nonsteroidal anti-inflammatory drugs (NSAIDs) have 

been widely used in humans and animals to treat pain, fever, and swelling (Laine 2001; 

Wang et al. 2017). Among the NSAIDs, Ketoprofen (KF) and Diclofenac (DCF) are the 

most recurrently noted pharmaceutical drugs in the hydrous environment globally. 

Typically, KF is used to treat strains, sprains, bone disorders, inflammation, gout, muscles, 

and joint pain (Méndez-Arriaga et al. 2008; Wang et al. 2017; ALOthman et al. 2021). DCF 

is also used to relieve pain and inflammation, musculoskeletal injuries, prevent 

intraoperative myositis during cataract extraction, treat inflammation after laser eye surgery 

and reduce allergic conjunctivitis (Silveira et al. 2020).  KF and DCF are both used to treat 

arthritis(ALOthman et al. 2021; Silveira et al. 2020). The accumulation of DCF in 

pharmaceutical remnants can have an irreversible impact on aquatic habitats, causing 

cytological transmutation in fish livers, kidneys, and gills (ALOthman et al. 2020; 

Schwaiger et al. 2004; Silveira et al. 2020). (Lindqvist et al. 2005) found 1.2 mg/L of KF 
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in wastewater influent in Finland. The influent and effluent wastewater samples of the 

Mediterranean catchment (France) in the amount range of approximately 0.38–3.15 mg/L 

of KF (ALOthman et al. 2021). The accumulation of DCF in marine aquatic 

2.96/29.62/296.15/ 2961.49 mg/L in the marine organism Cataetyx laticeps (fish) at an 

exposure time of 30 min and 31.25/62.5/125/250/500/1000 mg/L in the marine organism 

Perna pernas (mussel). Similarly, KF and DCF have been found in various water resources 

across the world from ng/L to mg/L. In India, particularly in the southwest monsoon region, 

an influent concentration of approximately 721.37 µg/L of DCF and 2747.29 µg/L of KF 

was observed at the Kavoor Municipal wastewater treatment plant (Patel et al. 2019; Thalla 

and Vannarath 2020).  

(b) Fluoroquinolones  

Fluoroquinolones have been extensively used in the treatment of humans and veterinary 

for antimicrobial resistance (Van Doorslaer et al. 2014). In India, the release of large 

amount of antibiotics from the pharmaceutical and hospitals effluent treatment plant is of 

ciprofloxacin (185µg/L), norfloxacin (703µg/L) and lomefloxacin (159µg/L). The release 

of the antibiotics into the hydrous environment can cause bioaccumulation, resist bacteria 

and biodegradation in the environment (Li et al. 2022; Zhang et al. 2020a). Ciprofloxacin 

(CIP) is a second-generation fluoroquinolone, used to treat bacterial infections, respiratory 

infections, diarrhoea, typhoid fever, urinary tract, abdominal infections, bone and joint 

infections, skin and genitals infections (Falyouna et al. 2022; He et al. 2022a; Mahjoore et 

al. 2022) whence Lomefloxacin Hydrochloride (LFH), a third-generation di-

fluoroquinolone antibiotic is a very good antibacterial agent towards both gram-positive 

and gram-negative bacteria (Zhang et al. 2020a). It has the potential to treat dangerous 

vision infections, urinary tract infections, otitis media, bronchitis, and hematosepsis (Ma et 

al., 2020; You et al., 2021; Zhang et al., 2019). The concentration of CIP in the 

pharmaceutical industrial effluent in Croatia is 17.48 mg/L (Gor and Dave 2020) and it has 

also been reported that the approximate ranges of CIP in the effluent are between 28 to 31 

mg/L and the concentration of LFH is also as high as CIP (Bhagat et al. 2020; Phonsiri et 

al. 2019).  
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(c) Caffeine 

The presence of 71% of Caffeine (CAF) in coffee, has been widely used in the food and 

beverage industries especially with soft drinks at 16% and tea at 12 %. It is used as a 

cognitive enhancer due to its psychoactive properties; it is also used as a legal drug 

throughout the world (Ndabankulu et al. 2019; Qi et al. 2014). In India, the average 

consumption of CAF in the adolescent category is 96.5 mg/day. The CAF concentration in 

the river water ranges from 0.007 to 49.60 µg/L, in the groundwater system is from 0.02 to 

23.97 µg/L, and in the lake water system from 0.019 to 37.48 µg/L (Korekar et al. 2020). 

The concentration of CAF in the influent of sewage treatment plant ranges from 1.5 to 300 

mg/L and in the effluent is 0.3 to 106 mg/L (Jogannatha et al. 2017). The presence of 30 

µg/L CAF in the water sources affects the natural biotransformation of fish specifically at 

a concentration of 150 mg/L, there observed a malfunction in the zebrafish on its 

locomotion (Quesada et al. 2019; Ramirez-Ubillus et al. 2022). The bioavailability, longer 

half-life of these pollutants in the environment and also considering the perilous 

consequences, there is an urgent need for cost-effective and reliable water purification 

technologies. However, pharmaceutical compounds are difficult to degrade or remove via 

traditional wastewater treatment and microbial degradation. There is also a need for an 

economically viable alternate method to efficiently degrade the pollutants.  

1.1 Conventional treatment operations 

Adsorption, chemical reduction, chemical oxidation, hydrolysis, reverse osmosis, 

ozonation, biological processes, ion exchange, membrane filtration, precipitation, flotation, 

electrolysis, photocatalysis and advanced oxidation processes are few conventional 

treatment operations and processes that have been developed to extract the pharmaceutical 

compounds from contaminated water of these, the most conventional physicochemical 

wastewater treatment methods are ineffective in removing pharmaceutical pollutants (Gao 

et al. 2021; Li and Yang 2018; Streit et al. 2021). The importance of adsorption and AOPs 

among wastewater remediation techniques is growing, as is concern that the presence of 

rising PPCP contaminants may be harmful (Kadam et al. 2021; Tan and Hameed 2017; 

Uddandarao et al. 2019). 
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1.1.1 Adsorption for the removal of Pharmaceutical and personal care products 

(PPCPs) 

Adsorption is widely regarded as one of the most simple, practical, and cost-effective 

processes for removing pharmaceutical pollutants from wastewater. It is a surface 

phenomenon that occurs when adsorbate molecules from gas or liquid media accumulate 

on the adsorbent surface (Balakrishnan et al. 2020; Manirethan et al. 2018, 2020). 

Adsorption techniques can be coupled with wastewater treatment plants to achieve 

industrial-scale removal. The most commonly used adsorbents are biological, activated 

carbons, biochar, mineral oxides, polymer resins, and many other solids that have been 

tested to remove emerging pollutants from aqueous solutions (Patel et al., 2019). Among 

them, activated carbon is used in the treatment of many organic pollutants. The release of 

hazardous compounds through conventional adsorption techniques using activated carbon 

has created a need to develop an adsorbent on a nanotechnological basis which can 

effectively remove existing PPCPs in water bodies even at low concentrations. Over the 

last two decades, the adsorption of pharmaceutical pollutants on nano adsorbents has 

grown in favour of a low-cost and viable wastewater treatment technique. The other 

alternate process have huge disadvantages in comparison with the adsorption process in 

membrane process there is clogging and fouling of the membrane. The biological removal 

treatment is a slow process, requirement of nutrient and it is a environmental sensitive to 

the microbial activity and operation of ion exchange involves limited capacity and requires 

quick regeneration (Bhuyan and Ahmaruzzaman 2023; Reddy and Yun 2016; Sigonya et 

al. 2023; Tan and Hameed 2017). 

1.1.2 Nanosorbent  

In recent years, there has been a surge of interest in nanostructured materials research (both 

synthetic and natural) for the removal of emerging PPCP’s pollutants. On comparing 

transition metal ions, single metal oxide catalyst activators, and mixed metal oxide 

catalysts, spinel ferrite has received little attention. Nanosized ferrite particles have been 

employed in the areas of nanomedicine, lithium-ion batteries, protein fixation, 

bioengineering and environmental treatment; owing to their outstanding characteristics, it 

has also proven to be an effective adsorbent and catalyst in the removal of hazardous 

pollutants (Xu et al. 2021; Zhang et al. 2020b). Despite their rapid sorption kinetics, iron 
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oxide nanoparticles can undergo phase changes to other oxides under different 

environmental conditions and show poor stability at low pH levels. Recently metal oxide 

nano-ferrites such as MgFe2O4, NiFe2O4, CaFe2O4, BaFe2O4, ZnFe2O4, MnFe2O4 CuFe2O4, 

and CoFe2O4 have been utilized in the removal/degradation of dyes, and pesticides and 

pharmaceutical pollutants (Kollarahithlu and Balakrishnan 2021; El-saied and El-Fawal 

2021). Among these NiFe2O4 nanoparticles exhibit good magnetic, chemical and thermal 

stability (Kollarahithlu and Balakrishnan 2019; Sun et al. 2022b). 

1.1.2.1 Nickel ferrite nanoparticles (NFO) 

NiFe2O4 is a soft magnetic material with a mixed inverse spinel structure that has Fe3+ ions 

at tetrahedral sites and Fe3+ and Ni2+ at octahedral sites; because of its simplicity, low cost, 

low synthesis temperature, high saturation magnetization, high biocompatibility and small 

particle size, the co-precipitation method is widely used (Aliahmad et al. 2013; 

Kollarahithlu and Balakrishnan 2021; Cherpin et al. 2021; Springer et al. 2016; Wei et al. 

2020). Despite the above-mentioned properties of NFO, its high surface energy leads to 

agglomeration, affecting its magnetic property and adsorption capacity. Further, the 

leaching of nickel and ferrite ions under highly acidic conditions and undergoing oxidation 

were some of their limitations. To address these drawbacks and employ in the removal of 

specific pollutants of interest, these nanoparticles’ properties are modulated either by 

functionalizing or through coating via certain advanced technologies that could 

significantly improve the stability, bio-commutability and overall life longevity. 

Researchers are currently exploring functionalization with organic or inorganic 

components such as surfactants, polysaccharides, biopolymers, organic acids, carbon, and 

amino acids (Soares et al. 2019; Zhang et al. 2020b). 

 

Table 1.1 Properties of Nickel ferrite nanoparticles in comparison with the other ferrite 

nanoparticles (Jadhav et al. 2020; Kaur et al. 2016; Tatarchuk et al. 2020) 

Properties Magnetic Chemical Biocompatibility Electrical 

NiFe2O4 

Exhibits high 

saturation 

magnetization 

40 to 60 emu/g 

Good chemical 

stability under 

various 

environmental 

conditions, less 

prone to oxidation 

Biocompatible and 

non-toxic when 

properly 

synthesized and 

surface-modified 

Higher 

electrical 

conductivity 

compared to 

cobalt and 
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manganese 

ferrite 

CoFe2O4 

Exhibits lower 

saturation 

magnetization 

30 to 40 emu/g 

Lower stability, 

more susceptible to 

oxidation 

Biocompatibility 

can vary; surface 

modification may 

be required to 

improve 

biocompatibility 

Moderate 

electrical 

conductivity, 

suitable for 

applications 

requiring 

magnetic and 

conductive 

properties 

MnFe2O4 

Exhibits lowest 

saturation 

magnetization 

20 to 30 emu/g 

Chemically stable, 

more prone to 

oxidation compared 

to nickel ferrite 

Biocompatibility 

can vary; surface 

modifications are 

often necessary to 

reduce toxicity 

Lower 

electrical 

conductivity 

compared to 

nickel and 

cobalt ferrite 

nanoparticles 

CaFe2O4 

Exhibits lowest 

saturation 

magnetization 

20 to 30 emu/g 

Stable, but may 

have lower stability 

under acidic 

conditions 

 

Biocompatibility 

can vary; surface 

modifications may 

be required 

Moderate 

electrical 

conductivity 

BaFe2O4 

High 

coercivity and 

high saturation 

magnetization 

50 to 60 emu/g 

Good chemical 

stability, resistant to 

oxidation and 

corrosion 

 

Less 

biocompatible due 

to potential toxicity 

concerns 

 

Moderate to 

high electrical 

conductivity, 

useful in 

magnetic and 

conductive 

applications 

ZnFe2O4 

Exhibits lower 

saturation 

magnetization 

30 to 40 emu/g 

Moderate chemical 

stability may 

oxidize under 

certain conditions 

Biocompatibility 

can vary; surface 

modifications are 

often necessary 

Moderative 

electrical 

conductivity 

MgFe2O4 

Similar 

magnetization 

as ZnFe2O4 30 

to 40 emu/g 

Stable under 

normal conditions, 

but less resistant to 

oxidation compared 

to nickel and 

barium ferrites 

Biocompatibility 

can vary; surface 

modifications may 

be needed to 

reduce the toxicity 

Lower 

electrical 

conductivity 

compared to 

barium and 

nickel ferrite 

nanoparticles 
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Table 1.1 depicts that the Nickel ferrite nanoparticle's properties have shown superior 

properties compared to all other ferrite materials.  

1.1.2.2 Silanization of NFO surface 

Chemical instability and magnetic losses of nickel ferrite nanoparticles were observed 

under strong acidic pH and strong oxidizing conditions. To overcome these, the 

functionalization of NFO with polymers/organic molecules or inorganic substances such as 

inert silica is one viable option (El-Nahhal et al. 2016; Kollarahithlu and Balakrishnan 

2019; Nagao et al. 2004). The high binding strength in the magnetic oxide core, ease of 

attachment, resistance to organic solvents, availability and functionalization have led to a 

high preference for silica functionalization on the nanoparticles (Diallo et al. 2021). The 

inclusion of surface silanol groups provides stability and inertness and also enables the 

grafting of specific ligands to the NFO surface. Grafting ligands are usually carried out by 

surface silanization with silane coupling agents such as epoxy, amine, thiol, carboxylic 

acid, or isocyanate moieties (Isasi et al. 2019; Ogden et al. 2008). These grafted 

nanoparticles are employed in adsorption procedures to improve the sorption capacities of 

silica-coated magnetite nanoparticles (Pape 2017). 

1.1.2.3 Biomolecule functionalization 

In recent years, the functionalization of NFO nanoparticles with biomolecules such as β-

cyclodextrin (β-CD) and amino acid has improved the possibility of adsorption of targeted 

pollutants (Conde et al. 2014; Enache et al. 2017a; Kollarahithlu and Balakrishnan 2019). 

β-CD with six glucose subunits has a significant feature of forming solid inclusion 

complexes with a wide variety of guest molecules within the hydrophobic cavity of the host 

cyclodextrin (Lv et al. 2014).  

1.1.2.4 Amino acid functionalization (L-Leucine) 

Amino acids are used as capping agents on bare magnetite, whose surface is normally 

covered by both H2O molecules and OH− ions, they are partly chemisorbed but mainly 

physisorbed onto the Fe3O4 particles. For most effective applications in separation areas 

(for ions or biomolecules), the amino acid-coated magnetite nanoparticles should be 

prepared in a chemisorbed approach (Enache et al. 2017b). This amino acid 

functionalization has been investigated for the removal of antibiotics since it produces no 
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or fewer secondary pollutants within the standards during adsorption. L-Leucine alone was 

experimented for the removal of CIP and LFH. The choice of L-Leucine is owing to its 

structural stability, pH stability, the hydrophobic side chain can involve in hydrophobic 

interactions with the nonpolar pollutants and involves in targeting specific contaminants 

(You et al. 2021a; Zhang et al. 2020b). 

1.2 Nano-catalyst (NFO) 

A variety of components, including semiconductors, carbon-based materials, transition 

metals, ultrasonication, and radiation, have been used to test the production of sulfate 

radicals using potassium peroxymonosulfate (PMS) (Balakrishnan et al. 2021). However, 

the nickel ferrites are regarded as promising nano adsorbents and nano-catalysts due to their 

unique properties such as large specific surface area, porosity, small pore size, high thermal 

activities, good electrical and mechanical properties and good catalytic activity, and firm 

spinel structure, which aids in better activation of PMS and ease of recovery using external 

magnets when compared to iron oxide catalysts and recuperation via chemical regenerant 

or intense heating. 

1.2.1 Advanced oxidation process for the degradation of (PPCPs) 

The advanced oxidation process (AOP) is one of the most environmental friendly new 

technologies since it mineralizes hazardous pollutants rather than converting them from 

one phase to another (Carvalho et al. 2014). The radical oxidant has various advantages, 

that includes being highly reactive, having a short half-life, being non-toxic and non-

corrosive, and adequately oxidising wastewater, organic pollutant streams and toxic 

effluents from the hospital, pharmaceutical and municipal wastes (Miklos et al. 2018). The 

post-treatment of such waste effluents using AOPs results in products that are more 

amenable to bioremediation, less hazardous and have a lower pollutant load (Pandis et al. 

2022).   

1.3 Co-precipitation method 

Among the several nanoparticle synthesis processes, the coprecipitation approach is a 

practical way to produce magnetic nanoparticles (Baruwati and Manorama 2008). The 

coprecipitation method uses no hazardous intermediates or solvents, does not require 

precursor complexes, and operates at temperatures less than 100 °C (Maaz et al. 2009). 
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Because of its capacity to be scaled up, reproducibility, and environmentally benign 

reaction conditions, this technique has been acknowledged for its industrial usefulness.  

1.4 Hydrothermal method 

Many researchers have been drawn to the hydrothermal technique because of its unique 

advantages, including simple equipment, low cost, and gentle preparation conditions. It is 

a solution-reaction technique (Gan et al. 2020). Depending on the vapour pressure of the 

major component in the reaction mixture, either low-pressure or high-temperature 

conditions can be utilized to control the morphology of the materials to be synthesized with 

minimal material loss (Guo et al. 2021).  

1.5 Present work 

The high saturation magnetization and biocompatibility of nickel ferrite nanoparticles make 

it stand out to be unique in the choice among the ferrite nanoparticles. The co-precipitation 

method was used to prepare NFO, which was then used as a catalyst in the activation of 

PMS for the degradation of LFH and CAF. The experiments were carried out with bare 

NFO as an adsorbent for the removal of 10 mg/L concentrations of all the pharmaceutical 

compounds, the removal efficiency of bare NFO was ineffective against the pharmaceutical 

pollutants, and hence a novel low-cost adsorbent for removing the pharmaceutical 

pollutants in the hydrous environment was worked on to remove these compounds. A few 

limited publications for the experimental investigation on the sorptive removal of 

pharmaceutical pollutants using NFO and its composites were proposed in the literature. 

Thus, a laboratory scale experiment was conducted to study the physical, chemical, thermal 

and magnetic properties of NFO@SiO2@β-CD and L-Leucine functionalized NFO 

nanocomposite (NFO@L). The NFO@SiO2@β-CD was used to study the feasibility for 

the removal of KF and DCF meanwhile the NFO@L nanocomposite was experimented 

with, for the removal of CIP and LFH. So far, research on the combination of 

NFO@SiO2@β-CD and L-Leucine functionalized NFO nanocomposite for the removal of 

NSAIDs and antibiotics has not yet been studied however the combination of CoFe2O4@L 

has worked on the application of drug delivery. 
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CHAPTER 2 

REVIEW OF LITERATURE 

2.1 Origin of the research of PPCPs in the environment 

(Hignite and Azarnoff 1977) published a paper describing the presence of clofibric acid, a 

hypolipidemic drug, and salicylic acid at low concentrations in sewage treatment plant 

effluents and the discharge of the effluent in the Missouri River (Philip et al. 2018). Later, 

in Germany in 1990, the presence of pesticide residues containing phenoxyalkanoic acid 

herbicides in drinking water and groundwater was noted to be clofibric acid. A study in 

ganga river in India has reported the presence of ciprofloxacin, azithromycin and ofloxacin 

with a concentration ranging from 100 to 1000 ng/L. In urban areas of Delhi reported to 

the release of parabens and triclosan in wastewater treatment plant with the concentrations 

ranging from 10 to 500 ng/L. This origin has drawn significant attention to the scientific 

community and chemists to research the release of PPCPs into the environment; since then, 

data related to the various classes of PPCPs prevailing in the environment has come to light 

over the years (Buchberger 2011). 

2.1.1 Emerging pollutants 

The occurrence of emerging pollutants (EPs) is continuously reported worldwide. More 

than 1000 substances, gathered in 16 classes (algal toxins, antifoaming and complexing 

agents, antioxidants, detergents, disinfection by-products, plasticizers, flame retardants, 

fragrances, gasoline additives, perfluoroalkylated substances, personal care products, 

pharmaceuticals, pesticides, anti-corrosives) are classified as new emerging pollutants 

addressing their environmental and health effects (Pruss et al. 2002; WHO 2000). Due to 

different factors, EPs are found in surface water; they undergo transport phenomena in 

natural waters and soil by runoff, erosion, or leaching (Fàbrega et al., 2014). These 

pollutant's concentrations can vary from the wastewater discharge point to the water 

abstraction point because of biotransformation, volatilization, photolysis, sorption, 

dispersion, or different water sources combination, which can attenuate initial 

concentrations or transform pollutants (Basheer 2018). PPCPs can be toxic to the fish, 

invertebrates and algae disrupting their growth, reproduction and can enter into the 

endocrine system leading to the hormonal changes, bioaccumulation might alter the food 
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chain, could alter the ecosystem dynamics, development of antibiotic resistance and can 

contaminate the ground and drinking water.  

2.2 Conventional method for the removal of PPCPs 

The conventional method for the removal of PPCP’s are membrane bioreactor which can 

remove about 46-99 % of ketoprofen and fluoroquinolones (Adeoye et al. 2024). The 

removal of ciprofloxacin using reverse osmosis as a single process is about 98.7 % (Ghazal 

et al. 2022). A mixture of 30 pharmaceuticals along with pesticides using granular activated 

carbon adsorption is only 30 to 50 % dissolved organic carbon (Kennedy et al. 2014). 

Nanofiltration and ozonisation can remove and degrade pharmaceuticals from 15 to 100 % 

(Maryam et al. 2020; Talib and Randhir 2016). UV photolysis and photocatalytic membrane 

reactor can remove pharmaceuticals upto 30 to 70 % and 56 to 100 % (Pal et al. 2010; 

Plakas et al. 2019).  The combined processes such as sono photolysis and activated sludge 

process, anaerobic and aerobic digestion, dioxychlorination, coagulation/flocculation, 

settling, sand filtration, ultrafiltration, ultraviolet disinfection, reverse osmosis and 

remineralization, chlorine, coagulation/flocculation, filtration, ozonation, granular 

activated carbon, final chlorination, ultrafiltration and nanofiltration, 

coagulation/flocculation, sedimentation, filtration, chloramine, ozonation, GAC filtration, 

UV pre-disinfection, filtration, nanofiltration/reverse osmosis, remineralisation and 

chlorine disinfection all of these combinations have shown the highest removal efficiency 

of pharmaceuticals, drugs of abuse, herbicides and pesticides greater than 92 %  (Boleda et 

al. 2009; Huerta-Fontela et al. 2008; Klavarioti et al. 2009; Radjenović et al. 2008). From 

all the above-mentioned techniques, in laboratory scale single process, adsorption and 

advanced oxidation process are found to be superior in removing the emerging hazardous 

PPCPs.  

Adsorption involves the interaction forces between the adsorbate and the adsorbent surface 

causing the adsorbate molecules to bind to the adsorbent's surface (Quesada et al. 2019). 

Pollutants’ interaction with the adsorbent is determined by its inherent surface properties 

and functional groups on their surface. The specific nature of the interaction depends on 

the two species involved which follow four steps: solute transport in a bulk fluid phase, 

film diffusion, pore diffusion, and adsorption to the solid involves physisorption, in which 

the adsorbate attaches to the adsorbent via weak van der Waals force, - interaction, 

electrostatic attraction, or chemisorption, which involves covalent bonding. Adsorption is 
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more effective in removing contaminants at lower concentrations, its versatility, simplicity, 

cost effectiveness, minimal chemical usage and reduces operational cost by using 

regeneration (Quesada et al. 2019). Meanwhile, AOP using oxidizing agents has shown 

promising results from the literature review. AOP is highly effective for wide range of 

pollutants which could breakdown the pollutants into simpler compounds or degrade it fully 

by reducing their toxicity. AOP’s has a high ability to degrade refractory pharmaceutical 

pollutants by stimulating peroxymonosulfate (PMS, HSO5
-), peroxydisulfate (PDS, S2O8

2-

), and Fenton reactions (Duo et al., 2022; Liu et al., 2012; Zhang et al., 2020); among them, 

PMS is capable of producing •SO4
-, •O2

-, 1O2 and •OH of which sulfate radicals with high 

redox potential (SO4
-•, 2.5–3.1 V) with a half-life of (t1/2 = 30–40 μs) and hydroxyl radicals 

(OH-•, 1.8–2.7 V) with a lesser half-life of (t1/2 = <1μs) at pH 7 in both homogeneous and 

heterogenous activations (Guo et al. 2020a; He et al. 2022b; Jia et al. 2021; Ma et al. 2020). 

The electrophilic nature of sulfate radical, which could selectively attack organic 

molecules, preferably with electron-donating groups such as alkoxy (-OR), hydroxyl (-

OH), amino (-NH2), and electrons present on aromatic molecules has drawn a lot of 

attention to the degradation of pollutants. Furthermore, PMS is a non-toxic strong oxidant 

as well as a chlorine-free disinfectant, making it a superior replacement for chlorine (Guo 

et al., 2020a).  

2.3 Nano-ferrite and nano-ferrite composite in the removal of PPCPs 

The recognition of this fact has resulted in the pursuit of magnetic photocatalysts as well. 

In large water treatment plants, where the volume of water remedied is huge, centrifugal 

 

Fig. 2.1  Papers having M-ferrite (M = Co, Cu, Ni, Mn, Zn) in the topic published in 

Web of Science Core Collection between 1975–June 2021(Thomas Dippong et al. 

2021) 
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separation is not feasible. Fe3O4-based systems are the most widely studied magnetic 

nanoparticles at the moment (Jacob et al., 2013). Among the studied ferrite, Co-ferrite was 

the topic of 4276 papers, followed by Zn-ferrite (3073), Ni-ferrite (2432), Mn-ferrite (895), 

and Cu-ferrite (880) as per the data collection in the year between 1975 – June 2021. For 

every ferrite, the number of papers started to grow exponentially in the last 20 years were 

shown in Fig. 2.1, with the highest increasing rate being observed for the Co, Zn, Ni-ferrite 

(Thomas Dippong et al. 2021). 

The growing attention to these ferrites may be ascribed to the advancement of new 

equipment that allowed the ferrites characterization and the surge of the demand for 

materials with special properties for a wide range of applications (Jacob et al., 2013). 

Literature studies results reveal that nano ferrites and their composites show a high 

tendency to remove different types of organic and inorganic pollutants from wastewater. 

Recently, biopolymer-coated nanoparticles have gained wide attraction for surface 

modification of nano ferrite owing to their peculiar properties such as high adsorption 

capacity, selectivity, biocompatibility, and cost-effectiveness. Crini 2005 reviewed 

developments in the synthesis of polysaccharides–based materials used as adsorbents in 

wastewater treatment using biopolymers and their composites as adsorbents in water 

purification (Kumar et al. 2020). 

2.4 Synthesis methods for the Nickel ferrite nanoparticles 

From time to time, researchers kept on modifying the synthesis process for nickel ferrite 

(NFO) nanoparticles and succeeded in improving their properties. In 1966, Saito and Takei 

prepared NFO using the hydrothermal method. Two techniques of synthesizing nickel 

ferrite through a co-precipitation and hydrothermal approach were implemented: the co-

precipitation of hydroxide made from a solution of constituent of two hydroxides-ferric 

hydroxide, and nickel hydroxide-suspended in water at pH 11. The intricate collection of 

routes that lead to nanoparticle synthesis, produces particles with a wide size distribution. 

In general, the magnetic nanoparticles formed during the coprecipitation process crystallize 

in a near-instantaneous manner at room temperature (Ahn et al. 2012). The size and 

composition of nanoparticles can be greatly controlled by optimizing the pH concentration 

and temperature. The co-precipitation method can easily be scaled up to larger production 

of nanoparticles with significant changes in the process. The rapid production, 
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environmental friendly, uniform mixing of precursor helps in the homogeneity of the 

formation of nanoparticles.  Another one is hydrothermal synthesis method has major 

advantages over other methods.  

In hydrothermal synthesis, the compositions of nanomaterials/nanocomposite to be 

generated may be precisely regulated. Nanomaterials can be resized and shaped using 

hydrothermal synthesis.  Nanoparticle shape is principally determined by reaction time, 

temperature, and solution concentration (Majid et al. 2021). As a result, the nanoparticle’s 

physical and chemical properties could be altered. The choice of nanoparticles based on 

their shape has been used in many applications (Gan et al. 2020). In 1967, Poplawsky et al. 

adopted the arc image furnace technique for the preparation of Ni ferrites and reported the 

chemical, structural, and electron probe as well as metallographic analyses (Narang and 

Pubby 2021). An overview of the advantages and disadvantages of synthesis of 

nanoparticles and nanocomposite is mentioned in Table 2.1a and the synthesis of nickel 

ferrite using different methods has been presented in Table 2.1 b. 

Table 2.1a Advantages and Disadvantages of synthesis of nanoparticles and 

nanocomposites 

S.No Synthesis 

methods 

Advantages Disadvantages 

1 
 

Sol-Gel 

Controlled Composition: 

Precise control over the 

stoichiometry and homogeneity.  

Conducted at low temperature  

compared to other methods. 

Versatile: Can be used to 

produce various metal oxides 

and composites. 

Time consuming: Time 

consuming process due to 

multiple steps. 

Complexity: Requires 

careful control of pH and 

temperature.  

    2 Chemical 

Vapor 

Deposition 

High Purity: Produces high 

purity nanoparticles due to the 

gaseous nature of reactants  

Equipment Cost: 

Requires expensive and 

complex equipment.  
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Uniform coating: Excellent for 

creating uniform coatings on 

substrates  

Limited Scale-Up: Not 

always suitable for large 

scale production.  

    3 Hydrothermal 

and 

Solvothermal 

method 

High Quality: Produces high-

quality nanoparticles with 

controlled size and morphology.  

Versatility: Can be used for 

wide range of materials.  

High Pressure : Requires 

specialized equipment to 

handle high pressure.  

Long reaction times: Can 

take a significant amount 

of time. 

    4 Co-

precipitation 

method 

Simplicity: Easy to perform and 

requires less sophisticated 

equipment. 

Scalability: Suitable for large-

scale production  

Inhomogeneity: Might 

lead to inhomogeneous 

particle sizes.  

Post-Synthesis 

Treatment: often requires 

additional processing 

(e.g., washing, drying).  

    5 Physical 

methods 

(Milling and 

sputtering) 

Direct Approach: Can 

produces nanoparticles directly 

from bulk materials. 

Minimal Chemical Waste: 

Often generates fewer chemical 

byproducts. 

Particle Agglomeration: 

High energy processes can 

lead to agglomeration. 

Limited Control: Less 

control over size and 

shape compared to 

chemical methods. 

    6 Biological 

method 

(Green 

Synthesis) 

Eco-friendly: Uses biological 

materials, reducing 

environmental impact. 

Simplicity: Generally simpler 

and safer compared to chemical 

methods. 

Variability: Results can 

be less consistent due to 

biological variability. 

Slower Production: 

Typically slower than 

conventional chemical 

synthesis.  
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    7 Electrochemical 

methods 

Fine control: Allows for fine 

control over particle size and 

morphology.  

High Purity: Typically 

produces high-purity 

nanoparticles. 

Complexity: Requires 

specialized setups and 

knowledge of 

electrochemistry.  

Limited Materials: May 

be limited to certain types 

of metal oxides.  
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Table 2.1 b Overview of synthesis of Nickel ferrite using different methods 

S.No Method Precursor Particle size 
Remarks/ 

Application 
Reference 

1 
Auto-combustion 

method 

Fe(NO3)3·9H2O, 

Ni(NO3)2·6H2O 

Average particle size from XRD - 49 nm 

From TEM- 47 nm 

 

Pure spinel crystal 

structure was 

observed. Studies 

on electrochemical 

properties of metal 

ferrites 

 

(Khairy et al. 2020) 

2 

Solution 

Combustion 

Method 

Fe(NO3)3·9H2O, 

Ni(NO3)2·6H2O 

(C6H8O7) 

CT-550°C for 4 hrs 

Average particle size - 22 nm 

Single cubic spinel 

nanocrystalline 

structure. Structural 

and magnetic 

properties of nickel 

ferrite 

 

(Bharati et al. 2020) 

 

3 
Sono-chemical 

synthesis 

FeCl3.6H2O 

NiCl2.6H2O 

Average particle size - 9 to 17 nm 

The band gap of the Nanoparticles - 2.26 

Ev 

Formation of 

inverse spinel with 

face-centred cubic 

structure. 

Photocatalytic and 

electrochemical 

applications 

 

(Amulya et al. 2020) 

 

4 

Greener 

synthesis using 

rosemary leaves 

FeCl3.6H2O 

NiCl2.6H2O 

Particles are Amorphous from the XRD 

results. 

 

Spinel nickel ferrite 

nanowhiskers with 

rod-like structures. 

(Alijani et al. 2020) 
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Agglomeration with irregular 

morphology could be visible from TEM 

results. 

Biomedical 

application 

 

5 Molten salt method 

(NiCO3·2Ni(OH)2

·4H2O) 

NaCl 

KCl 

K2SO4 

Na2SO4 

Using NaCl-KCl grains size of 250 - 400 

nm 

Using the KCl-K2SO4 particle size was 

100 - 200 nm 

Using Na2SO4-K2SO4 the particle size 

was 400 nm 

Cubic spinel 

structured NiFe2O4. 

Removal of heavy 

metal ions and 

fluoroquinolones 

 

 

(Liu et al. 2019a) 

 

 

6 

Sol-gel and 

combustion 

methods with 

different 

Chelating agents 

like PVA, citric 

acid and urea 

Ni(NO3)2.6H2O 

Fe(NO3)3.6H2O 

The crystallite size was in the range of 6 

- 14 nm 

Average particle diameters for the three 

samples were in the range of 10-25 nm 

Cubic spinel 

ferrite. 

Studies of 

structural and 

magnetic properties 

(Vara Prasad et al. 

2018) 

 

7 

Single-step 

chemical 

combustion method 

using citric acid 

Ni (NO3)2.6H2O 

Fe (NO3)3.9H2O 

The temperature varied from 600 to 

800°C 

crystallite size increased from17 ± 1 nm 

to 35 ± 1 nm 

The single-phase 

formation of nickel 

ferrite was 

confirmed. 

Preparation of 

nickel ferrite at low 

temperature regime 

(Shanmugavel et al. 

2015) 

 

8 
Auto combustion 

method 

Ni(NO3)2·6H2O, 

Fe(NO3)3·9H2O 

Temperature maintained at 700 °C 

The average grain size obtained from 

TEM was 60 nm 

A single-phase 

cubic single 

structure was 

confirmed. Studies 

(Shanmugavel et al. 

2014) 
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Crystalline size from XRD was found to 

be in the range of 45-55 nm 

on structural and 

magnetic properties 

9 

Microwave-

assisted 

combustion method 

Ni(NO3)2.6H2O 

Fe(NO3)3.9H2O 
The particle size was 20 nm 

Cubic spinel phases 

and no secondary 

phase. Mössbauer 

and magnetization 

studies of nickel 

ferrite 

nanoparticles 

(Mahmoud et al. 

2013) 

10 
Citrate precursor 

gel formation 

Ni(NO3)2 

Fe(NO3)3 

Mean crystallite size from XRD ranges 

between 26.2 -28.5 nm 

Single-phase particles form clusters with 

particle size in the range of 21-82.5 nm 

TEM showed a particle size of 55.4 nm 

 

Cubic spinel phase. 

Studies on 

crystallization and 

magnetic behavior 

of nickel ferrite 

 

(Nguyet et al. 2011) 

 

11 

Simple 

solvothermal 

method 

(Ethylene glycol as 

solvent) 

(NaAc as 

electrostatic 

stabilization) 

NiCl2·6H2O 

FeCl3·6H2O 

Temperature - 180°C for about 6-48 hrs 

The average size of nickel ferrite 

nanoparticles increased as the reaction 

time was prolonged for the following 

time 6 hrs -90 nm; 12 hrs-120 nm; 48 

hrs-180 nm 

 

Cubic nickel ferrite 

with a 

polycrystalline 

nature. Synthesis 

and magnetic 

properties of nickel 

ferrite 

nanoparticles 

(Wang et al. 2009) 

 

12 
Hydrothermal 

method 

Ni(NO3)2·6H2O 

 

Fe(NO3)3·9H2O 

Nanorods at temperature 150°C 

Nanosphere above 150°C 

Particle size was between 10-70 nm 

Nanorods, 

nanospheres, and 

nano cubes are 

formed. Synthesis 

(Xiangfeng et al. 

2007) 
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and analysis of gas 

sensing properties 

 

An overview of the synthesis of nickel ferrite using the co-precipitation method is presented in Table 2.2. Table 2.3 provides an overview of NFO 

and other metal oxide composite and their applications.  

Table 2.2 Overview of synthesis of NFO using the Co-precipitation method 

S. No Precursor Characteristics Remarks Reference 

1 
(Ni (NO3)2.6H2O  

(Fe (NO3)3.9H2O 

Calcination temperature - 900°C for 3 hrs, pH -

12 The average crystallite size from XRD – 

43.28 nm, BET test specific surface area – 186 

m2/g 

Non spherical geometry.Studies 

on synthesis and properties.  

(Kizilduman et 

al.2024) 

2 
 (Ni (NO3)2·6H2O) 

 FeCl3 

Calcination temperature - 350 to 500°C for 3 hrs 

The average crystallite size from XRD - 30.2 nm 

High purity, single phase, 

crystalline, spherical shape of 

particles. Removal of heavy 

metals. 

(Khoso et al. 2021) 

3 
FeSO4.7H2O 

NiSO4.7H2O 

Calcination temperature - 800 °С for 5 hrs 

The average diameter of the particle is 78.4 nm 

Diamond-shaped particles with an average size 

of 70-80 nm 

Cubic spinel structure, 

ferromagnetic structure with low 

coercivity and large saturation 

magnetization. Stability and 

cytotoxicity studies 

(Egizbek et al. 2020) 

4 
FeCl3  

NiCl2  

Average crystallite size - 18 nm 

The average size of the nanoparticles using TEM 

was about 28 nm  

Single phase cubic spinel 

structure, spherical and some 

elongated particles, increased 

value of coercivity. Synthesis and 

(Sagadevan et al. 

2018a) 
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Characterization of nickel ferrite 

nanoparticles 

5 
(Ni (NO3)2.6H2O  

(Fe (NO3)2.6H2O 

Calcined at 600°C for 4 hrs  

The average particle size of 69 nm 

Formation of inverse spinel phase 

of nickel ferrite, with some 

fractions of iron oxide phases, 

superparamagnetic. Synthesis of 

nickel ferrite nanoparticles. 

(Ansari 2017) 

 

6 
Ni(NO3)2.6H2O, 

Fe (NO3)2.9H2O 

400 °C, 600 °C, 800 °C -Average particle size 

16, 23 and 31 nm 

Inverse spinel cubic crystalline. 

Synthesis and characterization. 

(Sivagurunathan and 

Gibin 2016) 

7 

Nickel acetate, 

ferrous sulfate 

heptahydrate, 

Ferric nitrate 

nonahydrate  

1. First set of precursors 20 - 30 nm,  

2. Second set of precursors 80 - 150 nm  

3. Third set of precursors 25 - 35 nm 

Inverse single phase spinel cubic, 

spherical, superparamagnetic. 

Studies on synthesis and magnetic 

properties at low temperature. 

(Tejabhiram et al. 

2014) 

8 
Nickel nitrate, 

ferric nitrate  

Average crystallite size varies in the range of 8-

20 nm with varying sintering temperatures from 

250 to 550°C 

Single-phase cubic mixed spinel 

crystal, magnetic properties 

increase with increase in sintering 

temperature. Structural and 

properties of nickel ferrite 

nanoparticles 

(Joshi et al. 2014) 

 

9  FeCl3 and NiCl2 
The size of particles 500 and 1000°C obtained 7 

and 82 nm 

Particle size increases with an 

increase in temperature, 

superparamagnetic nature depends 

on the magnetocrystalline 

anisotropy. Synthesis and 

(Aliahmad et al. 

2013) 
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properties of nickel ferrite 

nanoparticles 

10 

FeCl2, NiCl2, 

NaOH 

Four different 

precursors ratio 

(Fe: Ni) are varied 

at 40:60, 60:40 and 

80:20 

40: 60 -32.96 nm,  

60:40 - 54.85 nm  

80:20 - 82.12 nm 

Magnetic saturation decreases 

with decreasing Fe content, 

inverse spinel structure. Synthesis 

and characterization of nickel 

ferrite nanoparticles. 

(Ong et al. 2012) 

 

 

11 
Fe(NO3)3⋅9H2O  

Ni(NO3)2⋅6H2O 

Co-precipitation - 600°C 

Co-precipitation (8-20 nm) and 

superparamagnetic nature.  

Irregular shape, very small particle 

size and wide size distribution, 

superparamagnetic with small 

saturation magnetization. 

Structural and characterization 

studies of nickel ferrite 

nanoparticles. 

(Jacob et al. 2011a) 

 

12 

Iron chloride, 

nickel chloride and 

sodium hydroxide 

were used as the 

precipitating agent 

while oleic acid 

Annealed at 600 °C 

24 + 4 nm size of nickel ferrite nanoparticles 

In single-phase nickel ferrite 

nanoparticles, superparamagnetic 

blocking temperature increases 

with an increase in increase particle 

size. Structural and 

characterization studies of nickel 

ferrite nanoparticles. 

(Maaz et al. 2009) 
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Table 2.3 Overview of Nickel ferrite and other metal oxide nanocomposites in the removal of emerging pollutants and other applications 

S. No 
Metal Oxide & Metal 

oxide nanocomposite 
Synthesis methods Applications Reference 

1 NiFe2O4@Chitosan Co-precipitation method 
Removal of Ciprofloxacin, erythromycin, 

ampicillin 

(Mohammed et al. 

2024) 

2 

L-Lysine coated 

magnetic core-shell 

nanoparticles 

Co-precipitation method Removal of acetylsalicylic acid (Maciel et al. 2023) 

3 NiFe2O4 nanoparticles 

Bioconjugate synthesis  

The leaves extract of 

Juglans regia 

Removal of   ciprofloxacin 

and Congo red 

(Taj et al. 2021) 

 

     4 
NiFe2O4/BiPO4 

nanocomposites 
Hydrothermal technique 

Tetracycline (TC) and Rhodamine B (RhB) 

removal 

(Koutavarapu et al. 

2021) 

 

     5    

UV-enhanced nano-

nickel ferrite-activated 

Peroxymonosulfate 

Hydrothermal synthesis 
Degradation of 

chlortetracycline hydrochloride 

(Zhang et al. 2021) 

 

6 

Glutathione 

functionalized 

NiFe2O4/GO 

Hummer’s method of 

ultrasonication 
Removal of heavy metals (Khorshidi et al. 2020) 

    7 

NiFe2O4 

nanoparticles 

incorporated into G. 

ghatti-cl-P(AAm) 

nanocomposites 

hydrogel 

Free radical solution 

polymerization 
Adsorption of ciprofloxacin 

(Gor and Dave 2020) 
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    8 

Core-Shell 

Fe3O4@MIL-100(Fe) 

Magnetic Nanoparticle 

Chemical method Removal of Meloxicam and Naproxen 
(Liu et al. 2019b) 

 

9 

Dopamine cobalt ferrite 

nanoparticles 

Glutathione cobalt 

ferrite nanoparticles 

Melamine 

Sonication Removal of ciprofloxacin and norfloxacin (Malik et al. 2019) 

    10 

Cysteine-modified 

silane-coated 

magnetic nanomaterial 

Co-precipitation method 

Stober method 
Adsorption of ibuprofen 

(Kollarahithlu and 

Balakrishnan 2019) 

 

    11 

CoFe2O4 activated 

peroxymonosulfate 

(PMS) process 

 

 Co-precipitation method 
Degradation of atrazine 

(Li et al. 2018) 

 

    12 
Nickel ferrite 

nanoparticles  
Co-precipitation method 

Removal of 

polar pharmaceutical 

(Springer et al. 2018) 

 

 

    13 
Nickel ferrite 

nanoparticles 
Co-precipitation Removal of azo dye 

(Ayazi et al. 2018) 

 

      

    14 

β-Cyclodextrin coated 

iron oxide 

nanoparticles 

Co-precipitation method Biomedical applications 
(Shelat et al. 2018) 

 

    15 

Beta-cyclodextrin 

capped Graphene-

magnetite (G-Fe3O4-β-

CD) nanocomposite 

Synthesized by 

ethylenediamine conjugation 
Removal of Bisphenol-A (BPA) 

(Ragavan and Rastogi 

2017) 
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    16 
Magnetic cobalt ferrite 

composite 

chemical ultrasonication-

assisted co-precipitation 

technique 

photocatalytic oxidation of carbamazepine (He et al. 2017) 

    17 

Cysteine-functionalized 

silica-coated magnetite 

nanoparticles 

Fe3O4@SiO2@ICPTES

-cysteine 

Four-step functionalization 

process 
Removal of Pb (II) 

(Enache et al. 2017b) 

 

    18 

Magnetic targeted 

nanoparticles double-

coated with β-

cyclodextrin (β-CD) 

and chitosan (CS) 

Co-precipitation methods Drug delivery 
(Chen et al. 2017) 

 

    19 

NiFe2O4@SiO2-

decorated reduced 

graphene oxide 

nanosheets 

Hydrothermal method 

Stober method 

One-step hydrothermal 

method 

Synthesis, characterization and electromagnetic 

properties 

(Wang et al. 2016) 

 

 

    20 
β-cyclodextrin 

functionalized Fe3O4 

magnetic nanoparticles  

Co-precipitation method 

Layer-by-layer chemical 

method 

Removal of methylene blue 
(Zhou et al. 2016) 

 

    21 

β-Cyclodextrin 

modified with magnetic 

nanoparticles 

 

Non- covalently bonded by 

Host-guest inclusion 

β -Naphthol removal from wastewater 

(tanning agents, antioxidants, and antiseptics) 

(Song et al. 2016) 

 

     22 
Magnetic nickel ferrite 

nanoparticles 
Co-precipitation Removal of dipyrone 

(Springer et al. 2016) 

 

     23 
Magnetic CuO@Fe3O4 

nanocomposite 
Impregnation method Degradation of 2,4-dichlorophenol 

(Sun et al. 2015) 

 



27 
 

     24 

Rhodamine–

adamantane/ β-

cyclodextrin-modified 

Fe3O4@SiO2 

Host–guest interaction 

Multi-step process (Stober 

method) 

Chemosensor 
(Zhang et al. 2015) 

 

     25 
Nickel Ferrite-SiO2 /Ag 

Core/Shell 

Nanocomposites 

Chemical method 

(Sol-gel technique) 
New composite synthesis 

(Blanco-Esqueda et al. 

2015) 

 

     26 
Fe3O4 nanoparticles 

bearing aminated β-

cyclodextrin 

Chemical Co-precipitation 

method 

Removal of naproxen and carbamazepine and 

one EDC, Bisphenol A 
(Ghosh et al. 2013) 

 

Tables 2.4 and 2.5 provide an overview of the removal of KF and DCF using various adsorbents. Tables 2.6, 2.7 and 2.8 present the overview of 

the removal of CIP, LFH and CAF using various adsorbents. 

Table 2.4 Overview of removal of KF drug using various adsorbent 

S. No Adsorbent Parameters, mechanism, kinetics and isotherm Remarks Reference 

1 

Al/Ni layered 

double hydroxide 

onto polyaniline-

wrapped sisal 

fibres 

Adsorption capacity 38.68 mg/g, pH -5, dosage – 100 

mg, conc -100 mg/L, contact time – 90 min, 53 % 

removal efficiency,  

chemisorption, fitted with Temkin 

isotherm, pseudo second order 

kinetics 

(Negarestani et al. 

2024) 

2 

Silver 

nanoparticle-

modified luffa 

Adsorption capacity – 56.88 mg/g, pH -5, 

Contact time – 60 min, conc -100 mg/L, 97 % 

removal efficiency adsorbent dosage -25 mg,  

Fitted with Temkin isotherm, Pseudo 

second order kinetics 

(Tavassoli et al. 

2024) 
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3 

Acid-treated 

physalis 

peruviana 

biomass 

Adsorption capacity 172 mg/g, pH - 2 at 298 K, 

volume of solution - 50 mL, time - 240 mins, 

agitation rate - 150 rpm, dosage - 0.8 g/L,  

endothermic multilayer adsorption 
(Dhaouadi et al. 

2022) 

4 

Activated carbon 

prepared from 

winery wastes 

(ACWC) 

pH-3 0.5 mol/L of HCl solution, volume of solution-

20 mL, ACWC amount - 20 mg, agitation rate - 140 

rpm, shaking time - 300 min,  

Physisorption 
(Sellaoui et al. 

2021) 

5 
MnFe2O4/Bi2Mo

O6/PPy 

pH - 6, dosage - 0.6 g/L, T - 313 K, conc -5 to 40 

mg/L, adsorption capacity - 22.21 mg/g,  

Fitted with Langmuir, pseudo second 

order kinetics 
(Wang et al. 2021) 

6 ZnAl/biochar 
pH - 5, dosage - 0.1 g/L, T - 298 K, conc -25 to 125 

mg/L, adsorption capacity -1081.35 mg/g,  

O-H, C-H complex formation, anion 

exchange, fitted with Langmuir, 

pseudo second order kinetics 

(Li et al. 2021) 

7 
Copper 

nanoparticles 

pH - 5, dosage -1g/L, T-298 K, initial conc - 50 

mg/L, 89 % removal efficiency 

Fitted with pseudo first order 

kinetics, Langmuir and exothermic 

reactions 

(ALOthman et al. 

2021) 

8 
MnFe2O4/Bi2Mo

O6/PPy 

pH - 6, dosage -0.6 g/L, T-313 K, conc -5 to 40 

mg/L, adsorption capacity - 22.21 mg/g,  

Fitted with Langmuir and pseudo 

second order kinetics 
(Wang et al. 2021) 

9 
NiFe2O4/activated 

carbon 

pH - 2, dosage -0.5 g/L, T-328K, Conc – 10 to 100 

mg/L, adsorption capacity -97.95 mg/g,  

Physical interactions, fitted with 

pseudo second order kinetics, Sips 

isotherm 

(Fröhlich et al. 

2019) 

10 

Synthesized ionic 

liquids modified 

CNTs 

pH -7, dosage - 0.67 g/L, T- 298 K, initial conc - 5 to 

50 mg/L, 5 mins,  

π- π interactions, fitted with pseudo 

second order kinetics and Freundlich 

isotherm 

(Lawal et al. 2018) 
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Table 2.5 Overview of removal of DCF drug using various adsorbent 

S. No Adsorbent Optimized conditions Remarks Reference 

1 

Multiwalled carbon 

nanotubes 

functionalized with 

iron nanoparticles 

Adsorption capacity – 0.539 – 0.559 mmol/g, volume 

of solution – 10 mL, conc – 0.02 – 1 mmol/L, stirring 

speed -200 rpm, adsorbent dosage – 0.015 g 

equilibrium time – 6 hr 

Fitted with Langmuir isotherm 

model 
(Dutra et al. 2024) 

2 

Polyaniline-coated 

magnetic 

nanoparticles 

pH – 4, adsorbent dosage – 25 mg, contact time -10 min, 

adsorption capacity – 23.06 mg/g removal efficiency – 

90 %, stirring speed – 200 rpm 

Fitted with a pseudo second order 

kinetic model, Langmuir 

Freundlich dual-site model 

(da Cunha et al. 

2023) 

3 

Magnetic gelatin-

activated biochar 

from agricultural 

biomass 

pH - 6.50 adsorbent dosage - 2000 mg/L shaking time - 

600 min, adsorption capacity - 349.90 mg/g, T - 298 K 

Fitted with a pseudo second order 

kinetic model, Temkin isotherm 

model, electrostatic interactions, 

hydrogen bonds interactions and 

π–π interactions 

(Thi Minh Tam et 

al. 2022) 

4 

Carbon-

encapsulated iron 

nanoparticles 

Adsorbent dosage - 0.05 - 4000 mg/L shaking time - 30 

min, adsorption capacity - 74.38 mg/g  

Fitted with pseudo second order 

kinetics, lower concentration - 

monolayer adsorption, higher 

concentration - multilayer 

adsorption 

(Munoz et al. 2021) 

5 
Trimethylamine 

functionalized clay 

pH – 3, adsorbent dosage - 1000 mg/L shaking time - 

90 min, adsorption capacity - 387.25 mg/g, adsorption 

dosage - 1.5 g/L 

Fitted with Langmuir, pseudo 

second order kinetics 

(Shayesteh et al. 

2020) 

6 

Amino 

hydroxyapatite/chit

osan hybrids 

reticulated 

pH - 3, adsorbent dosage - 2000 mg/L, shaking time - 

15 min, adsorption capacity - 125 mg/g,  

Fitted with Pseudo first order 

kinetics, Pseudo second order 

kinetics, Langmuir isotherm 

(Pereira et al. 2020) 
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hydrogen bonding, electrostatic 

interactions, van der Waals force 

7 

Pyridine-

functionalized 

mesoporous SBA-

15 organosilica 

pH - 5.50 adsorbent dosage - 333.33 mg/L shaking 

time - 180 min, adsorption capacity -274-632 mg/g, 

Langmuir -Freundlich isotherm model, removal 

efficiency - 75-87%,  

electrostatic interactions and 

hydrogen bonds 
(Barczak 2018) 

8 

Commercial 

granular activated 

carbon 

pH - 4, adsorbent dosage - 500 mg/L, shaking time - 

60, adsorption capacity - 36.23 mg/g,  

Fitted with Freundlich isotherm, 

endothermic 

(de Franco et al. 

2018) 

9 

Magnetic poly (St-

AMPS) 

nanoparticles 

pH - 5.50, adsorbent dosage - 12,500 mg/L, shaking 

time - NIL, adsorption capacity - 150.60 mg/g, 

Langmuir isotherm - 150.062 mg/g, physisorption, 

removal efficiency - 91.3%,  

Fitted with pseudo second order 

kinetics 

(Hayasi and 

Saadatjoo 2018) 

10 

Magnetic amine -

functionalized 

chitosan 

pH - 4.50, adsorbent dosage - 600 mg/L, shaking time 

- 60, adsorption capacity - 469.48 mg/g,  

Fitted with Langmuir isotherm, 

pseudo second order kinetics, 

electrostatic interactions, 

hydrogen bonding 

(Liang et al. 2019) 

11 

Metal -Loaded 

Carbonated 

Mesoporous 

Calcium Silicates 

pH - 6, adsorbent dosage -1000 mg/L, shaking time - 

NIL, adsorption capacity - 23.70-11.80 mg/g, pristine 

MCS sample - 10 mg/L - 98 %, 20 mg/L - 77%, Ce-

MCS - 5mg/L- 69 % removal efficiency 

 pore filling, hydrogen bonds 

interactions and π- π interactions 

fitted with Langmuir isotherm 

(Tomul et al. 2019) 
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Table 2.6 Overview of removal of CIP using various adsorbent 

S. No Adsorbent Optimized conditions Remarks Reference 

1 

Nanofibrous 

membranes 

modified by 

zwitterionic 

polyelectrolyte 

brushes  

Adsorption capacity -245.6 mg/g, pH 

– 7, equilibration time – 15 hr, 

stirring speed – 120 rpm/min, Conc – 

30 to 150 mg/L, temperature – 298 – 

328 K,  

Fitted with pseudo second order kinetics  

Hydrogen bonding, electrostatic and π - π 

interactions 

(Wang et al. 

2024) 

2 

Pumice – 

Bentonite 

composites 

Adsorption capacity – 54 mg/g, pH -

2, contact time – 240 min, conc – 30 

mg/L, temperature – 298 K – 318 K,  

spontaneous, endothermic, fitted with Langmuir and 

DR isotherm, pseudo second order kinetics, π - π 

interactions, chemical complexation and surface 

interactions 

(Husain et al. 

2024) 

 

 

 

3 

 

Magnetic ML101-

Fe metal-organic 

framework/NiFe2

O4 

pH -8, adsorbent dosage - 20 mg for 

100 mg/L in 50 mL at the optimum 

time - 20 mins, adsorption capacity - 

796.23 mg/g, removal efficiency -100 

%. 

Fitted with Pseudo second order kinetic model, 

Langmuir isotherm model, hydrogen bonding, 

electrostatic and π - π interactions, pore filling, 

endothermic, 

(Bazgir et al. 

2022) 

 

4 

Porphyrin-Zr-

MOFs 

pH -7, (300 nm) adsorbent dosage - 

0.5 g/L, CIP initial concentration - 

10 mg/L, shaking time -180 min, 

adsorption capacity - 207.16 mg/g, 

removal efficiency -84 % 

Fitted with Pseudo second order kinetic model, 

homogeneous monolayer chemisorption, Langmuir 

isotherm, hydrogen bonding, π -π interactions, 

electrostatic interactions, exothermic 

(Zong et al. 

2021) 

 

 

5 

Metal-organic 

framework 

HKUST-1 

pH -7, adsorbent dosage - 0.5 g/L at 

the optimum time - 360 mins, initial 

concentration - 10-60 mg/L, 

adsorption capacity - 67.5 mg/g,  

Fitted with Pseudo second order kinetic model, 

Temkin isotherm model, hydrogen bonding, n - π and 

π - π interactions, endothermic. 

(Tran et al. 2020) 
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Cu/Cu2O/CuO@

C porous 

Composite 

 

 

6 

 

ZIF -67-SO4 

pH - 6.82, adsorbent dosage - 0.8324 

g/L, optimum time - 39.95 min, 

adsorption capacity - 2537.5 mg/g, 

removal efficiency - 99 %,  

Fitted with a Pseudo second order kinetic model, the 

Langmuir isotherm model. 

(Dehghan et al. 

2019) 

 

7 

 

Chitosan -grafted 

SiO2/Fe3O4 

pH - 12 adsorbent dosage - 1 mg, 

shaking time - 60 min, adsorption 

capacity - 100.74 mg/g 

Fitted with a Pseudo second order kinetic model, 

Langmuir isotherm, intraparticle diffusion as the rate-

limiting step 

(Danalıoğlu et al. 

2018) 

 

 

 

8 

 

 

Polyelectrolytes 

into alumina 

nanoparticles 

pH -7, adsorbent dosage - 5 mg/mL, 

shaking time - 90 min, adsorption 

capacity - 37.8 mg/g, removal 

efficiency - 99 %, pH -6, adsorbent 

dosage - 5 mg/mL, NaCl - 10 Mm, 

shaking time - 90 min, adsorption 

capacity - 100.74 mg/g, removal 

efficiency - 95 %,  

Fitted with the pseudo-second-order kinetic model, 

two step isotherm model, electrostatic interactions at 

low salt concentration and non -electrostatic 

interactions at high salt concentration 

(Dao et al. 2018) 

 

 

 

9 

 

Konjac 

glucomannan 

based zeolite 

imidazolate 

framework -8 

composite 

aerogels 

pH -7, adsorbent dosage - 20 mg/100 

mL, optimum time - less than 12 hrs, 

adsorption capacity - 811.03 mg/g at 

1500 mg/L of CIP concentration at 

303 K removal efficiency - 100 %,  

Fitted with Pseudo second order kinetic model, 

Langmuir isotherm model, electrostatic interactions 

and, endothermic. 

(Yuan et al. 

2018) 
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10 

 

Magnetic copper-

based metal-

organic 

framework 

pH -7, adsorbent dosage -2 mg/50 

mL, optimum time - 30 min, 

adsorption capacity - 538 mg/g,  

Pseudo second order kinetic model, Langmuir 

isotherm model, electrostatic and π–π interactions, 

exothermic. 

(Wu et al. 2018) 

 

 

11 

 

 

 

 

MIL 101-(Cr) 
pH - 8, adsorbent dosage - 1 mg for 

15 mg/L at optimum time - 90 min, 

adsorbent dosage - 1 mg for 25 mg/L 

at optimum time -50 mins, 

adsorption capacity -63.28 mg/g,  

Fitted with Pseudo second order kinetic model, 

Langmuir isotherm model, electrostatic and π -π 

interactions, exothermic. 

(Bayazit et al. 

2017) 

 

 

 

      12 

 

Zeolite 

imidazolate 

framework -8 

derived 

nanoporous 

carbon 

pH - 6, adsorbent dosage - 1 mg for 

10 mg/L at the optimum time - 21 

hrs, adsorption capacity - 416.7 

mg/g, removal efficiency - 99.6 %. 

Fitted with a Pseudo second order kinetic model, 

Both Langmuir and Freundlich isotherm models, 

hydrogen bonding, electrostatic and π–π interactions, 

pore filling, endothermic, 

(Li et al. 2017) 

 

Table 2.7 Overview of removal of LFH using various adsorbent 

S. No Adsorbent Optimized conditions Remarks Reference 

1 

Red mud-based 

CoFe2O4 / 

PMS 

PMS conc – 5 mmol/L, pH – 7, conc – 100 

mg/L, removal efficiency - 86.36 %, contact 

time – 12 min, dosage – 1.33 g/L  

Ball milling can improve the catalytic activity of 

Red mud based CoFe2O4 towards the removal of 

LFH 

(Gu et al. 

2024) 
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2 

Zr-based 

metal-organic 

framework 

from waste 

plastic bottle 

Adsorption capacity – 588 mg/g, pH -10, 

Temperature – 303 K, 313 K, 323 K 

 

Π- Π interactions, hydrogen bonding 
(Huang et al. 

2024) 

3 Au/TiO2 

Catalyst dosage - 0.15g, pH -5, initial 

concentration -10 mg/L, optimum time - 60 

min, removal efficiency - 90.15 % at room 

temperature 

Au/TiO2, in this the short wavelength light was 

converted into photogenerated carriers with TiO2 

support and the long–wavelength light was 

converted into heat, this caused the localized 

surface plasmon resonance effect of Au, 

synergistically promoting the LFH degradation 

(Duo et al. 

2022) 

4 NiFe2O4/CuS 

PMS - 0.6g/L, catalyst dosage (1:5) - 0.8 g/L, 

reaction temperature - 25°C, pH - 5.86, initial 

concentration - 10 mg/L, optimum time - 5 

min, reaction volume -50 mL, removal 

efficiency - 88.1% 

0.632 %, 0.061 % and 0.433 % of Cu, Ni and Fe 

ions leached, this reflects the physical and 

chemical stability of the catalyst 

(Zhang et al. 

2022) 

5 

Natural 

Hematite/Persu

lfate 

PS - 0.8 mmol/L, catalyst dosage - 50 mg/L, 

reaction temperature - 25°C, pH- 2.87 - 8.84, 

initial concentration - 10 mg/L, optimum 

time - 120 min, reaction volume -50 mL, 

removal efficiency - 82.2% 

Natural Hematite/Persulfate showed excellent 

removal of antibiotics in wastewater, and metal 

ions dissociated showed good stability and low 

risk of secondary contamination during LFH 

degradation 

(Guo et al. 

2022) 

6 UiO-66MoS2 

Catalyst dosage (1:2) - 0.03 g/L, reaction 

temperature - 25 °C, initial concentration -20 

mg/L, optimum time - 90 min, reaction 

volume - 100 mL, removal efficiency - 87 % 

at 40°C,  

Pseudo-first order kinetics 
(Gao et al. 

2021) 

7  
PMS - 0.2g/L, catalyst dosage - 0.6g/L, 

reaction temperature - 25°C, pH - 5.52, initial 

87.5   % removal efficiency was observed after 

five consecutive re-use. 

(You et al. 

2021b) 
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MBC/CoFe2O4

/PMS 

concentration -10 mg/L, reaction volume - 50 

mL, optimum time - 20 min, removal 

efficiency - 86.9%. 

8 
 

Co-Cu-LDH 

PMS - 0.15g/L, catalyst dosage - 0.04 g/L, 

reaction temperature - 25°C, pH - 6.67, initial 

concentration - 10 mg/L, optimum time -5 

min, removal efficiency - 96.19% 

The catalyst had excellent stability, crystallinity, 

and reusability after six cycle runs the removal 

efficiency was 83.11 % 

(Guo et al. 

2020b) 

9 
AC@CoFe-

LDH 

PS - 0.2g/L, catalyst dosage (1:2) - 1 g/L, 

reaction temperature - 25°C, pH - 5, initial 

concentration -5 mg/L, optimum time - 60 

min, reaction volume - 100 mL, removal 

efficiency - 93.2 % at 40 °C and 82.2% at 20 

°C 

The catalyst showed good stability and reusability 

after three cycle runs the removal efficiency was 

found to be 80 % (Ma et al. 

2020) 

 

10 

Bi2O3/CuNiFe

LDHs 

PS - 0.74 mM, catalyst dosage (1:1) - 0.4 g/L, 

reaction temperature - 25 °C, initial 

concentration - 10 mg/L, pH - 6.08, optimum 

time - 40 min, reaction volume -100 mL, 

removal efficiency - 84.6 % at 40°C, Pseudo-

first order kinetics. 

Large pore volume and high specific surface area 

provided more active sites 

(Zhang et al. 

2020a) 

11 

 

Co3O4/δ-

FeOOH 

PMS - 0.49 mM, catalyst dosage - 0.25g/L, 

reaction temperature - 25°C, pH - 6.08, initial 

concentration -10 mg/L, reaction volume - 50 

mL, optimum time - 25 min, removal 

efficiency -> 82%,  

Fitted in first order kinetics 
(Zhang et al. 

2019b) 

 

 



36 
 

Table 2.8 Overview of removal of CAF using various adsorbent 

S. No Adsorbent Optimized conditions Remarks Reference 

1 
Thermally modified 

bentonite 

pH – 8 contact time – 120 min, adsorption 

capacity – 80.3 mg/g, stirring speed 400 rpm, 

removal efficiency – 96.54 %, adsorbent 

mass – 111.8 mg/g, Conc – 21.8 mg/L,  

Fitted with pseudo second order 

kinetic and Elovich model 

(Quintero-

jaramillo et al. 

2024) 

2 

Zeolite imidazolate 

frameworks based  

on magnetic on  

three-dimensional 

graphene  

pH – 7, Volume of solution – 4 mL, conc – 5 

mg/L, adsorbent dosage – 50 mg, Stirring 

speed – 45/20 min, Removal efficiency – 

96.55%, adsorption capacity – 19.56 mg/g 

Fitted with pseudo second order and 

Langmuir isotherm model, 

chemisorption 

(Hua et al. 2024) 

3 

Graphene oxide 

magnetic 

nanocomposite 

H2O2 -5 mmol, catalyst dosage - 0.2g/L, pH - 

3, initial concentration - 1000 µg/L, reaction 

volume - 50 mL, optimum time - 90 min, 

degradation efficiency - 97.32 % 

Fenton degradation of CAF, after five 

consecutive cycles of degradation 

resulted in a decrease in the removal 

efficiency from 98 to 82 % 

(Ramirez-

Ubillus et al. 

2022)  

4 Magnetic -hematite 

Catalyst dosage - 0.13 g/L, initial 

concentration and volume - 20 mg/L/150 mL, 

reaction time -60 min, removal efficiency - 

98% 

Density functional theory helped in 

finding the stable species during CAF 

degradation, after five recycle there 

observed no performance loss. 

(Fernandes et al. 

2021)  

5 Ce -TiO2 

Ozone - 2.5 mg/L, catalyst dosage (0.5 

weight %) - 0.05 g, room temperature, pH - 

6, initial concentration - 2.57×10-5 M, 

reaction volume - 300 mL, optimum time - 

120 min, removal efficiency - 99.9 % 

Highly mesoporous structure 

possessed large surface area and fitted 

with first order kinetics 

(Ndabankulu et 

al. 2019) 

 

6 
ZnO supported on 

zeolite pellets 

PMS - 0.2 mM, catalyst dosage - 200 mg/L, 

pH - 7.10, initial concentration - 0.05 mM, 

The five successive recycle of 

photocatalytic oxidation of CAF using 

(Sacco et al. 

2018) 
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optimum time - 120 min, removal efficiency 

- 98 % 

a catalyst resulted in the same removal 

efficiency. 

 

7 Cobalt nanosheet 

PMS -150 mg/L, catalyst dosage -50 mg/L, 

pH -9, initial concentration -50 mg/L, 

optimum time -20 min 

CoNS could re-used with PMS for the 

degradation of CAF with no activity 

loss. It is a highly effective and stable 

2D catalyst 

(Lin et al. 2018)  

8 
Mg doped ZnO -

Al2O3 

Catalyst dosage (1%) - 20 mg/L, initial 

concentration - 0.3 g/L, reaction volume -2 L, 

pH - 9.5, Irradiation time - 70 min, 

Degradation efficiency - 98.9% 

1 % Mg-doped ZnO -Al2O3 sample 

showed the highest adsorption 

capacity and photocatalytic activity in 

the degradation of CAF 

(Elhalil et al. 

2018)  

9 ZnO -ZnAl2O4 

Catalyst dosage - 0.3g/L, pH - 9, initial 

concentration - 20 mg/L, optimum time - 90 

min, degradation efficiency - 97.32 % 

The 3M and catalyst calcined at 500 

°C with a larger adsorption capacity 

than Degussa P-25 Titanium dioxide  

(Elhalil et al. 

2017)  

10 

Cobalt/Carbon 

nanocomposite -ZIF 

-67 

Oxone - 250 mg/L, catalyst dosage - 50 

mg/L, reaction temperature - 20 °C, reaction 

time - 120 min 

Magnetic carbon-supported cobalt 

could be a promising heterogeneous 

catalyst in the degradation of CAF 

using PMS 

(Andrew Lin 

and Chen 2016)  

11 
Cobalt 

MCM41/PMS 

PMS - 0.2 mM, catalyst dosage - 200 mg/L, 

pH - 7.10, initial concentration - 0.05 mM, 

optimum time -120 min, degradation 

efficiency - 98 % 

The experimental data were fitted in 

both pseudo first and second order 

kinetics 
(Qi et al. 2014)  
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The functionalization of silane as a coupling agent, β-CD and amino acid over the adsorbent 

or as a catalyst in the removal of emerging hazardous PPCP is seen to grow from the literature 

study. This is because, in the coupling of silane, there observed a stable formation of Si-O-Si 

in the stober type reactions by undergoing hydrolysis of the n-silane alkoxy groups to highly 

reactive silanol species and condensation of the resulting silanols with surface-free OH groups 

to form stable Si-O-Si bonds by forming an amorphous silica shell on the NFO surface (Bruce 

and Sen 2005; Enache et al. 2017b; Malay et al. 2013; Soto-Cantu et al. 2012). The 3-glycidyl 

trimethoxy silane (3-GPTMS) acts as a linker between the stable formation of inorganic 

amorphous silica and β-CD which are pseudo-amphiphilic molecules outside with 21 groups 

of OH reacting molecules and hence the removal of pollutants upon β-CD happens irrespective 

of its physicochemical properties(Chen et al. 2021; Moulahcene et al. 2023). 

The functionalization of amino acids with at least one amino group (-NH2) and one carboxyl 

group (-COOH) could improve the stability of nickel ferrite nanoparticles as well as its ability 

to absorb the targeted contaminants by providing strong chelating sites. L-Leucine one among 

the 20 kinds of amino acid, is an aliphatic branched-chain amino acid consisting of one proton 

donor carbonyl group and one proton acceptor amino group that exists as zwitterions. L-

Leucine coated cobalt ferrite has been used in the biomedical application specifically for drug 

delivery (Adhikari and Kar 2012; Zhang et al. 2020b). 

2.5 SCOPE AND OBJECTIVES 

2.5.1 Scope 

The present research aims to synthesis nickel ferrite nanoparticles (NFO)/ nanocomposites for 

the removal of pharmaceutical pollutants such as ketoprofen (KF), diclofenac (DCF), 

ciprofloxacin (CIP), lomefloxacin hydroxide (LFH) and caffeine (CAF). 

2.5.2 Objectives 

The following are the objectives of the research work framed to accomplish the above aims: 

1. To synthesis, the nickel ferrite nanoparticles via a suitable wet-chemical method. 

2. To study and analyze the stability, physical, chemical, thermal and magnetic properties of 

synthesized metal oxide nanoparticles 

3. To identify the suitable compound and grafting techniques for the functionalization of 

nanoparticles. 
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4. To optimize the functionalization process and characterise nanocomposites. 

5. To study the effective removal efficiency of the various emerging hazardous pollutants 

using the nanocomposites and optimize the batch experiments by varying the operating 

parameters. 

6. To study the regeneration capacity and recyclability of the nanocomposite. 

2.6 RESEARCH GAP 

The quality of our water resources is deteriorating day by day due to the continuous addition 

of undesirable chemicals in them. Among various water pollutants, the residues of drugs and 

pharmaceuticals (new emerging pollutants) in water are hazardous. Drugs and pharmaceuticals 

are used to cure different diseases in human beings. But also have certain side effects and if the 

drugs and pharmaceuticals residues entered into the human body can cause severe side effects. 

These pollutants also target some organisms, which are responsible to sustain our earth's 

ecosystem. In this way, the new emerging pollutants are disturbing our ecology (Ali and Aboul-

Enein 2004; Ali and Gupta 2007; Basheer 2018b; Crane et al. 2006; Falconer et al. 2006). 

Therefore removing these emerging pollutants at trace levels is a rising research area that 

appeals to academicians, researchers, clinicians, regulatory authorities and the need of the day 

in environmental science (Rocha et al. 2020). There are various materials used in different 

pollutant removal. Firstly, the activated carbon was used to remove pollutants from water, 

which later on, was replaced by some cost-effective materials (Ali 2010; Ali and Gupta 2007; 

Larsen et al. 2004).  

During the last two decades, nanotechnology has been developed with its applications in every 

discipline of science and technology, including water treatment. These nano-sized adsorbents 

have been called new-generation adsorbents (Ati et al. 2013). Nickel ferrite nanoparticles have 

unique characteristics such as catalytic potential, small size, high reactivity, and large surface 

energy with high adsorption capacity in varied experimental and natural environmental 

conditions. The surface modification of nickel ferrite nanosized particles can still enhance their 

overall properties which can serve as a novel and low-cost promising material that replaces 

activated carbon (Turk Sekulic et al., 2019). Hence, research in this field will provide alternate 

eco–friendly surface-modified adsorbents for the removal of emerging pollutants and thus will 

go a long way in reining the menace of potable water scarcity existing in many parts of the 

world (Kumar et al. 2020). 
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CHAPTER 3 

MATERIALS AND METHODS  

To synthesis Nickel Ferrite nanocomposite material, the following methodologies were 

adopted. The nanocomposite material thus synthesised was subjected to characterization and 

further checked for its potential to remove and degrade the pharmaceutical and personal care 

products pollutants such as KF, DCF, CIP, LFH and CAF 

3.1 Choice of precursor salts 

The precursor salts for the preparation of bare and functionalized nanoparticles/nanocomposite 

would be chosen based on solubility, i.e. (easily soluble) and purity of the salts. 

3.1.1 Materials and Methods 

The pollutant drugs and the prime chemicals used in the functionalization with their chemical 

formula, structure and CAS Number are listed in Table 3.1. 

Table 3.1 List of pollutant drugs and main chemicals used in functionalization 

Compound Structure 

Molecular 

weight (MW) 

(g/mol) 

CAS 

Number 

Purity 

 

Nickel nitrate 

hexahydrate   
(Ni(NO3)2.6H2O)  

290.79 3478-00-7 98% Extra Pure 

Ferric nitrate 

nonahydrate AR/ACS 
(Fe(NO3)2.9H2O) 404 10421-48-4 98% 

Sodium Hydroxide 

pellets 
Na–OH  

 

39.99 

 

 

 

1310-73-2 

 

 

98% 

  

Oleic acid 

 

 

282.5 

 

112-80-1  
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Sodium hydride Na-H 24 7646-69-7 60% Extra Pure 

Ammonia solution 

 
 

17.031 1336-21-6 25% extra pure 

Hydroxypropyl-β-

Cyclodextrin (HPB 

CD)  
C42H70-nO35 · 

(C3H7O)n 

1400 1    28446-35-5 Exiplus 98% 

Tetraethyl 

Orthosilicate (TEOS)  
SiC8H20O4 

208.33 78-10-4 
Extra pure 98% 

28-28.8% SiO2 

Ethanol (solvent)  
C2H5OH 

46.07 
64-17-5 

 
99.9% 

KF 
 

C16H14O3 

254.281 22071-15-4 > 98.0% 

DCF sodium salt 
 

C14H11Cl2NO2 

 

296.1 

 

15307-79-6 - 

N, N-

Dimethylformamide 

anhydrous 
 

HCON(CH3)2 

73.09 

 

68-12-2 

 

99.8% 
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Nickel nitrate hexahydrate (Ni(NO3)2.6H2O) 98% extra pure, ferric nitrate nonahydrate 

AR/ACS (Fe(NO3)2.9H2O) 98%, sodium hydroxide pellets 98% AR, sodium hydride (NaH) 

suspension 60% extra pure, ammonia solution 25% extra pure, oleic acid (C17H33COOH) were 

purchased from Loba Chemie, Mumbai, India. Hydroxypropyl-β-Cyclodextrin (HPBCD) 

Exiplus 98%, tetraethyl orthosilicate (TEOS) extra pure 98%, 28-28.8% SiO2 were bought from 

SRL; ethanol solvent was purchased from Changshu. KF > 98.0% purchased from TCI and 

DCF sodium salt, N, N-Dimethylformamide anhydrous 99.8%, and (3-Glycidyloxypropyl) 

trimethoxysilane (3-GPTMS) ≥ 98%, methanol was purchased from Sigma Aldrich. Ninhydrin 

(AR/ACS) Indantrione Hydrate was purchased from Loba Chemie. Lomefloxacin 

3-Glycidyloxypropyl 

trimethoxysilane 

(3-GPTMS) 

 
C9H20O5Si 

 

 

236.34 

 

2530-83-8 ≥ 98%, 

Methanol 
 

CH3OH 

32.04 67-56-1 99 % 

L-Leucine 

 
 

 

C6H13NO2 

131.18  99% 

Ciprofloxacin 

 

 

 
C₁₇H₁₈FN₃O₃ 

331.34 85721-33-1 >98% 

Lomefloxacin 

Hydrochloride 

 

 

 
C17H19F2N3O3.HCl 

387.81  >98% 

Ninhydrin 

(AR/ACS) 

Indantrione 

Hydrate 

 
C9H6O4 

 

 

178.14 

  

 

Caffeine 
C8H10N4O2 

 

194.19 
 >99% 
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Hydrochloride > 98% purchased from TCI, ciprofloxacin ≥ 98 % from Sigma Aldrich, L-

leucine 99 % purchased from Otto Chemie Pvt. Ltd, ethylene glycol 99 % EMPLURA® was 

purchased from Merck Life Science Private Limited. Potassium monopersulfate triple 

salt/oxone/potassium peroxymonosulfate (KHSO4, Oxone®), caffeine was purchased from 

EMPARTA® ≥ 99 % Merck grade.  

3.2 Synthesis of adsorbent 

NFO, NFO@SiO2, NFO@SiO2@β-CD and NFO@L nanocomposite were synthesized in a 

step-by-step procedure in the section from 3.2.1 to 3.2.4. 

3.2.1 Synthesis of NFO nanoparticles 

Nanosized NFO particles were synthesized by the facile co-precipitation method. The 

precursor materials such as nickel nitrate hexahydrate (Ni(NO3)2).6H2O and ferric nitrate 

nonahydrate (Fe(NO3)3).9H2O were weighed in a stoichiometric ratio of 1:2 and dissolved 

separately for few min. The clear and homogeneous solution was mixed at 200 - 250 rpm and 

heated to a temperature of about 80 °C. Then, 3M sodium hydroxide (NaOH) was added slowly 

in a dropwise manner; the temperature was then raised to 95°C, to which 4 to 5 drops of oleic 

acid were added and stirred for about 40 min. A black-coloured precipitate thus formed was 

magnetically detached by rinsing several times with distilled water and ethanol. The final 

product was dried overnight at 60 °C in a hot-air oven. The dried powder was grounded well 

and calcined at 400 °C for an hour in a furnace. Thus the nanocrystalline NFO particles were 

obtained (Maaz et al. 2009).  

NiNO3.6H2O + 2Fe (NO3)3.9H2O + 8NaOH                 Ni(OH)2 + 2Fe (OH)3 + 8NaNO3 + 6H2O 

           (3.1) 

Ni(OH)2 +2Fe(OH)3                 NiFe2O4 + 4H2O      (3.2) 

3.2.2 Optimization of NiFe2O4@SiO2 nanoparticles 

A reaction mixture was prepared with 0.01 g, 0.5 g, and 0.1 g of bare NFO nanoparticles in a 

solution containing 50 mL distilled water, 150 mL ethanol, and 10 mL ammonia were sonicated 

for 10 min, and 2 mL tetraethyl orthosilicate (TEOS) was added dropwise, after which it was 

stirred for 6 hrs. The NFO@SiO2 were separated using an external magnet. The decanted 

nanoparticles were washed with ethanol and distilled water and then dried overnight at 60 °C 

(Isasi et al., 2019). The same procedure with the appropriate amount of NFO was varied with 
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the volume of TEOS (1 mL, 1.5 mL, 2 mL, 2.5 mL, 3 mL) and stirred for 6 hrs. The procedural 

method of attachment of TEOS onto NFO is shown in Fig. 3.1 (a) and (b). 

 

 

Fig. 3.1 (a) Schematic representation of procedural attachment of TEOS onto NFO using the 

Stober method 

 
 

Fig. 3.1 (b) Schematic representation of attachment of NFO@SiO2 

3.2.2.1. Reaction involved in the Stober method 

TEOS undergoes hydrolysis in a mixed ethanol/ammonia solution to produce silanol 

monomers, in which the ethoxyl groups (-Si-OEt) are replaced with silanol groups (-Si-OH) 

Si(OEt)4+xH2O ⇌ Si(OEt)4-x (OH)x+x(EtOH)                                                                                  (3.3) 
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The silanol monomers undertake condensation between two silanol groups from the above 

reactions to generate branched siloxane clusters, which are further linked to trigger the 

nucleation and growth of silica particles. 

 2Si(OEt)4-x (OH)x  ⇌ (EtO)8-2x  (Si-O-Si)(OH)2x-2  + H2O                                        (3.4) 

The silanol monomers may also react with the unhydrolyzed ethoxyl groups of TEOS via 

condensation between silanol and ethoxyl groups (Han et al. 2017) 

Si(OEt)4-x (OH)x+ Si(OEt)4 ⇌ (EtO)7-x  (Si-O-Si)1(OH)x-1+EtOH                                       (3.5) 

3.2.3 Synthesis of NFO@SiO2@GPTMS@β-cyclodextrin 

 

 

Fig. 3.2 (a) Schematic representation of procedural linkage of 3 – GPTMS and β-CD to 

NFO@SiO2 

A reaction mixture of 1.25 g of β - cyclodextrin (β-CD) and 0.5 g of sodium hydride (NaH) in 

50 mL of N, N-Dimethylformamide anhydrous (DMF) was mixed under constant stirring 

until the formation of a well-mixed viscous solution, after which the mixture was filtered. 0.5 

g of NFO@SiO2 was taken in a three-necked round bottom flask to that the filtered reaction 

mixture, and 5 mL of 3-Glycidyloxypropyl Trimethoxysilane (3 - GPTMS) was added in a 

dropwise manner and heated at 70 °C. Simultaneously, 10 mL of 25 % ammonia solution was 

added to the reaction mixture on the other side. Once the thick grey-coloured colloidal mixture 
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was formed, the reaction mixture was cooled to room temperature, then it was washed and 

filtered several times with distilled water and dried overnight at 60 °C (Lv et al., 2014). The 

schematic representation of procedural attachment of 3-GPTMS and β-CD to NFO@SiO2 and 

formation of NFO@SiO2@GPTMS@β-CD is shown in Fig. 3.2 (a) and (b).  

 

 

Fig. 3.2 (b) Schematic representation of NFO@SiO2@GPTMS@β – cyclodextrin 

3.2.4 Synthesis of Nickel ferrite@L-Leucine (NFO@L) 

 

Fig 3.2 (c) Schematic representation of procedural attachment of L-Leucine onto NFO 
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The precursor salts with a molar concentration of 0.2 M nickel nitrate hexahydrate 

(Ni(NO3)2).6H2O, 0.4 M ferric nitrate nonahydrate (Fe(NO3)3).9H2O and 0.5 M L-Leucine 

were mixed in a round bottom flasks and kept in constant stirring at room temperature; to the 

obtained mixture 40 mL of ethylene glycol was added. Once the L-Leucine in the solution was 

dissolved completely, 2 M NaOH solution was added in a dropwise manner using a syringe 

and stirred for about 10 min. The mixture was then transferred to a Teflon-coated autoclave 

and was maintained at 423 K for about 12 hrs, after which the autoclave was allowed to cool 

down. The resulting mixture is filtered and washed with distilled water and further dried in an 

oven at 333 K overnight (Zhang et al. 2020b). 

3.3 Characterization studies of the NFO nanocomposites 

The properties of synthesized NFO nanoparticles and NFO nanocomposite were investigated 

using techniques such as Fourier transform infrared spectroscopy (FT-IR), X-ray diffraction 

analysis (XRD), Field emission scanning electron microscopy (FESEM) / Energy Dispersive 

X-ray Diffraction (EDX), Atomic force microscopy (AFM), vibrating sample magnetometer 

(VSM), thermal gravimetric analysis (TGA)/Derivative thermogravimetric analysis (DTG), 

Brunauer-Emmett-Teller (BET)/Barrett-Joyner Halenda (BJH) model, zeta potential and 

particle size analysis.  

FT-IR spectra of NFO and NFO nanocomposite (before and after removal) were recorded using 

an FTIR/ATR Perkin Elmer spectrum system with a resolution of about 1 cm-1 in the 4000 to 

450 cm-1 range. XRD was performed in EMPYREAN with the anode material Cu and K-Alpha 

wavelength of 0.154 nm in spinner mode for β-CD, NFO, NFO@SiO2, NFO@SiO2@β-CD, 

NFO@L. The particle morphology, shape, and size of the nanoparticles/ nanocomposite were 

characterized using a FESEM Zeiss GeminiSEM 300-820201722 analyzer at a magnification 

of 200 nm; before imaging, the samples were gold sputtered due to the charging effect of the 

nanoparticles and nanocomposite, and the elements constituted in the NFO and functionalized 

NFO were observed and identified using EDX at 200 keV. The thermal stability, oxidative 

stability, and decomposition kinetics of the NFO, NFO@SiO2@β-CD and NFO@L were 

investigated using a Perkin-Elmer Pyris Diamond 6000 TGA/DTA/DTG analyzer. The 

magnetic properties of NFO, NFO@SiO2@β-CD and NFO@L were investigated using the 

VSM Lakeshore 7410S model at room temperature in a magnetic field of 1.5 T with an average 

time of 3 seconds and a field increment of 500 Oe.  

The BET multi-point method was used to estimate the specific surface area, pore volume, and 

pore radius of the NFO nanoparticles and NFO nanocomposites using Quantachrome® 
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ASiQwinTM- Automated Gas Sorption Data Acquisition and reduction under nitrogen gas at 

77.35 K. The particle size distribution and surface charge of the NFO, NFO@SiO2@β-CD and 

NFO@L were measured using an Anton Paar Lite sizer 5; the analysis was performed using 

the salt addition method with 50 mg of NFO and NFO nanocomposites each separately was 

dispersed in 50 mL of 0.1 M NaNO3 for 24 hrs at varied pH using 0.1 M NaOH and HNO3 at 

room temperature. The presence of amino acid-functionalized NFO nanoparticles was 

confirmed with the ninhydrin test. The leaching of nickel and iron ions from the NFO 

nanoparticles in the final analyte of the respective pollutant was also determined using the 

Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES) Agilent Technologies 

MY15340006 instrument. 

3.3.1 Ninhydrin test for NFO@L nanocomposite 

 

 

 

Fig. 3.3 Ninhydrin test of L-Leucine functionalized onto NFO 

Initially, NFO@L nanocomposite was dispersed in 0.2 % w/v of ninhydrin solution prepared 

in a phosphate buffer. The nanocomposite in ninhydrin solution was heated in a water bath at 

75 °C for about 15 min as in Fig. 3.3. Further cooling of the solution, the NFO@L 

nanocomposite was separated using an external magnet. The resulting colour change confirms 

the presence of amino acid attached to the NFO nanocomposite (Arévalo-Cid et al. 2018).  

3.4. Stock solution and UV -Visible scan for pharmaceutical pollutants 

The stock solution and standard working solution for each of the pollutant concentrations were 

prepared and scanned in the UV-visible spectrophotometer and it is presented in sections 3.4.1 

to 3.4.6. 
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3.4.1 Preparation of stock and working solution & UV-visible scan for KF and DCF 

The stock solution of KF was prepared by dissolving 100 mg KF in 25 mL methanol and 75 

mL distilled water in a 100 mL standard flask. Methanol was used as a solvent to dissolve the 

KF drug. DCF stock solution was prepared by dissolving 100 mg DCF in 100 mL of distilled 

water. 10 mL KF solution and 10 mL DCF solution at concentrations such as 2, 4, 6, 8, 10, 12 

and 14 mg/L and 2, 4, 6, 8, 10, 12, and 14 mg/L respectively were prepared and scanned using 

UV-spectrophotometer at a wavelength between 200 to 800 nm which were shown in Fig. 3.4 

(a) and (b).  

 

  

Fig. 3.4 (a) KF and (b) DCF at different concentrations and their respective absorbance 

3.4.2 Preparation of working solution & UV-visible scan for CIP and LFH 

10 mL of different solution concentrations such as 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11 and 12 mg/L 

for CIP and 1, 2, 3, 4, 5, 6, 7, 8, 9 and 10 mg/L for LFH solution was prepared and scanned 

using a UV-spectrophotometer at a wavelength between 200 to 800 nm, as shown in Fig. 3.5. 

 

(a) (b) 
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Fig. 3.5 UV-Visible absorbance of (a) CIP and (b) LFH solution for different 

concentrations 

3.4.3 Preparation of working solution & UV-visible scan of CAF 

 

Fig. 3.5 (c) UV-Visible absorbance of CAF for different concentrations 

10 mL of different solution concentrations such as 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 and 11 mg/L of 

CAF was prepared and scanned using a UV-spectrophotometer at a wavelength between 200 

to 800 nm, as shown in Fig. 3.5. 
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3.4.4 Calibration plot for KF and DCF 

The known concentrations of KF and DCF aqueous solutions scanned at 260 and 276 nm 

respectively against their corresponding absorbance were plotted to obtain the calibration plots 

as displayed in Fig. 3.6 (a). The unknown concentrations of KF and DCF sample solutions were 

obtained using the calibration plots. 

 

Fig. 3.6 (a) Calibration plot of KF and DCF 

3.4.5 Calibration plot for CIP and LFH 

 

Fig.  3.6 (b) Calibration plot of CIP and LFH aqueous solutions 
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The absorbance of CIP and LFH was observed at the wavelength of 277 nm and 281 nm 

respectively. The scanned wavelengths for each of the concentrations are presented in Fig. 3.6 

(b), and the unknown concentrations are obtained from the calibration plot.  

3.4.6 Calibration plot for CAF and LFH 

 

      Fig.  3.6 (c) Calibration plot of CAF and LFH 

Fig. 3.6 (c) depicts a calibration plot for both CAF known concentration solutions and their 

respective absorption spectrum. The wavelengths of the final filtered samples were analyzed 

in the 273 nm for CAF. The standard calibration graph was employed to compute the final 

concentration. 

3.5 Batch experimental investigation on the removal of pharmaceutical pollutants 

All experiments were carried out by changing one variable at a time in a 100 mL volume of 

solution each containing a 10 mg/L concentration of KF, DCF, LFH and CIP at room 

temperature. Initially, a 10 mg NFO@SiO2@β-CD nanocomposite was taken in a 100 mL 

volume of solution each containing a 10 mg/L concentration of KF and DCF in which the pH 

was varied from 3 to 10. Similarly, 10 mg of NFO@L nanocomposite was taken in a 100 mL 

volume of solution each containing a 10 mg/L concentration of LFH and CIP in which the pH 

was varied from 4 to 11 using 0.1M NaOH and HCl. The contents were kept in a rotary shaker 

at 120 rpm for 12 hrs. Under optimal pH, the different dosage of NFO@SiO2@β-CD 

nanocomposite was varied from 10 mg to 140 mg in each of the KF and DCF aqueous solutions. 
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In the same way, NFO@L nanocomposite dosage was varied from 10 mg to 120 mg for CIP 

and 10 to 80 mg for LFH. The obtained optimal pH, dosage of NFO@SiO2@β-CD was used 

to vary the initial concentration of KF and DCF aqueous solutions from 10 mg/L to 60 mg/L. 

Likewise, with the fixed NFO@L nanocomposite dosage and pH, the initial concentration of 

the LFH and CIP was varied as 5, 10, 20, 30 and 40 mg/L. All the parameters other than varied 

reaction time were maintained at an equilibrium time of 12 hrs in a rotary shaker.  

The effect of time was investigated at the optimized conditions; at the outset, the DCF final 

sample was withdrawn for every 5 min for the first half an hour after which both the KF and 

DCF final aliquots, were withdrawn for every 30 min. Similarly, the obtained optimized 

parameters were utilized in studying the effect of reaction time for the removal of LFH and CIP 

by withdrawing the sample at a regular time interval of 10 min upto 180 min for both pollutants. 

The effect of temperature on the removal of LFH and CIP was also studied at temperatures 

such as 303 K, 313 K, 323 K, 333 K and 343 K. After each adsorption experiment, the sample 

was withdrawn using an external magnet and a nylon syringe filter (0.22µm) and the final 

analytes were subjected to UV-visible spectrophotometric analysis at the drugs' maximum 

wavelength. Thus, the obtained absorbance was used in calculating the final concentration by 

constructing a calibration graph as mentioned in section 3.4. The experimental datum from the 

parametric study was used in kinetic and isotherm studies. The removal percent and adsorption 

capacity were calculated using the below equation (3.6) and (3.7). The equilibrium adsorption 

capacity qe of the nanocomposite adsorbent was calculated using the below equation 3.6 

qe =
(Co−Cf)×v

m
                    (3.6) 

The % η removal efficiency was calculated using the equation (3.7) 

% Removal efficiency η =
  (Co−Cf)

Cf
× 100                 (3.7) 

Co and Cf are the initial and final concentrations of drugs (mg/L), respectively; v is the volume 

of the solution (L), and m is the mass of the adsorbent (g). Using equations 3.6 and 3.7, the 

equilibrium adsorption capacity (qe mg/g), adsorption capacity at any time t (qt, mg/g), and 

drug removal efficiency (%) were calculated. The kinetics and adsorption isotherms were 

studied based on the experimental results (Fröhlich et al. 2019). 

3.6 Degradation experiment for the removal of CAF and LFH 

All experiments were conducted at ambient conditions, with a 10 mg/L concentration of LFH 

and CAF in a 100 mL volume of an aqueous solution. Initially, PMS alone was varied from 0.1 
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to 0.6 mM without catalyst, and the molar ratio of PMS at which the maximum removal percent 

attained was taken for pH studies, in which pH was varied from 3 to 8 with 10 mg of NFO 

nano-catalyst; then, with the optimized PMS and pH, the amount of NFO nano-catalyst was 

varied from 10 mg to 90 mg. By varying the initial concentrations of each of the pollutants 

from 10 to 40 mg/L, the optimal NFO dosage that can degrade specific concentration of both 

pollutants at maximum extent was found. The equilibrated values were kept constant to 

determine the required dosage of PMS for the optimized NFO nano-catalyst to degrade these 

pollutants. Following that, the time required to degrade these pollutants were tested by 

withdrawing the sample at regular intervals of 10 min. The final aliquots were filtered, and the 

filtered samples were tested for UV-visible spectrophotometric analysis. Equation 3.8 was used 

to calculate the degradation percentage. 

ƞ =
Co−Cf

Co
× 100                                                                          (3.8) 

where ƞ is the degradation efficiency of LFH and CAF. Co is the initial concentration of the 

solution in mg/L and Cf is the final concentration of the solution (mg/L). 

3.6.1 Quantification of β-CD in the final analyte of KF and DCF using spectrophotometric 

titration 

The mass of β-CD in the range of 10, 20, 30, 40, 50, 60, 70 and 80 mg was varied in a 0.02 

mg/mL of phenolphthalein solution as a calibrant prepared in a carbonate buffer at pH 10.5. 

The aforementioned calibrant solution with β-CD was used in plotting the standard calibration 

graph from which the unknown concentration of β-CD in the NFO nanocomposite and the 

presence of β-CD in the final analyte of both pollutants were determined. A 20 mg of NFO 

nanocomposite to 20 mL of phenolphthalein solution was stirred for 2 hrs, after which the 

solution with the nanocomposite was filtered and subjected to UV-vis spectrophotometric 

analysis. The content of β-CD in the nanosorbent was calculated from 

𝐶𝛽−𝐶𝐷 =
𝑉𝑝ℎ𝑒𝑛𝑜𝑙𝑝ℎ𝑡ℎ𝑎𝑙𝑒𝑖𝑛×𝐶𝑆

𝑚𝑠𝑜𝑟𝑏𝑒𝑛𝑡×𝑀𝛽−𝐶𝐷
                                                                                                   (3.9) 

Where 𝐶𝛽−𝐶𝐷 is the content of β-CD in nanocomposite sample (mmol/g), 𝑉𝑝ℎ𝑒𝑛𝑜𝑙𝑝ℎ𝑡ℎ𝑎𝑙𝑒𝑖𝑛 is 

the volume of phenolphthalein solution (mL), 𝐶𝑆 is the concentration of β-CD calculated from 

a standard curve (mg/mL), 𝑚𝑠𝑜𝑟𝑏𝑒𝑛𝑡 is the mass of nanocomposite (g), 𝑀𝛽−𝐶𝐷 is the molecular 

weight of the β-CD (g/mol). 
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3.7 Adsorption kinetics 

The reaction time between adsorbent and drug molecules is vital. It enables us to comprehend 

more aspects such as adsorbent traits, adsorption mechanisms, the layout of the adsorption 

process, solid-liquid reaction rate, and steady-state time (Xiao et al. 2018). The kinetics of 

adsorption also helps in determining the rate law in designing a proper adsorption system. 

Moreover, it also outlines the adsorption rate of pollutants at the respective time at the 

adsorbent-adsorbate interface. From this perspective, both pseudo first order and pseudo 

second order kinetic models (Ho and McKay 1999) were investigated to evaluate the adsorption 

kinetics and the percent removal involved in the removal of pharmaceutical pollutants.  

The pseudo first order kinetic model is expressed in equations (3.10) and (3.11) as follows 

dq

dt
= k2(qe,cal − qt)2                                                                                                         (3.10) 

ln(qe − qt) = ln qe − k1t                                                                                                  (3.11) 

qe and qt is the adsorption capacity of nanocomposite on the removal of KF and DCF at 

equilibrium and at time t and is expressed in (mg/L), t is the time (min), k1 (1/ min) is the first 

order rate constant.  

The pseudo second order kinetic model is given in equation (3.12) as follows 

t

qt
=

1

k2qe,cal
2 +

t

qe,cal
                             (3.12)                                                                                                                    

where k2 (mg/ g·min) is the second order rate constant, qt (mg/g) is the adsorption capacity at 

time t (min), and qe (mg/g) is the adsorption capacity at equilibrium condition. 

The pseudo first order kinetics assumes that the adsorption is limited by the rate of diffusion to 

the adsorbent surface. It also assumes a linear relationship between amount adsorbed at time t 

and time, leading to the logarithmic relationship when integrated and the model is generally 

valid at low concentrations. 

The pseudo second order kinetic model assumes that the adsorption sites are equivalent and 

that the interactions between adsorbed molecules are negligible. The adsorption process is 

controlled by chemical reactions between the nanocomposite and the pollutant rather than by 

diffusion. 

3.8 Adsorption isotherm 

Adsorption isotherm curves are worth delineating the occurrence that governs the withhold or 

free-up of a substance from the aqueous phase to the adsorbent at a particular pH and 

temperature. Langmuir and Freundlich's adsorption models were exercised to determine the 
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adsorption capacity of nanosorbent to analyze the solid-liquid interactions. It is also 

momentous to create a more relevant interrelation of equilibrium datum to optimize the 

conditions for laying an outline design of an adsorption system (Wong et al. 2004). 

3.8.1 Langmuir isotherm 

Langmuir's model surmises the monomolecular layer in the adsorbent such that all the active 

sites have a limited measure of identical and energetic counterpart active sites. They also have 

a similar rapport for the drug molecule with invariable sorption activation energy. The 

linearized Langmuir isotherm was represented using equation (3.13a) (Langmuir 1916) 

Ce

qe
=

1

KLqmax
+

Ce

qmax
                                                  (3.13a)                                                                                                                

The linear Langmuir isotherm equation is given by equation (3.13b)  

1

qe
=

1

KLqmaxCe
+

1

qmax
                                                                                                        (3.13b) 

One of the significant aspects of the Langmuir isotherms to forecast the viability of adsorption 

can be stated in the context of a constant called separation factor, RL, and was calculated using 

equation (3.14) 

RL =
1

1+KL.Co
                                                                                                                       (3.14) 

where qe (mg/g) is the amount of adsorbates adsorbed at the equilibrium concentration, Ce (mg/ 

L) is the equilibrium concentration of adsorbate, qmax (mg/g) represents the maximum single-

layered adsorption capacity, and KL (L/mg) is the Langmuir constant related to the adsorption 

energy and the closeness of the coupling sites (Appel 1973). If the values of the separation 

factor are in the range of (0 < RL< 1), then the adsorption is viable, whereas if RL> 1, then the 

adsorption is unachievable (Kebede et al., 2019). 

3.8.2 Freundlich isotherm 

The Freundlich model assigns that the adsorbent surface has various active sites with varied 

activation energy in the manifold layers. This varied activation energy works, a role in the 

boundary surface coverage area and the active sites. The Freundlich adsorption isotherm is 

interpreted using equations (3.15) and (3.16) 

qe = KFC
1

n                                         (3.15) 

logqe =  logKF +
1

n
logCe

                            (3.16) 
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where KF (L/mg) is the Freundlich constant and n is the heterogeneity factor. qe corresponds to 

the equilibrium adsorption capacity (Foo and Hameed 2010). 

3.8.3 Temkin and Dubinin - Radushkevich isotherms 

Temkin isotherm was used in studying the interactions between the NFO@L nanocomposite 

and the fluoroquinolones illustrating that the quantity of heat of adsorption of LFH and CIP 

molecules decreases linearly rather than logarithmic with the surface coverage of NFO@L. 

Dubinin -Radushkevich isotherm accounts for the potential theory of adsorption and also 

includes assumptions such as adsorption occurs through micropore volume filling rather than 

multi-layer adsorption on the surface, it also includes the adsorption on the porous structure of 

the nanocomposite (Araújo et al. 2018; Hu and Zhang 2019). 

3.8.3.1 Temkin isotherm 

The Temkin isotherm is represented in the following equations (3.17), (3.18) and (3.19) 

qe =
RT

bT
 (lnAT .Ce)                            (3.17) 

qe =
RT

bT
ln AT +

RT

bT
ln Ce                                                                                                    (3.18) 

Slope, B =
RT

bT
       Intercept, BlnAT 

qe = BlnAT + BlnCe                                                                                                           (3.19) 

qe is the equilibrium adsorption capacity (mg/g), R is the gas constant (8.314 J/mol.K), T is the 

temperature in Kelvin (K), B is the heat of adsorption (constant) J/mol, AT equilibrium binding 

constant (L/g), bT Temkin isotherm constant. 

3.8.3.2 Dubinin -Radushkevich isotherm 

The Dubinin - Radushkevich isotherm is represented in equations (3.20), (3.21) and (3.22) 

qe = qmaxexp(−𝛽𝑇ε2)                                                                                                       (3.20) 

lnqe = lnqmax(−𝛽𝑇ε2)                                                                                                         (3.21) 

ε = RTln(1 +
1

Ce
)                                                                                                                (3.22) 

qe is the adsorption capacity (mg/g), qmax  is the maximum adsorption capacity (mg/g), 𝛽𝑇 

adsorption energy constant (mol2/kJ2) is also used in calculating the mean free energy E =

1
√2𝛽𝑇

⁄ , ε is the adsorption potential (kJ/mol), R is the universal gas constant (8.314 J/mol.K) 

and Ce is the equilibrium concentration (mg/L). 



58 
 

3.9 Regeneration and recycle studies of NFO nanocomposites 

The capability of adsorbent materials after the regeneration and recycling process was studied. 

The choice of regeneration technique for the desorption of pharmaceutical drugs from the 

nanocomposite depends on the polarity and eco-friendly usage (non-toxicity) of the regenerant. 

Rapid chemical regeneration methods are more appealing at the field level. The desorption 

studies of the NFO nanocomposites for each of the pollutants were experimented on choosing 

the suitable solvent at first. The used NFO nanoparticles and composite were washed with 

different regenerants such as distilled water, methanol and ethanol, 0.1 M HCl, and 0.1 M 

NaOH sequentially and dried in a hot air oven overnight. After that, the dried NFO and its 

nanocomposite were experimented with the optimized conditions and checked for the removal 

percent for each of the regenerants using a UV-Vis spectrophotometer. The maximal removal 

efficiency obtained from the regenerant washing of NFO nanoparticles and nanocomposite was 

further used in the recyclable studies. At last, the desorbed pollutant could be eluted, dried and 

incinerated. 
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CHAPTER 4 

RESULTS AND DISCUSSIONS 

This chapter comprises the characterization, removal and degradation studies of NFO and its 

composite over certain emerging hazardous pollutants falling under pharmaceuticals and 

personal care products’ such as Ketoprofen (KF), diclofenac (DCF), lomefloxacin 

hydrochloride (LFH), ciprofloxacin (CIP) and caffeine (CAF) have been presented and 

discussed in the following sections. 

4.1 Characterization of NFO nanoparticles 

The characterization results that constitute analytical techniques such as FTIR, XRD, 

FESEM/EDX, VSM, TGA/DTG, BET, electrokinetic potential and particle size analysis of the 

NFO nanoparticles and nanocomposite have been presented to prove its adsorbent 

characteristics. The prepared nanocomposite has been subjected to batch-wise adsorption in 

the following combinations (NFO@SiO2@β-CD (adsorbent) to KF and DCF (pollutants)), 

(NFO@L (adsorbent) to CIP and LFH (pollutants)) and (NFO/PMS system (catalyst) to CAF 

and LFH (pollutants)) upon which the effect on various affecting parameters results have been 

presented and detailly discussed in the following section. 

4.1.1 Fourier transform infrared spectroscopy (FTIR) of NFO nanoparticles: 

FTIR was performed to identify the functional groups and their vibrational characteristics that 

are present in the NFO nanoparticles. FTIR spectrum of NFO nanoparticles in Fig. 4.1 

illustrates the presence of Ni-O at 478 cm-1 and Fe-O at 534 cm-1 in the tetrahedral and 

octahedral modes which confirms the formation of NFO nanoparticles. The bending vibrations 

at 1636.20 cm-1 correspond to the C-O-C (Jacob et al. 2011b; Sagadevan et al. 2018b) this 

might be due to the presence of oleic acid, the surfactant that was used in the synthesis. The 

bands with peaks observed at 1038 cm-1 could be assigned to O-H bending vibration. 2151.69 

cm-1 and 2081.30 cm-1 were due to the bending vibrations caused by the free or adsorbed water 

molecules (H-O-H). The symmetric vibration of O-H groups was observed at 3416.68 cm-1.  
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Fig. 4.1 FTIR spectrum of NFO nanoparticles 

4.1.2 Field Emission -Scanning electron microscope (FE-SEM)/ Energy Dispersive X-ray 

Diffraction (EDX) of NFO nanoparticles 

The surface morphology and the stoichiometric proportion of elements that constitute the NFO 

particles were analysed via the imaging of a Field Emission - Scanning Electron Microscope 

and Energy Dispersive X-ray Diffraction analysis.  

 

 

Fig. 4.2 (a) FE-SEM image of NFO 

nanoparticles 

Fig. 4.2 (b) Elemental analysis of NFO 

nanoparticles 
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A highly agglomerated NFO nanoparticles imaged at a magnification of 200 nm were presented 

in Fig. 4.2 (a). This agglomerated form of NFO nanoparticles might be owing to the high 

surface energies and so the NFO nanoparticles have grown to a micron size particle. The 

elemental analysis of the NFO nanoparticles is presented in Fig. 4.2 (b) and the composition of 

elements that are present in the NFO is presented in terms of atomic weight % and weight %. 

The elemental composition depicts that the NFO molar ratio matches the synthesized 

stoichiometric ratio with a few extra peaks in the NFO EDX image reflecting the gold 

sputtering on the NFO nanoparticles.  

4.1.3 X-ray Diffraction analysis (XRD) of NFO nanoparticles 

The nature of the NFO nanoparticles was estimated using X-Ray Diffraction analysis in which 

the crystalline nature of NFO was revealed in Fig. 4.3 and the mean crystallite size of the NFO 

nanoparticles was computed using Scherrer's formula as seen in equation (4.1) 

 𝐷 =
𝐾⋋

𝛽𝑇 𝑐𝑜𝑠𝜃
                                                                                         (4.1) 

The lattice parameter was calculated using equation (4.2) 

dhkl =
a

√h2+k2+l2
                                                                                                                    (4.2) 

 

Fig. 4.3 XRD of NFO nanoparticles 



62 
 

where D is the mean crystallite size, KXRD is known as the Scherer's constant (K= 0.94) λ is the 

Cu-Kα radiation, 𝛽𝑇 is the full width at half maximum (FWHM) in radians, hkl is the miller 

indices, dhkl is the interplanar spacing, a is the lattice parameter (nm) and θ is the corresponding 

Bragg diffraction angle in radians is shown in table 4.1. NFO is crystalline with the maximal 

peak orientation (311) at 35.55° The hkl of NFO such as (1 1 1), (2 2 0), (2 2 2), (3 1 1), (4 0 

0), (4 2 2) and (5 1 1) were compared with standard data (JCPDS PDF card No. 074-

2081)(Jacob et al. 2011b; Khoso et al. 2021; Shanmugavel et al. 2014).  

Table 4.1 XRD values of NFO nanoparticles 

S. No 2θ (degrees) d-spacing (nm) Lattice parameter (nm) 

NFO 

1 30.193 0.295 0.836 

2 35.556 0.252 0.836 

3 37.343 0.240 0.833 

4 43.296 0.208 0.834 

5 57.389 0.160 0.833 

6 62.560 0.148 0.838 

4.1.4 Brunauer-Emmett-Teller (BET)/Barrett-Joyner Halenda (BJH) model analysis of 

NFO nanoparticles: 

The adsorption isotherm type, specific surface area, pore volume, and pore diameter of the 

NFO nanoparticles were estimated from the BET multiple-point method and BJH analysis. The 

adsorption-desorption hysteresis loop in Fig. 4.4 illustrates the Type IV isotherm and the 

micropores nature of NFO nanoparticles. The linear graph at very low relative pressure 

indicates a high micropore material with a uniform pore size (Thommes et al. 2015). The 

surface-to-volume ratio of the NFO nanoparticles is 112.02 m2/g, the total pore volume is 0.148 

cc/g, and the pore diameter is 1.891 nm. 
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Fig. 4.4 Adsorption-Desorption Hysteresis loop and linear graph of relative pressure (P/Po) 

versus Volume occupied at STP (cc/g) of NFO nanoparticles from BET Test 

4.1.5 Thermogravimetric analysis (TGA) of NFO nanoparticles 

 

  Fig. 4.5 TGA of the uncalcined NFO nanoparticles 

The thermal stability of the NFO nanoparticles was studied at increasing temperatures using 

TGA analysis as shown in Fig. 4.5. A 17 % weight physically adsorbed moisture loss and low 
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boiling point volatile organic compounds gets evaporated at the initial rise in temperature with 

in 250°C. Above that, a 10 % mass loss of organic compounds such as carbon chains was 

observed between 250 °C and 350 °C. Further rise in temperature may lead to material 

decomposition and depolymerization. There is no notable weight loss was observed further 

increasing the temperature and overall, the sample lost 27% of its weight. 

4.1.6 Particle size distribution and electrokinetic potential of NFO nanoparticles 

The particle size distribution histogram of the NFO nanoparticles is seen in Fig. 4.6 (a) which 

was obtained using the FESEM image in ImageJ software, and the average particle diameter 

was estimated to be 43.87 nm. The surface charge of the NFO nanoparticles was studied using 

the electrokinetic potential analysis, performed at pH levels from 3 to 10. In all the pH ranges 

the negative surface charge of the NFO nanoparticles was found to be dominant with the 

maximum zeta potential of -26 mV at pH 11, as shown in Fig. 4.6 (b). 

4.1.7. Vibrating sample magnetometer (VSM) analysis of NFO nanoparticle: 

The magnetic traits of the NFO nanoparticles were analysed using VSM analysis. The 

superparamagnetic nature of the NFO nanoparticles could be seen in Fig. 4.7. The saturation 

magnetization (Ms) and coercivity (Hc) of the NFO nanoparticles were found to be 99.07×10-3 

  

Fig. 4.6 (a) Particle size distribution of NFO 

nanoparticles using FESEM 

Fig. 4.6 (b) Zeta potential of NFO 

nanoparticles 



65 
 

emu and 0.495×10-3 emu with the retentivity value of 13.21×10-6 emu, indicating that the NFO 

nanoparticle is of soft magnet and hence magnetization and demagnetization occurs freely. 

 

           Fig. 4.7 VSM analysis of NFO nanoparticles 

4.2 Characterization results of NFO@SiO2 

The characterization results of the NFO@SiO2 nanoparticles were discussed in this section 

from 4.2.1 to 4.2.4. 

4.2.1 Effect of varied mass of NFO in the synthesis of NFO@SiO2 -FESEM image 

The effect of the varied NFO nanoparticle mass in the synthesis of NFO@SiO2 was studied 

and the optimum mass of NFO that is required for the functionalization of TEOS was estimated 

by visualizing the FESEM image. Fig. 4.8 (a), (b) and (c) depicts the FESEM image of a varied 

mass of NFO nanoparticles (0.1 g, 0.5 g, 1 g) in the synthesis of NFO@SiO2 at a magnification 

of 200 nm. 0.1 g NFO nanoparticle reveals a spherical shape of different sizes with different 

spherical size of NFO whereas 0.5 g NFO nanoparticles depict an almost distinct uniform 

spherical shape of functionalized NFO@SiO2. Further, an increase in the mass of NFO to 1 g 

exposed both a distinct feature of spherical shape and also a cluster of NFO@SiO2 which 

implies that the functionalization of NFO nanoparticles was not achieved fully. The mass 
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variation has distinguished the distinct and agglomeration of nanocomposite hence an 

optimized mass of 0.5 g was used for further experimental investigation. 

4.2.2 Effect of varied concentrations of TEOS in the synthesis of NFO@SiO2 -FESEM 

image 

   

  

Fig. 4.9 The FE-SEM image of varied TEOS concentration in the synthesis of NFO@SiO2 

   

Fig. 4.8 (a), (b) and (c) The FE-SEM image of varied NFO mass in the synthesis of NFO@ 

SiO2 

1 mL 

) 

2 mL 

3 mL 2.5 mL 

1.5 mL 

(a) 0.1 g NFO (b) 0.5 g NFO (c) 1 g NFO 

NFO 
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The effect of varied concentrations of TEOS in the synthesis of NFO@SiO2 was studied in this 

section. The optimized mass of 0.5 g NFO nanoparticles obtained in the synthesis of 

NFO@SiO2 was used in varying the TEOS concentration. Fig. 4.9 exposes the FESEM image 

of varied TEOS concentrations say (1 mL, 1.5 mL, 2 mL, 2.5 mL, 3 mL) in the synthesis of 

NFO@SiO2 at a 200 nm magnification. The enhancement in the formation of the distinct 

spherical shape is seen from the 1 mL to 2 mL TEOS image on NFO, in which the 2 mL TEOS 

exposed a distinct uniform spherical shape. An increase in the concentration of TEOS exposed 

an agglomerated form of NFO@SiO2 revealing that 2 mL of TEOS was sufficient for the 

synthesis of NFO@SiO2 nanoparticles. 

4.2.3 Brunauer Emmett Teller (BET) specific surface area analysis and Barrett-Joyner 

Halenda (BJH) model of NFO@SiO2 nanocomposite 

The optimized NFO@SiO2 was subjected to BET and BJH analysis to study the type of 

isotherm and to estimate the specific surface area, pore volume and pore size of NFO@SiO2 

from the adsorption-desorption hysteresis loop. Fig. 4.10 illustrates the BET hysteresis loop 

which belongs to the type III isotherm. The isotherm of this type infers that the NFO@SiO2 

might be non-porous or mesoporous and there would be a weak interaction between the 

adsorbent - adsorbate.   

 

Fig.  4.10 Adsorption-Desorption Hysteresis loop of NFO@SiO2 using BET/BJH method 
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The specific surface area of the NFO@SiO2 is 29.11 m²/g and the total pore volume is 1.37e-

01 cc/g at P/Po = 0.990 with an average pore radius of 9.44 nm. A reduction in the specific 

surface was observed after the functionalization of SiO2. 

4.3 Characterization results of NFO@SiO2@β-CD nanocomposite 

The characterization results of NFO@SiO2@β-CD nanocomposite are presented and it is 

discussed in sections 4.3.1 to 4.3.5 

4.3.1 Effect of β-CD mass variation on the NFO@SiO2 upon the removal of KF and DCF 

The effect of β-CD mass variation on the NFO@SiO2 for the removal of KF and DCF is 

depicted in Fig. 4.11. In the case of both pollutants, the 8.92×10-4 M β-CD showed the maximal 

removal percent of 30.80 % KF and 33.03 % DCF. Beyond 8.92×10-4 M β-CD, the excess of 

β-CD might have caused the formation of clusters that might have resulted in a significant drop 

in the removal percent of both pollutants. The noticeable pattern in the KF removal at the 

5.35×10-4 M and 8.92×10-4 M of β-CD and a slightly varied pattern in the removal of DCF 

could be a result of the improper functionalization and the twisting properties of both the 

pollutant, a detailed explanation is given in section 4.4.2. Thus 8.92×10-4 M β-CD 

functionalized NFO@SiO2 was used as an optimum adsorbent for the removal of KF and DCF. 

 

Fig. 4.11 Effect of β-CD mass variation on the NFO@SiO2 upon the removal of KF and 

DCF 
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4.3.2 Effect of varied β-CD mass onto NFO@SiO2 FE-SEM/EDX of optimized 

NFO@SiO2@β-CD nanocomposite 

The effect of the varied β-CD mass onto NFO@SiO2 was studied using FE-SEM imaging and 

the elemental composition of the optimized NFO@SiO2@β-CD nanocomposite was 

determined via EDX analysis. The FE-SEM images of varied β-CD mass onto NFO@SiO2 in 

Fig. 4.12 (a) to (e) reveal the development of pores and cavities onto the rough surface of all 

the varied masses is visible. The elemental molar ratios of Ni/Fe/O/C/Si in the NFO@SiO2@β-

CD nanocomposites are depicted in Fig. 4.12 (f). The atomic weight percentage and weight 

percentage of each element in the NFO@SiO2@β-CD confirm the functionalization of NFO 

particles with TEOS, GPTMS, and β-CD through morphological and elemental changes. Since 

XRD and FE-SEM/EDX didn’t show any difference in the varied β-CD mass onto NFO@SiO2.  

 

 

 

 

  

  

 

Fig. 4.12 (a) (b) (c) (d) (e) FESEM images of a varied β-CD mass onto NFO@SiO2 and (f) 

EDX of the optimized NFO@SiO2@β-CD nanocomposite 

(b) 0.75 g 

β-CD 

(c) 1 g β-CD 

(d) 1.25 g β-CD (e) 1.5 g β-CD (f) 1.25 g β-CD (EDX) 

(a) 0.5 g β-CD 

 

Element Weight % Atomic % 

C K 31.19 44.26 
O K 31.85 33.93 
FeL 1.15 0.35 
NiL 0.84 0.24 
SiK 34.97 21.22 
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From section 4.3.1, 1.25 g, β-CD functionalized onto NFO@SiO2 with almost numerous 

uniform pores was taken as the optimized amount of β-CD functionalized NFO@SiO2. Further 

analysis was concentrated on 1.25 g of β-CD functionalized NFO@SiO2. 

4.3.3 Optimized NFO@SiO2@β-CD - FTIR analysis 

The functional group attached to the optimized β-CD mass onto NFO@SiO2 and its vibrational 

characteristics were analysed using the FTIR spectrum. The characteristic peaks at 1642 cm-1 

and 1025 cm-1 correspond to C=O, which is relative to the β-CD molecule. The peak at 2299 

cm-1 corresponds to H-O-H bending vibration, and the broad bending in 3384.70 and 3416.68 

cm-1 represents the β-CD molecule's O-H bending. The C-H propyl group is present at 2859 

cm-1 and 2932 cm-1 and the epoxide group is present at 1203 and 1243 cm-1, which justifies the 

attachment of GPTMS silane to the NFO@SiO2. The presence of a peak at 1098 cm-1 in the 

NFO@SiO2@β-CD FTIR trend confirms the fabrication of the Si-O group on the surface of 

NFO (Pham et al. 2018; Ponchel et al. 2004; Xu et al. 2022). This demonstrates the fact that 

the β-CD, GPTMS, and SiO2 molecules remain intact in the NFO as seen in the Fig. 4.13.  

 

Fig. 4.13 FTIR spectrum of optimized NFO@SiO2@β-CD nanocomposite 
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4.3.4 Particle size distribution/electrokinetic potential and point of zero charge of 

NFO@SiO2@β-CD nanocomposite 

The optimized NFO@SiO2@β-CD nanocomposite was subjected to particle size distribution, 

electrokinetic potential analysis and point of zero charge. The average diameter of 

NFO@SiO2@β-CD nanocomposite was estimated to be 109.1 nm as seen in Fig. 4.14 (a). 

The amplitude of the zeta potential implies the extent of electrostatic repulsion midst adjoining, 

likewise charged particles in a dispersion. At pH 12, the functionalized nanoparticles have a 

maximum zeta potential of -28.1 mV. The high negative zeta potential infers the strong 

electrostatic repulsion of the NFO nanoparticles which prevent agglomeration and provides 

high suspension and stability in the liquid medium. The metal oxide NFO nanoparticles forms 

hydroxyl ions and hence making it negative surface at a broad spectrum range of pH towards 

basic. As shown in Fig. 4.14 (b), the isoelectric point of NFO@SiO2@β-CD is pH 3.11, where 

pH 3.11 is positively charged and pH > pH (3.11) is negatively charged. The reduced zeta 

potential value of nanocomposite at pH 3 could be attributed to the compression of the electrical 

double layer caused by the higher salt content of the solution in which the nanocomposite was 

dispersed.  

   

 

Fig. 4.14 (a) Particle size distribution of 

NFO@SiO2@β-CD 

Fig. 4.14 (b) Zeta potential of NFO and 

NFO@SiO2@β-CD 
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Fig. 4.14 (c) Point of zero charge NFO@SiO2@β-CD nanocomposite 

The nanocomposite tends to aggregate, therefore the sorption process was carried out in a rotary 

shaker at 100 rpm which would have aided the dispersion of discrete/ individual nanocomposite 

in suspension and supported the adsorption rate (Song et al., 2010; Wïniewska et al., 2015). 

The point of zero charge of NFO@SiO2@β-CD is at pH 9 as seen in Fig. 4.14 (c) and is not 

the same as the isoelectric point, the negative surface of the adsorbent is dominant when the 

pH of the drug aqueous solution > pHpzc thereby raises the concentration of H+ ions upon 

protonation of functional groups and it is vice versa for pH of the drug aqueous solution < 

pHpzc.   

4.3.5 Comparative study of XRD pattern of β-CD and functionalized NFO@SiO2 and 

NFO@SiO2@β-CD nanocomposite 

The optimized nature of NFO, HPBCD (hydroxypropyl beta-cyclodextrin), NFO@SiO2 and 

NFO@SiO2@β-CD were compared and the XRD pattern is illustrated in Fig. 4.15; in which 

the NFO, hkl (1 1 1), (2 2 0), (2 2 2), (3 1 1), (4 0 0), (4 2 2), and (5 1 1) were compared to 

standard data (JCPDS PDF card No. 074-2081), the similar orientation confirms the formation 

of NFO nanoparticles (Shanmugavel et al. 2014). Thus, the intensity difference between NFO 

and NFO@SiO2 confirms the attachment of TEOS to NFO. 
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Fig. 4.15 X-ray Diffraction analysis of NFO, NFO@SiO2, β-CD, NFO@SiO2@β-CD 

nanocomposite 

Table 4.2 XRD 2 theta values, d-spacing, and lattice parameter values 

S. 

No 

2θ 

(degrees) 

d-spacing 

(nm) 

Lattice 

parameter 

(nm) 

2θ 

(degrees) 

d-spacing 

(nm) 

Lattice 

parameter 

(nm) 

NFO@ SiO2 NFO@SiO2@β-CD 

1 30.371 0.293 0.831 20.665 - - 

2 35.513 0.252 0.837 30.471 0.420 0.828 

3 43.237 0.208 0.835 35.839 0.293 0.830 

4 57.282 0.160 0.834 43.413 0.250 0.832 

5 63.150 0.147 0.831 57.482 0.208 0.835 

The amorphous peak of β-cyclodextrin causes a bulge peak at an angle of 2θ, 20°, which 

could be seen from the difference in peaks in the hydroxypropyl beta-cyclodextrin, NFO@SiO2 

and NFO@SiO2@β-CD confirms the functionalization of β-cyclodextrin. The lattice parameter 

and d-spacing are displayed in Table 4.2. The average crystallite size of the NFO@SiO2@β-

CD, NFO@SiO2, and NFO was found to be 3.501 nm, 2.025 nm, and 1.712 nm, respectively. 
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4.3.6 Brunauer Emmett Teller (BET) specific surface area analysis and Barrett-Joyner 

Halenda (BJH) model of NFO@SiO2@β-CD  

 

Fig. 4.16 Adsorption-Desorption Hysteresis loop and linear graph of relative pressure (P/Po) 

versus volume occupied at STP (cc/g) of NFO@SiO2@β-CD nanoparticles from BET Test 

The specific surface, pore volume and pore size of the NFO@SiO2@β-CD were estimated 

using BET/BJH analysis. Fig. 4.16 depicts that the BET hysteresis loop is of reversible type V 

adsorption isotherm and is mesoporous in nature. This V type isotherm raises when the effects 

of the intermolecular attraction are large and when the adsorption takes place in pores. There 

is a further reduction in the specific surface area is 20.78 m2/g in comparison with NFO, 

NFO@SiO2 and the total pore volume is 2.360e-02 cc/g at P/Po = 0.99 with an average pore 

radius of 2.271 nm. The lateral interactions of adsorbed molecules are stronger than the 

adsorbent-adsorbate interactions. It also indicates an unrestricted multilayer formation 

(Thommes et al. 2015)  

4.3.7 Thermogravimetric analysis (TGA) of NFO@SiO2@β-CD nanocomposite 

The thermal stability of the NFO@SiO2@β-CD was investigated at increasing temperatures 

and compared with the NFO thermal stability as shown in Fig. 4.17. Initially, a 10.23 % water 

loss was observed at temperatures less than 250 °C. A temperature increase from 250 °C to 500 

°C resulted in a significant weight reduction of 56.18 % due to the disintegration of covalent 

bonds, which resulted in a surge of decomposition temperature in the NFO@SiO2@β-CD.  
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Above 500 °C to 638 °C, a constant weight loss of approximately 5.705 % of the 

NFO@SiO2@β-CD occurred relative to the accretive breakdown of the organic fractions (Yuan 

et al. 2015). Thus, the NFO@SiO2@β-CD nanocomposite shows a more stable nature up to a 

lower temperature of 300 °C. The functionalized nanocomposite has high thermal stability is 

because of the both inorganic SiO2 and organic groups grafted over the metal oxide that 

prevents sintering and oxidation at high temperatures. The higher decomposition temperatures 

is due to the stabilization effects of the functional groups which can prevent from thermal 

breakdown. 

4.3.8 VSM analysis of NFO@SiO2@β-CD nanocomposite 

A comparison of magnetic properties of bare NFO and NFO@SiO2@β-CD nanocomposite was 

analyzed using vibrating sample analysis and an observable reduction in the magnetic 

behaviour of NFO@SiO2@β-CD could be visibly seen in Fig. 4.18. In addition, a 

superparamagnetic behaviour of NFO and NFO@SiO2@β-CD could be observed at room 

temperature. The saturation magnetization (Ms) and coercivity (Hc) of NFO@SiO2@β-CD 

nanocomposites were found to be 6.537×10-3 and -17.371 emu, respectively, with a retentivity 

value of 5.240×10-6 emu. The reported results revealed a shift in the graph, revealing its 

 

Fig. 4.17 TGA analysis of NFO@SiO2@β-CD 
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decreased amplitude towards magnetic nature. However, there was observed ease of 

magnetization and demagnetization indicating its soft magnet properties. 

 

Fig. 4.18 VSM analysis of NFO and NFO@SiO2@β-CD 

4.4 Optimization of parameters for the removal of KF and DCF using NFO@SiO2@β-CD 

nanocomposite  

The effect of various operating parameters such as pH, nanocomposite dosage, initial 

concentration of the pollutants KF and DCF and the reaction time required for the maximum 

removal of KF and DCF aqueous solutions was experimented with and discussed in this section 

from 4.4.1 to 4.4.4. 

4.4.1 Effect of KF and DCF aqueous solutions’ pH  

The effect of pH on the removal of KF and DCF using NFO@SiO2@β-CD has been studied to 

identify whether varying the KF and DCF aqueous solution’s pH has any significant role in the 

removal of KF and DCF.  
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Fig. 4.19 Effect of pH on the adsorption capacity and removal efficiency of KF and DCF 

Fig. 4.19 illustrates the maximal removal of 31.32 % of KF and 59.12 % of DCF at pH 5 and 

3 with the adsorption capacity of 32.85 and 64.89 mg/g, respectively. The values of zeta 

potential at pH 3 is 1.6 mV and at pH 5 is -11.5 mV, which are within +30 and -30 mV, 

respectively, indicating that the nanocomposite exhibits incipient stability. Both the chosen 

pollutants are acidic such that the pKa value of KF and DCF is 4.45  and 4.15 respectively 

which, exist in an ionic state when pH < pKa value; and it is in anionic form when pH > pKa 

value (Alothman and Apblett 2009). Below this pKa value, DCF is presented as neutral DCFH; 

this protonated form of DCF gets attached to the OH group of NFO@SiO2@β-CD, which 

enhances the removal process.  From the briefed zeta potential results, the pH of DCF is slightly 

less than pH(IEP) whence the protonated form of DCFH gets attached to the OH− ions in the 

adsorbent surface; subsequently, the removal efficiency and the adsorption capacity have raised 

(Baccar et al. 2012). This phenomenon has brought an electrostatic attraction between the 

adsorbent surface and the analytes; whereas, in the case of KF, whose pH is close to pKa and 

also pH is slightly greater than the pH(IEP). This neutrality in the KF drug and the negative 

surface of the adsorbent resulted in electrostatic repulsion. Hence, the hydrogen bonding and 

dispersive π-π interactions would have been the mechanism involved between the carboxyl 

group in the aromatic ring of KF and the hydroxyl group in the β-CD of NFO@SiO2@β-CD 

(Rocha et al. 2020).  
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A similar removal mechanism of KF at pH 5 and DCF at pH 3 was observed in the previous 

literature work (ALOthman et al. 2021; Shayesteh et al. 2020). Further increase of pH from its 

optimal value, for both cases, showed an observable decrease in the removal efficiency and 

adsorption capacity till pH 7. At pH 8, a slight increase in both adsorption capacity and removal 

efficiencies from 8.65 to 9.04 % for KF, and from 12.31 to 15.19 % for DCF could be seen in 

Fig. 4.19, which might be due to the twisting effect caused by the chemical structure of drugs 

as discussed in the following section (Kozlowska et al. 2017). 

4.4.2 Effect of NFO@SiO2@β-CD dosage on the removal of KF and DCF 

The effect of NFO@SiO2@β-CD dosage in the removal of KF and DCF has been investigated 

in this section. Here, the amount of the NFO@SiO2@β-CD was varied in the 10 mg/L aqueous 

solution of KF and DCF each at optimized pH 5 and 3, for which the removal efficiency was 

calculated to be 80.92 % and 80.83 %. The adsorption capacity of KF and DCF was calculated 

to be 0.54 and 7.3 mg/g respectively.   

 

Fig. 4.20 Effect of varying nanocomposite dosage on the adsorption capacity and removal 

efficiency of KF and DCF 
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Fig. 4.21 Schematic representation of Host - guest inclusion of (a) DCF and (b) KF to β-

cyclodextrin (Li et al. 2019; Shi et al. 2014) 

Observing Fig. 4.20 the pollutant removal and adsorption capacity followed an increasing trend 

parallel to the dosage increase up to an optimum value of 130 mg and 120 mg for KF and DCF 

respectively. This trend might be due to a rise in the number of active sites in the 

NFO@SiO2@β-CD (Pavan et al. 2014). Beyond the aforementioned optimal measure, both the 

pollutants attained a steady state as a result of more interaction between the adsorbate 

molecules and the surface-active sites of the NFO@SiO2@β-CD, which has turned out in the 

saturation of surface-active sites upon further raising the measure of the adsorbent, detachment 

of adsorbate could have occurred. Similar behaviour of adsorbent upon the removal of KF and 

DCF was observed in the work of (Husein et al. 2019; Shayesteh et al. 2020; Wang et al. 2021). 

The physicochemical properties of drug molecules may also influence the adsorption process. 

The chemical structure of the drug, in which both the drug molecule has two aromatic rings. 

DCF constitutes two aromatics with phenylacetic and chlorine functional groups, bounded by 

a secondary amino group that splits the carbonyl oxygen and chlorine atoms with 

intramolecular hydrogen bonding. The repulsion between the Cl- ions and acetate group causes 

a twisting effect amidst the aromatic rings to an angle of about 69°. This structural spin may 

lead to good binding onto the adsorbent O-H groups. KF with a similar structure has no 

placeholder for the phenyl ring; in addition, a carbonyl group swaps a secondary amino group. 

Accordingly, frail repugnance between the phenyl rings lowers the twist angle; thus, a weak 

intramolecular hydrogen bond is formed, and a rapid shift in the movement of phenyl rings in 

KF, resulted in weak binding of KF to the adsorbent (Kozlowska et al. 2017). A schematic 

representation of the attachment of KF and DCF onto β-cyclodextrin is shown in Fig. 4.21. 
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4.4.3 Effect of initial concentration of KF and DCF aqueous solutions 

   

Fig. 4.22 Effect of varying initial concentration on the adsorption capacity and removal 

efficiency of KF and DCF 

The effect of varied initial concentrations of KF and DCF aqueous solutions has been 

investigated to estimate the extent of optimized NFO@SiO2@β-CD dosage that can remove 

the most concentrated KF and DCF in the aqueous solutions. A rise in the adsorption capacity 

was observed from 7.55 to 20.01 mg/g due to the increased driving force of KF molecules an 

increase in mass motive force at the adsorbent-adsorbate interface could be the cause of an 

increase in adsorption capacity with rising initial concentration (Abdul Aziz et al. 2013) At an 

optimal pH 5, an adsorbent mass of 130 mg, a reduction in the removal efficiency of KF from  

84 % to 35 % could be observed. From 10 to 40 mg/L, the removal efficiency decreased this 

could be, owing to the greater availability of vacant sites and the surface area of 

NFO@SiO2@β-CD to the low concentrated  KF molecule (Fu et al. 2017), as shown in Fig. 

4.22. Further raising the initial concentration from 40 to 60 mg/L, the removal efficiency nearly 

reached saturation. A similar trend of KF behaviour was noted in the polypyrrole functionalized 

magnetic Bi2MoO6 for the removal of KF (Wang et al. 2021). On the other hand, DCF's 

adsorption capacity and removal efficiency increased from 7.3 to 8.2 mg/g and from 81.25 to 
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92.24 %, respectively; likewise, the same sort of trend was observed in the work (Hayasi and 

Saadatjoo 2018; Larous and Meniai 2016). Regardless of the physicochemical characteristics 

of the adsorbent, raising the DCF initial concentration increased the adsorption capacity and 

removal efficiency. According to Amran and Zaini (2022), this trend could be attributed to the 

increased mass motive force and numerous collisions between DCF molecules and the O-H 

group in the exterior and interior adsorbent surface, which would have led to the formation of 

more host-guest complexes with the help of the mass motive force (Njoku et al. 2014). 

4.4.4 Effect of reaction time on the removal of KF and DCF in the aqueous solutions 

The effect of reaction time on the removal of KF and DCF in the aqueous solutions has been 

investigated to estimate the maximum time that is required to remove the pollutants in the 

aqueous phase.  

 

Fig. 4.23 Effect of varying time on the adsorption capacity and removal efficiency of KF 

and DCF 

Fig. 4.23 plot depicts the removal of 94 % DCF from the aqueous solution within 5 min with 

the maximum adsorption capacity of 8.37 mg/g whereas, in the case of KF, the optimum 

removal of 80 % was obtained in 360 min with the adsorption capacity of 0.54 mg/g. In the 

adsorption of DCF, the equilibrium was attained after 30 min; beyond this reaction time, no 
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significant alteration was witnessed; this attributed to the saturation of relevant sites that 

hindered the adsorption process; whereas in the adsorption of KF equilibrium was attained till 

330 min upon increasing the contact time for another half an hour (i.e., to 360 min) showed a 

drastic increase of removal percent, implies that the increase of contact time could improve the 

removal of KF.  

The rate of drug removal was rapid, at the outset of the adsorption,  as a consequence of empty 

active sites inside the nanocomposite and its boundary surface has paved the way for more 

significant adsorption of the drugs (Lotfi et al. 2019). The DCF was removed to a greater extent 

in a shorter period comparable to KF. Hydrophobicity (log Kow) is one such important property 

where Kow is the partition coefficient and the log Kow values are DCF = 4.52 and KF = 3.17. 

The more significant hydrophobicity of DCF compound with lower flexibility results in higher 

partitioning with better removal of DCF (Groisman et al. 2004). 

4.4.5 FTIR image of adsorption of KF and DCF onto NFO@SiO2@β-CD 

Fig. 4.24 depicts the functionalization of NFO, NFO@SiO2@β-CD before and after the 

adsorption process. The C-N group in 1203 and 1243 cm-1 wavenumber and the N-H stretching 

in 3305.06 cm-1 indicate the presence of an amine group in the DCF structure in the after-

adsorption of DCF trend. The bending between 850-550 cm-1 corresponds to C-Cl, whereas 

other stretching in 950-675 cm-1, 1000-650 cm-1 and 2000-2152 cm-1 might be due to the 

presence of the C-H bond in the aromatic rings of the pollutants. The presence of COO, N-H 

bond and C=O and C=C bending could be identified in 1585, 1503, 1404 and 1447 cm-1 

wavenumber (Baki et al. 2014; Bratu et al. 1998; Maia et al. 2019). 

The notable changes around the band 1000 cm-1 were observed in both KF and DCF and the 

variation in the N-H groups in 3384  cm-1, C-H propyl group in 2932.09, 2859.05 cm-1 confirms 

the adsorption of KF; on the other hand, the variation in the intensity of bending vibration 

around 1000 cm-1, 500 cm-1 and between 1000 to 1500 cm-1 indicates the presence of =CH, 

C=C, C-C-C and C-H which confirms the attachment of KF functional groups on the adsorbent 

as per the FTIR trend (Baratam and Harsha 2020; Floriano et al. 2018; P et al. 2022). 
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Fig. 4.24 Fourier transform infrared spectra of NFO and NFO@SiO2@β-CD before and after 

the adsorption process 

4.4.6 Quantification of β-CD in the final analyte of KF and DCF  

The spectrophotometric analysis revealed that the content of β-CD in the final analyte of KF 

and DCF was estimated to be 35.22 % and 16.88 %. The physical property of β-CD, 

the solubility of β-CD in water, is 1.8 g/mL at ambient conditions and a small percent of 

methanol content in the KF stock solution preparation might have resulted in more leaching of 

β-CD in the KF final analyte. This solubility property of β-CD in the nanocomposite in water 

and solvent such as methanol resulted in the presence of β-CD in the final analyte of KF and 

DCF (Cho et al. 2006).    

4.5 Adsorption kinetics and isotherm modelling 

From the reaction time experimental datum, the kinetics and isotherm modelling were 

performed and studied in sections 4.5.1 to 4.5.2. 

 

 



84 
 

4.5.1 Adsorption Kinetics  

The reaction time performed in the removal of KF and DCF was utilized in plotting the pseudo-

first and second-order kinetics. Fig. 4.25 (a) and (b) shows a linear plot of ln (qe - qt) versus 

time (t) and t/qt versus time (t) min, which were useful in calculating the kinetic data. The 

graphically calculated variables such as R2, k2, k1 and qe, cal were presented in table 4.3. Initially, 

the drug molecules interact with the surface of the NFO@SiO2@β-CD; at this point, the 

reciprocal action between the drug molecules and the nanocomposite surface would have 

occurred. The rate of incremental adsorption was monitored as the reaction progressed. Finally, 

the steady state was reached, and equilibrium was visible among the drug molecules and 

NFO@SiO2@β-CD in both cases.  

  

Fig. 4.25 (a) Pseudo first-order kinetic model and (b) Pseudo second order kinetic model 

for the removal of KF and DCF 

Table 4.3 Kinetic datum for the removal of KF and DCF 

Models 
Pseudo-First-order kinetic 

model 

Pseudo-second-order kinetic 

model 

Compounds 
𝐪𝐞,𝐜𝐚𝐥 

(𝐦𝐠 𝐠)⁄  

𝒌𝟏 

(𝟏/ 𝐦𝐢𝐧) 
𝐑𝟐 

𝐪𝐞,𝐜𝐚𝐥 

(𝐦𝐠 𝐠)⁄  

𝒌𝟐 

(𝐠/ 𝐦𝐠 𝐦𝐢𝐧) 
𝐑𝟐 

KF 0.991 -0.007 0.833 0.502 0.083 0.982 

DCF 0.125 -2.44E-05 0.074 8.263 0.479 0.999 
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The regression coefficient of pseudo-second order was found to be the highest for both 

pollutants and to be the best fit, and the constant k2 also decreased in the subsequent order: KF 

< DCF, similarly most of the literature in the removal of KF and DCF follows pseudo-second 

order kinetic model rather than pseudo first order kinetics. Based on this kinetic model, it is 

possible to conclude that KF and DCF adsorption might have occurred via chemisorption rather 

than physisorption (Suriyanon et al. 2013; Turk Sekulic et al. 2019). 

4.5.2 Adsorption Isotherms 

From the reaction time experimental datum, isotherm modelling was performed and studied in 

sections 4.5.2.1 to 4.5.2.2. 

4.5.2.1 Langmuir isotherm for the removal of DCF and KF 

  

Fig. 4.26 Langmuir isotherm plot for the removal of (a) DCF and (b) KF 

Fig. 4.26 (a) and (b) illustrate the interrelationship between Ce/qe and Ce. As shown in table 

4.5, the RL values do not equal zero (0 < RL <1), indicating a viable adsorption process for drug 

compound removal by the NFO@SiO2@β-CD. The Langmuir maximum adsorption capacity 

is found to be 0.66 mg/g for KF similarly a lower value of maximum adsorption capacity of 

mesoporous SBA-15 on the removal of KF and in the phosphorous-doped carbonaceous 

material in the removal of DCF was also noted (Bui and Choi 2009; Turk Sekulic et al. 2019). 
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4.5.2.2 Freundlich isotherm for the removal of DCF and KF 

 
 

Fig. 4.27 Freundlich isotherm plot for the removal of (a) DCF and (b) KF 

Table 4.4 Adsorption isotherm parameters for KF and DCF 

Isotherm models Freundlich constants Langmuir constants 

Compounds 
𝐧 

 

𝐊𝐅 

(𝐦𝐠 𝐠)(𝐋 𝐦𝐠)𝟏 𝐧⁄⁄⁄  
𝐑𝟐 

𝐪𝐦𝐚𝐱 

(𝐦𝐠 𝐠)⁄  

𝐊𝐋 

(𝐋 𝐦𝐠)⁄  
𝐑𝟐 

KF 3.36 0.52 0.99 0.66 1.65 0.99 

DCF 0.33 0.28 0.99 12.20 0.83 0.98 

Table 4.5 Separation factor in the removal of KF and DCF 

Initial Concentration 

(mg/L) 
RL (KF) RL (DCF) 

10 0.056 0.106 

20 0.029 0.056 

30 0.019 0.038 

40 0.014 0.029 

Fig. 4.27 (a) and (b) demonstrate the best-fitted with both Langmuir and Freundlich isotherm 

model for the chosen drug molecule with R2 = 0.99, similar results were observed in (Georgin 

et al. 2022). Tables 4.4 show the isotherm parameters qmax, b, and R2 values in which the value 

of 1/n is 3.021 and 0.297 for the adsorption of DCF and KF. The value of 1/n less than unity 
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implies the heterogenous nanocomposite surface with the exponential distribution of active 

sites in the adsorption of KF (Tiwari et al. 2015) whereas the value of 1/n greater than 1 

indicates cooperative adsorption of DCF upon NFO@SiO2@β-CD nanocomposite (Foo and 

Hameed 2010). 

4.5.3 NFO@SiO2@β-CD nanocomposite regeneration and recycling studies 

The potentiality of NFO@SiO2@β-CD after regeneration and recycling was investigated. 

 

Fig. 4.28 Reusability of NFO@SiO2@β-CD on the removal of KF and DCF 

The pollutants KF and DCF were experimented with in an acidic environment (pH = 3 and 5), 

the used nanocomposite was washed with 1 mL of 0.1 M NaOH in a 20 mL volume of distilled 

water and kept in a rotary shaker for 30 min at 120 rpm followed by distilled water washing, 

this is to neutralize the nanocomposite; to remove the trace amount of KF and DCF present 

over the surface of NFO@SiO2@β-CD followed by drying the adsorbent overnight. Thus, 0.1 

M NaOH and deionized water were used to detach the drug molecule, (Lee et al. 2015).  

Fig. 4.28 showed that after four cycles of using the nanocomposite, the average removal 

efficiencies were reduced to 51.36 % for KF and 64 % for DCF. The hydroxyl groups in the 

0.1 M NaOH as regenerant can permeate easily through the available adsorbent pores more 

energetically, allowing the drug molecule to be easily solubilized and dislocated (Lee et al. 

2015). The collapse of the functional group, the leaching of β-CD in the nanocomposite as 
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mentioned in section 4.4.6 and the pore structure of the NFO@SiO2@β-CD might have 

resulted in the decreased removal efficiency of both pollutants (Li et al. 2020). Finally, the 

pollutant could be eluted, dried, and incinerated.    

4.6 Adsorbent: Nickel Ferrite@L-Leuine (NFO@L) 

The section from 4.6.1 to 4.6.19 focused on discussing the properties of the NFO@L-Leucine 

(NFO@L) as well as the impact of operational factors in the batch experiments, isotherm 

behaviour, kinetic modelling and the studies related to regeneration and recycling. All of these 

aspects were explored for their role in removing LFH and CIP. 

4.6.1 FTIR of NFO@L-Leucine 

FTIR was performed to identify the functional groups and their vibrational characteristics that 

are present in the NFO@L nanocomposite. Metal-oxide bonds, particularly in ferrite-based 

particles, were observed between the wavenumbers 1000 and 500 cm-1, with the highest 

stretching caused by the tetrahedral metal oxygen-bond discovered between 600 and 550 cm-1 

and the lowest stretching occurred between 450 and 385 cm-1 (Jacob et al. 2011a).  

   

Fig. 4.29 FTIR analysis of varied L-Leucine molar ratio onto NFO 
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The presence of NH3 and COO- in the range 500 - 650 cm-1 was observed in a waveform. 

Additionally, the broad H3N
+

 and aliphatic C-H stretching were overlaid on N-H stretch 

vibrations in the range 2000 - 3100 cm-1. An asymmetric (H3N
+) and carboxylate (CO)2, 

symmetric (H3N
+) N-H bend was noted between 1500 - 1700 cm-1. The symmetric carboxylate 

(CO)2 was detected around 1400 cm-1 and the torsional H3N
+, N-H oscillation was observed 

(Singh et al. 2008) confirming the functionalization of L-Leucine onto nickel ferrite (NFO@L).  

All these functional groups were observed at an increased molar ratio of L-Leucine from 0.4 

M to 0.6 M with an increase in the percentage transmittance. In Fig. 4.29, the more dominant 

peak of NFO nanoparticles was visible in 0.2 M and 0.3 M. Furthermore, there was a noticeable 

difference in the presence of functional groups at an increased L-Leucine concentration on 

NFO. 

4.6.2 Effect of varied L-Leucine molar ratio onto NFO, reaction time and temperature on 

the crystallographic structure of NFO@L nanocomposite using XRD analysis 

XRD analysis was used in determining the crystallite size and the nature of the so-formed 

nanocomposite. Fig.4.30 (a) depicts the XRD of L-Leucine and varied molar ratios of L-

Leucine (0.2 M, 0.3 M, 0.4 M, 0.5 M and 0.6 M) onto NFO@L and the graph also revealed the 

sharp peaks of L- Leucine reflecting its highly monoclinic crystal system with the strong hkl 

orientation (004, 005). The XRD pattern of 0.2 to 0.4 M L-Leucine on NFO revealed the 

gradual development of amino acid attachment with dominating NFO peaks. The major peaks 

of the amino acid were evident in the 0.5 M L-Leucine, with the combination of both NFO 

orientations (311, 440, 622, 511, 222) similar to the reference ICDD 54-0964 (Liu et al., 2018) 

and L-Leucine orientation (003, 004, 005, 113, 014, 015, 114, 007) confirming the synthesis of 

NFO@L nanocomposite. Further increase of L-Leucine molar ratio to 0.6 M, a decrease in the 

sharp NFO peaks and  L-Leucine peak of (005) could be seen indicating that an inadequate 

NaOH concentration to higher amino acid molar ratio may have hampered L-Leucine 

functionalization onto NFO. At this molar ratio, some of the precursors may have been reduced 

while others may have remained unreacted and so the nature of the nanocomposite exhibited 

an amorphous phase (N. et al., 2018). The optimized 0.5 M L-Leucine at 12 hrs reaction time 

at 150 °C was varied for lower hydrothermal synthesis reaction temperature of 100 °C which 

revealed the nanocomposite's more amorphous nature.  
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Fig. 4.30 (a) X-ray Diffraction analysis of NFO@L nanocomposite at (a) different molar 

ratios of L-Leucine onto NFO  

 

Fig. 4.30(b) XRD of NFO@L nanocomposite at two temperatures 
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Above 200 °C of hydrothermal synthesis reaction temperature, a sudden reduction in the weight 

loss of the nanocomposite from the TGA analysis was observed indicating the initiation of L-

Leucine breakdown as shown in the XRD plot of Fig. 4.30 (b). Therefore, the temperature-

varied hydrothermal synthesis of NFO@L was limited to 150 °C. Thus functionalization of L-

Leucine onto NFO, which is polycrystalline, with amino acids providing surface passivating 

groups NH2, COOH and OH, resulting in the NFO core, and L-Leucine shell was accomplished 

(Yang et al., 2017) by hydrothermal synthesis at optimium conditions of 150 °C and 12 hrs. 

The so-formed NFO@L, crystalline size was calculated using the De-bye Scherrer using 

equation (4.1) and the lattice parameter using equation (4.2). The lattice parameter (a) and 

miller indices hkl were presented in table 4.6. The average crystalline size of NFO@L is 

calculated to be 0.056 nm. 

Table 4.6  XRD parameters of optimized NFO@L nanocomposite 

2θ (degrees) Lattice parameter (nm) hkl miller indices 

17.89 1.48 003 

26.89 1.09 113 

29.40 1.51 005 

29.62 1.24 014 

31.56 1.20 114 

34.92 1.30 015 

35.51 0.83 311 

37.15 0.83 S222 

43.21 1.46 007 

57.08 0.83 511 

62.69 0.83 440 

75.17 0.83 622 

4.6.3 FE-SEM/EDX of NFO@L nanocomposite 

The surface morphology and the stoichiometric proportion of elements that constitute the NFO 

particles were analysed via the Field Emission - Scanning Electron Microscope imaging and 

Energy Dispersive X-ray Diffraction analysis.  
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Fig. 4.31 FE-SEM image of varied L-Leucine molar ratio onto NFO@L 

 

Fig. 4.31 depicts the tiny spherical image of the NFO@L nanocomposite at a magnification of 

100 nm in conjunction with all of the FESEM images. The colour could be seen changing at 

the increased L-Leucine molar ratio, and some of the agglomerated particles could be seen in 

the FESEM image. Except for Nitrogen (N) and Hydrogen (H) in L-Leucine, all other elements 

were analysed and their atomic and weight percentages were listed in their optimized EDX 

image.  The colour variation in FESEM images were observed with respect to increase in the 

L-Leucine molar ratio, and some agglomerated particles were also evident in the FESEM image 

as shown in Fig.4.31. All elements, except for Nitrogen (N) and Hydrogen (H) in L-Leucine 

were analyzed, and their atomic and weight percentages were documented in the optimized 

EDX image. Since hydrogen is the lightest element and the concentration of nitrogen is much 

lower than carbon in the L-leucine-attached nanocomposite, only a small peak for nitrogen (N) 

is visible, as shown in Fig. 4.32. It was noticed that increasing the molar ratio, increased the 

elemental composition (Carbon) in the NFO@L nanocomposite.  

 

 

 

 

0.5 M L 0.3 M L 

0.4 M L 0.2 M L 0.3 M L 
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Fig. 4.32 EDX of varied L-Leucine molar ratio onto NFO@L nanocomposite 

4.6.4 Atomic Force Microscope (AFM) and Particle Size Distribution from AFM and FE-

SEM 

A 3D view of the nanocomposite morphology with a spherical particle is shown in Fig. 4.33. 

The obtained graph estimated the grain size to be 7.41 nm with a mean surface roughness of 

5.88 nm, and the average diameter of the particle to be 11.79 nm. The particle size distribution 

(0.2 M) L 
(0.3 M) L 

(0.6 M) L 

(0.5 M) L (0.4 M) L 

Element Weight % Atomic % 

C K 8.81 16.53 

O K 46.72 65.84 

FeL 27.77 11.21 

NiL 16.71 6.42 
 

Element Weight % Atomic % 

C K 8.81 16.53 

O K 46.72 65.84 

FeL 27.77 11.21 

NiL 16.71 6.42 
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from FESEM calculated using ImageJ software is shown in Fig. 4.34 (a) and (b). The average 

diameter of the nanocomposite was found to be 13.69 nm. Both the FESEM and the AFM 

average diameter of the particle is found in the range between 11 to 15 nm. 

 

 

 

Fig. 4.33 Atomic Force Microscope (AFM) 3 and 2 Dimensions of the NFO@L 

Nanocomposite 

  

Fig. 4.34 Particle size distribution obtained from (a) AFM and (b) FESEM 

4.6.5 TGA/DTG analysis of NFO@L nanocomposite (TGA/DTG) 

The thermogravimetric and derivative thermogravimetric analysis (TGA/DTG) of NFO@L are 

shown in Fig. 4.35 reveals that a 4.2 % weight loss was observed upto 197.52°C which might 

be due to the evaporation of water molecules and combustion of organic components to CO2. 

Above this temperature, a sudden steep downward line indicates 17.93 % weight loss till 415.76 
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°C which indicates the breakage and decomposition of L-Leucine present on the NFO@L. 

Further a 0.05 % weight loss is observed until 703.57 °C which may be due to recrystallization. 

 

Fig. 4.35 TGA/ DTG of the NFO@L nanocomposite 

On the whole, a 26.28 % weight loss is determined from 57.46 °C to 831.13 °C and from the 

TGA curve, it is inferred that the NFO@L nanocomposite might have exhibited multistage 

decomposition with no intermediates. At 226.77 °C in the DTG curve, a large exothermic peak 

indicating the initiation of L-Leucine breakdown in the NFO@L (Raula et al., 2007) and has 

completely decomposed within 342 °C in addition to that, the decomposition of inorganic salts 

(Rodante and Marrosu, 1990) and loss of oxygen-containing groups would have occurred 

within 415.76 °C; above this temperature no significant weight loss is observed (Mapossa et 

al., 2020; Sun et al., 2022). The multiple exothermic peaks in phase 2 between 197 to 400 °C 

might be due to the decomposition of two different materials in the nanocomposite. An 

exothermic peak at a high temperature of 503°C indicates the recrystallization of the 

nanocomposite. 

4.6.6 VSM of NFO@L nanocomposite 

In this section, the effect on the magnetic properties of NFO@L nanocomposite was analyzed 

using the vibrating sample magnetometer (VSM). Fig. 4.36 reveals a S-shaped curve reflecting 

the superparamagnetic nature of the nanocomposite which helps in the separation of the 

nanocomposite using an external magnetic force. The magnetic properties of the NFO@L 
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nanocomposite were estimated to be saturation magnetization (Ms) of the synthesized NFO@L 

is 0.66 emu/g with the retentivity (Mr) = 73.29 E-3 emu.   

 

Fig. 4.36 VSM analysis of NFO@L nanocomposite 

4.6.7 Electrokinetic Potential Analysis of NFO@L nanocomposite 

 

Fig. 4.37 Zeta potential of NFO@L nanocomposite 
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The electrokinetic analysis of the NFO@L nanocomposite was analyzed from acidic to basic 

pHs as shown in Fig. 4.37. The salt addition method with 50 mg of NFO@L nanocomposites 

in 50 mL of 0.1 M NaOH and HNO3 for 24 hr at varied pH levels and at room temperature was 

used in analyzing the nanocomposite’s isoelectric point. The isoelectric point (pHIEP) of 

NFO@L is observed at pH = 7.20 and the maximum zeta potential value of -21.5 mV was 

attained at pH 8. Above this isoelectric point, NFO@L exhibited a negatively charged surface 

and below this point, the nanocomposite exhibited a positive surface charge. (Rodante et al. 

1992). 

4.6.8 Brunauer Emmett Teller (BET) specific surface area analysis and Barrett-Joyner 

Halenda (BJH) model of NFO@L nanocomposite 

BET multi-point test was used in analyzing the specific surface area, pore volume, and pore 

radius of the NFO@L nanocomposite and the analysis was conducted under nitrogen gas at 

77.35 K. The surface area, pore volume, and pore radius of the NFO@L are found to be 92.91 

m²/g, 0.14 cc/g, and 18.95 Å. Fig. 4.38 hysteresis loop depicts the type IV adsorption isotherm 

(Thommes et al. 2015) that can behave as a super nano-porous adsorbent (NFO@L). Initially, 

in the condensed state, homogenous adsorption was observed followed by heterogeneous 

adsorption on the walls of the super nano-porous (NFO@L) adsorbent. The linear graph in Fig. 

4.38 reveals the highly porous nature of the NFO@L nanocomposite (Zaidi et al. 2021). 

 

Fig. 4.38  N2 Adsorption-desorption Hysteresis loop of NFO@L nanocomposite and a BET 

plot of NFO@L between 1/[W((W(Po/P)-1)] and relative pressure (P/Po) 
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4.6.9 Ninhydrin test for NFO@L nanocomposite 

The reaction between ninhydrin and L-Leucine amino acid attached to the nanocomposite was 

confirmed by the visible colour change from colourless solution to Ruhemann’s purple 

chromophore which indicated the positive results for the ninhydrin test (Kollarahithlu and 

Balakrishnan 2019). 

4.6.10 Effect of varied molar ratio of L-Leucine on the NFO upon the removal of LFH 

and CIP 

 

Fig. 4.39 Effect of varied L-Leucine molar ratio on the NFO for the removal of LFH and 

CIP 

The L-Leucine molar ratio was varied in the range of 0.2 M, 0.3 M, 0.4 M, 0.5 M and 0.6 M 

onto NFO and the effect of varied molar ratio of L-Leucine onto NFO in the removal of CIP 

and LFH was studied. The removal efficiency of both pollutants was found to increase upto 

16.05 % LFH and 32.79 % CIP with an increase in the L-Leucine molar ratio onto NFO till 0.5 

M. Thereupon further increases to 0.6 M L-Leucine in the NFO, CIP showed a reduction in the 

removal efficiency and a saturated efficiency was seen in the LFH trend from the Fig. 4.39. 

This could be owing to the occurrence of smaller pores or pore blockages inside the NFO@L 

at higher molar ratios, which can limit the diffusion of pollutants into the interior of the 
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adsorbent, lowering adsorption capacity efficacy. It can also limit the accessibility of active 

spots, further limiting removal efficiency (Chew et al. 2010). 

4.6.11 Effect of pH on the removal of LFH and CIP using NFO@L 

 

Fig. 4.40 The adsorption capacity of NFO@L and its removal efficiency in the removal of 

LFH and CIP at different pH 

Fig. 4.40 depicts the graphical trend followed upon varying the pH from 4 to 10 and the effect 

on the adsorption capacity of NFO@L and removal efficiency of LFH and CIP in 100 mL 

solutions containing 10 mg NFO@L mass equilibrated for about 12 hrs. The maximum removal 

efficiency of 59.08 % CIP and 31.13 % LFH were obtained at pH 8 and 9 respectively and their 

respective adsorption capacity was calculated to be 63.82 mg/g and 35.09 mg/g. The surface 

charge, the isoelectric point of the NFO@L nanocomposite, and the amphoteric character of 

both pollutant molecules all play a significant role in the pH effect. According to the zeta 

potential analysis, the NFO@L surface is negatively charged and it is closer to the maximum 

pH of both CIP and LFH aqueous solutions. 

CIP as an amphoteric molecule exists in mono-positive charge at pH < 6, mono-negative charge 

at pH > 9 as well as in zwitterionic form at neutral pH (Veclani and Melchior 2020). 

Furthermore, the pKa value of CIP for the carboxylic acid group is 6.1 and 8.7 for the amino 
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group at piperazine moiety, indicating that CIP exists in zwitterionic form between pH 6.1 to 

8.7 implying that the CIP molecule has an equal number of positive and negative charges at pH 

8. At the same time, if the pH > pHIEP the negative surface charge of NFO@L dominates 

whereas it is vice versa for pH < pHIEP (Li et al. 2015; Wu et al. 2013). The removal efficiency 

of CIP increased as the pH values increased from 4 to 8; above this pH, the efficiency decreased 

drastically owing to the deprotonation of the carboxylic group from the CIP molecule. 

The optimal pH of the CIP solution is greater than the pKa of the carboxylic group in CIP and 

less than the pka of the amino group in CIP, so the CIP molecule remains protonated at pH 8 

(El-Shafey et al. 2012) and hence there might be a hydrogen bonding interaction between -NH2 

of the nanocomposite and -OH group of the CIP (You et al. 2021a). In the case of LFH,  it 

exists in the deprotonated form at alkaline conditions, as the optimal pH 9 is greater than both 

the pKa value of the carboxylic group (5.38 or 5.49) and the amino group (7.85 or 8.78) (Guo 

et al. 2020b). The pKa value of the amino group is nearer to the optimal pH 9 of the LFH 

solution and also the pH of the LFH solution > pHIEP 7.23 of the NFO@L. Increasing the pH 

from 4 to 7, both the removal efficiency of LFH and adsorption capacity of NFO@L remained 

nearly constant; beyond this, an increase in the efficiency and adsorption capacity was observed 

from pH 7 to 9, above this pH a reduction was observed. The increased efficiency from pH 7 

to 9 might be owing to the transfer of free electron pairs on the amine nitrogen to the aromatic 

rings of the LFH in its molecular state and also since L- Leucine is hydrophobic, the LFH could 

have located itself in the cavity-water interface, a similar behaviour of pollutant is observed in 

the work of (Rajoriya et al. 2017). The dominating negative surface charge on the NFO@L has 

resulted in more electrostatic repulsion of the anionically charged LFH, and that might have 

led to the decreased efficiency at pH 9 when compared to the removal efficiencies of CIP. In 

the case of CIP, the removal mechanism would have occurred via electrostatic attraction with 

the dipole-dipole forces that existed between the polar molecules, along with the formation of 

a hydrogen bond with an electronegative halogen atom (El-Sheikh et al. 2019; Guo et al. 2020b; 

Peñafiel et al. 2021). In general, the benzene ring in the CIP structure undergoes π- π 

interactions with the nanocomposite, a similar mechanism has been cited in (Al-Buriahi et al. 

2022). 

4.6.12 Effect of NFO@L dosage on the removal of LFH and CIP 

Along with the aforementioned mechanism in the pH, the surface properties of the 

nanocomposite were studied by varying the nanocomposite dosage and the resultant effect on 
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the removal percent of LFH and CIP and adsorption capacity of NFO@L is presented in Fig. 

4.41. The maximum adsorption capacity for CIP is 8.72 mg/g and 5.96 mg/g for LFH. Almost 

95 % of CIP was removed with a maximum NFO@L dosage of 100 mg in 100 mL at pH 8. In 

the case of LFH, 74.42 % was removed with a maximum adsorbent dosage of 70 mg in 100 

mL at pH 9, both pollutants were equilibrated for about 12 hrs. The increase in NFO@L dosage 

increased the efficiency till the optimal value upon further raise of NFO@L dosage, both the 

removal efficiency and adsorption capacity almost became stable with a very slight decrease. 

The increased efficiency of both pollutants till the optimal value is due to the increase in surface 

area and availability of more active binding sites of NFO@L. 

 

Fig. 4.41 The adsorption capacity of NFO@L and its efficiency in the removal of LFH 

and CIP upon varying the catalyst dosage 

In contrast, the adsorption capacity decreased upon increasing the NFO@L dosage, which 

might be due to the increased cohesive interactions of nanocomposite-like aggregation/ 

agglomeration and that could have resulted in a reduction in the effective surface area per unit 

mass of adsorbent and an increase in diffusion path length similar results have been reported 

in  (Mashkoor et al. 2018; Zhang et al. 2019a). Apart from the surface area of the NFO@L, L-

Leucine constitutes functional groups such as -COOH, NH2, CH3 and -OH in which NH2 and 

-OH are exceptional chelation sites.    
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The optimal pH removal of both pollutants is at basic conditions and hence the increase of 

NFO@L dosage simultaneously increased the hydrogen bonding interaction between NH2 of 

the NFO@L and -OH of the CIP. Meanwhile, in the case of LFH, the removal might have 

occurred through the transfer of free electrons and hydrophobicity as mentioned in section 

4.6.11. The repulsive nature of like charges of LFH and NFO@L at the optimal pH and 

nanocomposite dosage resulted in decreased removal efficiencies compared to CIP (El-Sheikh 

et al. 2019; Guo et al. 2020b; Peñafiel et al. 2021). 

4.6.13 Effect of initial concentration on the removal of LFH and CIP using NFO@L  

s  

Fig. 4.42 The adsorption capacity of NFO@L and its efficiency in the removal of LFH and 

CIP at different initial concentrations 

The effect of initial concentrations of LFH and CIP between 5 to 40 mg/L in 100 mL of working 

solution adsorbed over the optimum loading of NFO@L and pH for an equilibration time of 12 

hrs has been studied. The removal efficiencies reduced from 88.22 % to 30.81 % and 88.31 % 

to 78.37 % for LFH and CIP respectively. The adsorption capacity increased and then slightly 

lowered at 40 mg/L of LFH aqueous solution from 8.11 to 19.37 mg/g as shown in Fig. 4.42, 

this might be because of the saturation of occupied sites. Upon further increase in the initial 

concentration, the overload of the pollutants onto the NFO@L surface resulted in the 

approachability to the saturation point. This implied that the optimized pH and NFO@L dosage 
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were most favourable to remove the LFH at a low concentration of the pollutant similarly in 

the case of CIP, 0.1 g of NFO@L in 100 mL of different initial concentrations resulted in an 

increased trend of adsorption capacity from 3.53 to 29.54 mg/g, which could be attributed to 

the increased mass molecular collision as driving force that pushed the CIP from the aqueous 

solution to the NFO@L surface (Nasiri et al. 2022). 

4.6.14 Effect of time on the removal of CIP and LFH using NFO@L 

  

Fig. 4.43 The adsorption capacity of NFO@L and its efficiency in the removal of LFH 

and CIP upon varying the time 

The optimized conditions from the above section were applied to study the reaction time in a 

100 mL volume containing a 10 mg/L concentration of each pollutant. The effect of time on 

the removal percent of LFH and CIP and the adsorption capacity of NFO@L is displayed in 

Fig. 4.43. Almost 60 % of LFH was removed with the highest adsorption capacity of 8.52 mg/g 

within 140 min whereas 93.54 % of CIP was removed in 120 min with the highest adsorption 

capacity of 9.85 mg/g. Beyond this, the removal percent of both the fluoroquinolones decreased 

slightly. There observed a initial saturation after the first 15 min, this might be owing to the 

availability of vacant sites or there might have occurred adsorption-desorption equilibrium 

allowing for more efficient removal of the pollutant; after which the interaction of adsorbent-
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adsorbate tends to slowly saturate by filling the available sites onto the nanocomposite with no 

significant shift in removal efficiency. 

4.6.14 Effect of temperature on the removal of CIP and LFH using NFO@L 

Fig. 4.44 illustrates the removal efficiency of LFH and CIP and the adsorption capacity of 

NFO@L trend at different temperatures (303 K, 313 K, 323 K, 333 K and 343 K). The maximal 

removal efficiency of 93.54 % and 7.77 mg/g of adsorption capacity of NFO@L towards CIP 

was favoured at 303 K.  

 

Fig. 4.44 The adsorption capacity of NFO@L and its efficiency in the removal of LFH and 

CIP upon varying the temperature 

The increased temperature resulted in a reduction in removal efficiency, emphasising that 

adsorption does not require any external energy or high temperature to be maintained for the 

removal of CIP onto the NFO@L nanocomposite surface. The randomness of the CIP molecule 

increased as the temperature increased, potentially disrupting the bond between the NFO@L 

surface and the adsorbed CIP molecule onto it. As a result, CIP removal reduced as the 

temperature increased indicating an exothermic nature of the sorption process. In the case of 

LFH, a significant increase in efficiency of 75.19 % and an adsorption capacity of 10.11 mg/g  

at 333 K. The rate of LFH removal increased as temperature increased up to 333 K, indicating 

the absorption of heat energy favoured the LFH removal. The repulsion between LFH and 

NFO@L interactions was overcome by heat energy, resulting in increased efficiency at 333 K, 

after which there was a slight reduction in removal efficiency due to the reduction of the driving 
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force between LFH and NFO@L nanocomposite, which caused the adsorbed LFH molecule to 

escape from the nanocomposite (Al-Ghouti and Al-Absi 2020; Horsfall Jnr and Spiff 2005). 

Thus, the removal of LFH was favoured at 333 K, indicating an endothermic nature, and it was 

further validated by thermodynamic studies in section 4.6.18. 

4.6.15 Adsorption Kinetics 

The kinetics of adsorption helps in determining the rate law in designing a proper adsorption 

system moreover it also outlines the adsorption rate of CIP and LFH at the respective time at 

the NFO@L nanocomposite - pollutant interface. 

 

 

Fig. 4.45 A plot of (a) Pseudo first order kinetic model and (b) Pseudo second order kinetic 

model of CIP and LFH on NFO@L 

 

A linear plot of t versus t/qt i.e. pseudo-second order model showed a proper fit towards both the 

pollutant, indicating the chemisorption over the experimented time and the regression coefficient 

R2, k1, k2, qe, cal are listed in table 4.8. qt is the adsorption capacity at time (mg/g), k1, k2 is the 

equilibrium rate constant at the time, qe, cal equilibrium adsorption capacity. k2 and qe, cal were 

calculated using slope and intercept (Ho and McKay 1999; Revellame et al. 2020) from the plot 

in Fig. 4.45 (a) and 4.45 (b). 
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4.6.16 Adsorption Isotherm model for the removal of LFH and CIP 

From the reaction time experimental datum, the kinetics and isotherm modelling were 

performed and studied in sections 4.6.16.1 to 4.6.16.3. 

4.6.16.1 Langmuir and Freundlich Isotherm for the removal of LFH and CIP 

The removal mechanism involved in removing these pollutants has been verified for 

homogeneity and heterogeneity adsorption with similar or varied binding energies on the  

NFO@L surface active sites using Langmuir and Freundlich isotherm models  (Appel 1973). 

The Langmuir constant, KL and maximum monolayer adsorption capacity, qmax is calculated 

from the Langmuir linear plot between (1/Ce) L/mg versus (1/qe) (g/mg) as shown in Fig. 4.46 

Kinetic models Pseudo first order kinetics Pseudo second order kinetics 

Compounds 
𝐪𝐞,𝐜𝐚𝐥 

(𝐦𝐠 𝐠)⁄  

𝐤𝟏 

(
𝟏

𝒎𝒊𝒏
) 

𝐑𝟐 
𝐪𝐞,𝐜𝐚𝐥 

(𝐦𝐠 𝐠)⁄  

𝐤𝟐 

(𝐠 𝐦𝐠. 𝐦𝐢𝐧)⁄  
𝐑𝟐 

LFH 2.52 8.7×10-3 0.36 8.67 0.18 0.99 

CIP 1.94 6.8×10-3 0.15 9.55 0.14 0.98 

Table 4.7 Estimated kinetic model parameters in the removal of CIP and LFH 

  

Fig. 4.46 (a) Langmuir Linear isotherm of CIP and LFH on NFO@L and (b) Freundlich 

isotherm of CIP and LFH on NFO@L 
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(a). The Freundlich isotherm constant, KF and 1/n is the constant both obtained from the 

straight- line graphical plot of ln Ceversus ln qe as shown in Fig. 4.46 (b). The achievability of 

the adsorption process was witnessed from the 1/n value, which was in the mid of 0 to 1 for 

CIP which implies the chemisorption and the favourability of the adsorption process; whereas 

the 1/n value for LFH is greater than the unity, implying that the co-operative adsorption might 

have occurred (Foo and Hameed 2010). 

Table 4.8 Separation factor of NFO@L upon LFH and CIP from the Langmuir isotherm 

Initial Concentration (mg/L) RL (LFH) RL (CIP) 

5 0.803 0.023 

10 0.671 0.012 

20 0.505 0.006 

30 0.404 0.004 

40 0.337 0.003 

RL is a dimensionless separation factor that indicates the favourability of the system and the 

values are presented in table 4.8. For both the pollutant RL lies between 0 and 1 such that it 

indicates, that the adsorption is favourable (Khamparia and Jaspal 2017; Sawalha et al. 2007).  

The qmax calculated from Langmuir isotherm showed a highest value of 34.18 mg/g for LFH 

and 8.40 mg/g for CIP. In Fig. 4.46 (a) and (b), the isotherm models proclaimed that the 

Langmuir isotherm is well-fitted exceeding the Freundlich isotherm for LFH while both the 

isotherm showed better fitting for the removal of CIP respectively.  

4.6.16.2 Temkin isotherm for CIP and LFH removal using NFO@L 

The study of Temkin isotherm was used in analyzing the interactions between the NFO@L 

nanocomposite and the fluoroquinolones. The isotherm illustrates that the quantity of heat of 

adsorption of pollutant molecules decreases linearly rather than logarithmic with the surface 

coverage of NFO@L. The value of B was calculated using the slope and intercept of the plot 

in Fig. 4.47 is listed in table 4.9 which was found to be < 8 kJ and > 0 that there might be a 

release of heat during adsorption indicating the exothermic nature of the process for both 

fluoroquinolones at 303 K (Araújo et al. 2018). Similar results were observed in the work of 
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functionalized multi-walled carbon nanotubes for the removal of toxic dyes (Saxena et al. 

2020). 

4.6.16.3 Dubinin -Radushkevich isotherm for the removal of LFH and CIP 

Dubinin - Radushkevich accounts for the potential theory of adsorption and also includes 

assumptions such as adsorption occurs through micropore volume filling rather than multi-

layer adsorption on the surface, which also includes the adsorption on the porous structure of 

 

Fig. 4.47 Temkin isotherm plot of ln Ce versus qe for CIP and LFH 

  

Fig. 4.48 Dubinin -Radushkevich isotherm plot of ε2 versus ln qe for the removal of (a) 

LFH and (b) CIP 
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the nanocomposite (Araújo et al. 2018; Hu and Zhang 2019). The qmax = exp (intercept), β = -

slope, and E was calculated from the graphical plot between ε2 versus ln qe shown in Fig. 4.48 

(a) and (b). The mean free energy in the D-R equation for CIP is high compared to the binding 

energy calculated from the Temkin isotherm conversely it is the reverse for LFH. It is evident 

from the listed values in table 4.9, that the mean free energy  (DR isotherm) and binding energy 

(Temkin isotherm) are < 8kJ indicating that less energy was required for the sorption of both 

pollutants at 303 K (Hu and Zhang 2019) indicating chemisorption of both the pollutants at 

303 K. 

All the isotherm variables are presented in table 4.9. On comparing all the isotherm models and 

from table 4.9 it is noted that the Langmuir isotherm is well-fitted exceeding all other isotherm 

models with a regression coefficient of 0.95 for LFH implying that the removal of LFH follows 

monolayer adsorption. On the contrary, Langmuir, Freundlich and Temkin isotherms fitted well 

for CIP with the regression coefficient of 0.96 which indicates that the removal at first could 

have followed homogenous subsequently heterogeneous adsorption might have occurred. The 

nanocomposite might have both the uniform and heterogenous surface and hence it has fitted 

with the three models. 

Table 4.9 List of parameters from the Langmuir, Freundlich, Dubinin–Radushkevich, Temkin 

isotherm 

Isotherm and Parameters LFH CIP 

Langmuir isotherm                                              qmax (mg/g)                            34.18 8.40 

                                                                                   KL (L/mg) 0.04 8.17 

                                                                                          R2 0.95 0.96 

   Freundlich isotherm                                                          1/n 1.67 0.71 

                                                                   KF   (mg/g)(L/mg)1/n 0.18 1.53 

                                                                                    R2 0.81 0.96 

   Temkin isothem                                                       E (J/mol)          349.02 281.81  

                                                                                  AT (L/g) 0.98 1.032 

                                                                                            B 7.52E-6 2.33E-7 

                                                                                           R2                 0.77 0.96 

  Dubinin–Radushkevich isotherm                      qmax (mg/g) 8.23 8.39 

                                                                               E (J/mol) 257.85 1464.89 
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4.6.17 Thermodynamics studies for the removal of CIP and LFH 

The thermodynamic properties for the removal of LFH and CIP onto NFO@L nanocomposite 

surface at different temperatures (303, 313, 323 and 333 K) were estimated and analyzed for 

the feasibility and the spontaneity of the adsorption process. The thermodynamic parameters 

such as enthalpy (ΔH°) in kJ/mol and entropy (ΔS°) in kJ/mol.K were calculated from the slope 

and intercept of the plot 1/T versus ln Keq is shown in Fig. 4.49. The experimental datum 

obtained from section 4.6.14 was used in plotting the van’t Hoff plot and the Gibbs free energy 

change (ΔG°) in kJ/mol was calculated using the following equation  

ΔG° =  −RTln(Keq)                                            (21) 

ln (Keq) =
ΔS°

R
−

ΔH°

RT
                      (22) 

Where Keq is the equilibrium constant (dimensionless), T is the temperature in Kelvin, and R 

is the gas constant (8.314 J/mol.K). The calculated thermodynamic parameters are listed in 

table 4.10. The negative value of ΔG° at all four different temperatures for both pollutants 

indicates the spontaneity of the adsorption process. 

In the case of CIP, the ΔH°< 0 indicates the exothermic nature of the process with sorption 

involving chemical bonding interactions similar results were noted in (Elham Ahangaran et al. 

2020) and the negative value of ΔS° indicated the increase in orderness at the pollutant - 

nanocomposite interface. In the case of LFH, the positive value of ΔH° indicates the 

endothermic nature of adsorption. Though the ΔH° value lies within the physisorption range of 

-20 to 40 kJ/mol, an increase in temperature increased the kinetic energy of interacting 

molecule by absorbing the heat energy along with the surface properties and that might have 

increased the collision between NFO@L and LFH, suggesting that the LFH removal followed 

chemisorption. The positive range of ΔS° suggests the randomness at the pollutant-

nanocomposite interface throughout the adsorption process (Khan et al. 2010).  

                                                                                          R2 0.88 0.90 
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Fig. 4.49 van’t Hoff plot for the removal of LFH and CIP 

Table 4.10 Thermodynamic parameters for adsorption of LFH and CIP onto NFO@L 

Pollutants 
ΔH° 

(kJ/mol) 

ΔS° 

(kJ/mol. K) 
(-) ΔG° (kJ/mol) 

LFH 38.33 0.12 
303 K 313 K 323 K 333 K 

19.92 20.57 21.23 21.89 

CIP -23.03 - 0.05 32.81 33.89 34.97 36.05 

4.6.18 Regeneration and recycle studies of NFO@L nanocomposite  

The recycling studies of the nanocomposite on the removal of two pollutants were presented 

in this section. The washed solvents revealed that the Methanol washing of NFO@L showed 

the highest removal efficiency of 92.98 % for CIP and 75.19 % for LFH. Further, the 

regenerated nanocomposite was used for up to four-cycle runs using methanol. Fig. 4.50 and 

4.51, illustrate that there is a reduction in the removal efficiency of LFH to 57.20 % analogously 

CIP removal efficiency was also reduced to 79.69 % after four cycle runs. Table 4.11 depicts a 

comparative study of commercial adsorbents in the removal of LFH and CIP. 
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Fig. 4.50  Regeneration of the NFO@L using 

three different solvents 

Fig. 4.51 Removal efficiency of LFH and 

CIP upon regenerated  NFO@L after four 

runs 

Table 4.11 A comparison of commercially used adsorbents in the removal of LFH and CIP 

S. No 

Pharmaceutical 

pollutants/ 

Adsorbent 

Input Parameters Results obtained References 

1 Ciprofloxacin / 

Sugarcane 

bagasse (SB) 

and powdered 

activated carbon 

(PAC) 

 

 

Initial Concentration - 

20 mg/L, adsorbent 

dosage Sugarcane 

bagasse (SB) -3g/L at 

pH-6,  

Powdered activated 

carbon (PAC) -0.3g/L at 

pH-8 

The adsorption capacity for 

sugarcane bagasse (SB) is 

5.7 mg/g, saturation time is 

60 min. 

 

Powdered activated carbon 

(PAC) - 50.1 mg/g, 

removal efficiency - 78 % 

for both the adsorbent, 

saturation time -100 min. 

(There are no regeneration 

and recycling experiments) 

(Li et al. 

2015) 

2 Lomefloxacin 

Hydrochloride/

Activated 

carbon 

Initial concentration -2 

mg/L, powdered 

activated carbon dosage 

(PAC) -8 mg/L, 

equilibration time -48 

Removal efficiency is 80-

96 % at equilibration time 

between 30-40 hrs. 

(Fu et al. 

2016) 



113 
 

hrs pH -7, temperature -

25°C. 

Adsorption capacity 

(Langmuir isotherm) is 413 

mg/g. 

(There are no regeneration 

and recycling experiments) 

3 Ciprofloxacin/ 

Bentonite 

Initial Concentration -

500 mg/L, pH -2 to 8, 

adsorbent dosage -2.5 

g/L, agitation speed -

100-300 rpm, ionic 

strength (KCl) -5-50 

mM, time -0 -210 min 

Optimum time -30 min, 

adsorption capacity -147 

mg/g. 

(There are no regeneration 

and recycling experiments) 

(Genç et al. 

2013) 

4 Ciprofloxacin/ 

Activated 

Carbon 

Initial concentration -3-

30 mg/L, pH - 5, 

equilibration time -72 

hrs, adsorbent dosage -

2.5 mg. 

Adsorption capacity 

(Activated Carbon) -230 

mg/g 

(There are no regeneration 

and recycling experiments) 

(Carabineiro 

et al. 2012) 

5 Ciprofloxacin/ 

Montmorillonite 

Initial concentration -

500 - 4000 mg/L, 

volume of solution -20 

mL, Adsorbent dosage -

0.2 g, pH -2.5 - 11, 

equilibration time -24 

hrs,  

Equilibrium concentration 

-80 mg/L 

Adsorption capacity -330 

mg/g, removal efficiency -

97 % 

(There are no regeneration 

and recycling experiments) 

(Wang et al. 

2010) 

6 Ciprofloxacin 

and 

Lomefloxacin 

Hydrochloride/ 

Goethite 

Initial concentration -

1.5µM, Adsorbent 

dosage -0.44 g/L, pH -5, 

time -4 to 6 hrs 

 

Removal efficiency  

Ciprofloxacin -62 %, 

Lomefloxacin 

hydrochloride - 54 % 

  

 

(Zhang and 

Huang 

2007) 

7 Ciprofloxacin 

hydrochloride/ 

NFO@L 

 

Initial concentration -10 

mg/L, adsorbent dosage 

-100 mg, equilibration 

time -12 hrs, pH -8, 

temperature -311, 313 

and 323 K 

 Removal efficiency -

93.549 % at temperature -

303 K within 120 min, 

adsorption capacity – 8.40 

mg/g 

This work 

8 Lomefloxacin 

hydrochloride/ 

NFO@L 

Initial concentration -10 

mg/L, adsorbent dosage 

-70 mg, pH -9, 

equilibration time -12 

hrs, temperature -311, 

313 and 323 K 

Removal efficiency -

75.192 % at temperature -

333 K within 140 min, 

adsorption capacity – 34.18 

mg/g 

 

This work 

 



114 
 

4.6.19 FTIR image after adsorption of CIP and LFH 

 

Fig. 4.52 A stacked FTIR of NFO@L nanocomposite and the composite after adsorption of 

CIP and LFH onto nanocomposite 

Metal-oxide bonds, particularly in ferrite-based particles were identified in the range 1000 -

500 cm–1 with the highest stretching due to the tetrahedral metal-oxygen bond observed in the 

range 600 -550 cm–1 and the lowest stretching found in the range between 450 -385 cm–1 (Jacob 

et al. 2011a). The presence of NH3 and COO− in between 500 − 650 cm−1 is in waving form; in 

addition to this, N−H and C−H stretching vibrations that correspond to 2500 − 3200 cm−1 

confirmed the functionalization of L-Leucine onto Nickel Ferrite (NFO@L). A peak near 2300-

2500 cm-1 indicates the NH2+ overtones and combinations; a bending at 1713.48 cm−1 is due to 

the C=O carboxylic acid stretch and a downward stretch was visible between 2850-3000 cm−1 

due to the presence of Nujol, as well as the attachment of Fluorine group could be seen in the 

after adsorption of  LFH on NFO@L trend (Sanzgiri et al. 1994). 

The existence of CH2 on the benzene ring in ciprofloxacin could be seen in the after-adsorption 

of ciprofloxacin on the NFO@L trend in the wavenumber 1510 cm−1. The carbonyl and 

hydroxyl stretching vibrations in the –COOH could be seen in 1700 -1800 and 3400 -3500 cm–

1 wavenumber, respectively, while the peaks between 2800 -3000 cm-1 correspond to –CH2 and 

–CH, all these stretching and bending’s could be seen in all three FTIR image (Zhang et al. 

2020b). The functional group O–H contributes to the bending between 1400 and 950 cm–1 
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whilst the peak near 750 cm–1 is attributed to CH2NH, affirming the attachment of ciprofloxacin 

and lomefloxacin hydrochloride to NFO@L respectively (Brittain 1993; Tan et al. 2012) as 

shown in Fig. 4.52. 

4.7 Nickel ferrite (NFO) as a nanocatalyst/PMS 

NFO as a nano-catalyst with an oxidizing agent (PMS) experimented with varied affecting 

parameters for the degradation of CAF and LFH and the final analyte was analyzed with LC-

MS analysis, and ICP-OES were featured and discussed in this section from 4.7.1 to 4.7.11. 

4.7.1 Effect of bare NFO on the degradation of CAF and LFH 

Initially, adsorption experiments were conducted with the NFO catalyst alone, before 

determining the activation of PMS using NFO for the degradation of CAF and LFH.  

 
 

Fig. 4.53 (a) Effect of pH on the removal of 

LFH and CAF using Bare NFO 

Fig. 4.53 (b) Effect of catalyst dosage on the 

removal of LFH and CAF using Bare NFO 

From Fig. 4.53 (a) and (b) it could be depicted that the varied pH and catalyst dosage showed 

a lower removal efficiency of 5.4 % of CAF and 19.11 % of LFH at pH 3 whereupon varying 

the catalyst dosage from 10 to 90 mg at pH 3 showed negligible effect on the CAF and a 27.47 

% increase in efficiency of LFH was observed at 80 mg. The result shows that NFO alone has 

very less affinity towards the removal of CAF and LFH. 
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4.7.2 Effect of PMS with no catalyst on the degradation of CAF and LFH 

 

              Fig. 4.54  Effect of PMS alone on the degradation of CAF and LFH 

The experiments were conducted in a 100 mL volume of solution with PMS, without the 

catalyst, and no change in pH for each of the pollutants; from which 0.4 mM and 0.1 mM were 

found to be optimum with removal efficiencies of 16.87 % and 5.12 % for LFH and CAF 

respectively, as shown in Fig. 4.54. When the PMS concentration was increased from 0.1 mM 

to 0.6 mM, LFH degradation decreased beyond the optimum value, whereas CAF degradation 

efficiency decreased until 0.3 mM, after which a slight rise with a steady state maintained in 

the efficiency was observed. Two-electron oxidation would have occurred in LFH via PMS-

produced hydroxylated N-oxide and dealkylated low antibacterial activity products that could 

attack the aliphatic N4 amines on the piperazine ring. As a result, the generation of amide and 

aldehyde moieties could have occurred via dealkylation and hydroxylation reactions. Thus, 

using PMS alone for the degradation of CAF and LFH is less reactive to pollutants containing 

electron-deficient moieties such as nitro and carboxy groups, which could also explain the low 

degradation efficiency (Ding et al., 2021) meanwhile it also indicates the slow self 

decomposition of PMS without activation (Andrew Lin and Chen 2016). Since the NFO 

catalyst and PMS alone were insufficient for the degradation of CAF and LFH separately. A 

combination of NFO catalyst and PMS was subjected to step-by-step varied parametric studies 

such as pH, NFO catalyst dosage, PMS dosage, pollutant concentration and reaction time. 
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4.7.3 Effect of pH on the degradation of CAF and LFH using NFO 

 

Fig. 4.55  Effect of pH on the degradation of CAF and LFH using NFO 

The activation energy, oxidation potential, surface charge, and stability of nickel ferrite 

nanoparticles can all be greatly influenced by pH (Sun et al., 2022). From the aforementioned 

parametric studies, the optimized PMS, 0.4 mM (LFH) and 0.1 mM (CAF), was further 

subjected to varied pH (3-8) in the presence of 10 mg NFO catalyst in a 100 mL volume of 

solution containing 10 mg/L concentration. Fig. 4.55 shows that pH 3 has a peak removal 

efficiency of 13.78% CAF and 60 % LFH. At pH 5, H+ ions scavenge sulfate and hydroxyl 

radicals, as shown in equations 24 – 33; additionally, PMS is unaffected by pH less than 6 and 

at extreme alkaline conditions of pH 12. In highly acidic pH 1 conditions, PMS hydrolyzes to 

form H2O2 (Ghanbari and Moradi 2017). When the pH of the reaction is raised to more alkaline 

conditions (pH >10), the oxidative capacity of •OH is not as good as that of SO4
-•, so the 

degradation efficiency remains stable. Metal ion precipitation at pH > 3 is also one of the 

reasons for maximum degradation in the homogeneous system at pH-3 (Ghanbari and Moradi 

2017; Sun et al. 2022a). The negative surface of NFO observed from the zeta potential result 

and the contaminant solution pH 3 has a strong affinity in the removal of LFH whereas in the 

case of CAF, the efficiency has increased in the combined effect of NFO/PMS system in 

comparison with the effect of  NFO and PMS separately. A similar observation of catalyst 

affinity to pollutants under acidic conditions was also found in the literature (Andrew Lin and 

Chen 2016). The increase of solution pH increased the production of OH- ions concentration 
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that ended up in more negatively charged ions at the same time the negative surface charge of 

the NFO catalyst and solution pH inhibited the formation of SO4
•- leading to the lesser removal 

efficiency of both the pollutant in the basic solution pH (Andrew Lin and Chen 2016). 

4.7.4 Effect of NFO dosage on the degradation of CAF and LFH 

Fig. 4.56 shows that when the optimised PMS and pH were fixed, and the amount of NFO was 

varied from 10 to 100 mg for LFH and 10 mg to 80 mg for CAF, nearly 92.80 % of LFH and 

16.94 % of CAF were degraded. Increasing the dosage increased the degradation efficiency of 

LFH and CAF until it reached its optimal amount, indicating that increasing the NFO dosage 

increased the number of active sites for the PMS to interact with and produce free radicals on 

the catalyst surface above that no significant shift was observed while measuring; thus, 90 mg 

was chosen as the optimum value, whereas in the case of CAF above 50 mg, there is no 

significant increase; rather, the efficiency slightly varies, indicating that there is no further 

production of free radicals and saturation of active sites in the NiFe2O4 nanoparticles. 

4.7.5 Effect of variation of PMS in the optimized dosage on the degradation of  LFH and 

CAF 

By varying the PMS with an optimized catalyst dosage and pH, the exact amount of PMS 

required for the degradation of LFH and CAF was estimated. In this case, LFH and CAF were 

 

Fig. 4.56 Effect of varied NFO dosage on the degradation of CAF and LFH 
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chemically degraded with an optimal PMS molar of 6 and 3 mM, respectively, with a peak 

removal percent of  99.42 % and 98.64 %, as shown in the graph in Fig. 4.57. 

Excessive PMS  dosage could harm the NFO/PMS AOP system. Increasing of PMS dosage 

above the optimum condition may react and eradicate sulfate radicals and generate low 

reactivity radicals (SO5 and HO2). As a result, additional experiments were carried out with 6 

mM and 3 mM of PMS in the degradation of LFH and CAF, respectively, with the 

optimized NFO dosage and PMS, which induced sufficient radical production, provided 

enough surface area with the mesoporous structure, as well as the adsorption capacity, and 

resulted in the degradation of LFH and CAF using NiFe2O4/PMS. The varied PMS dosage at 

the optimized NFO mass implies that the degradation of CAF and LFH is the main deciding 

factor as the sulfate radicals were produced from PMS rather than NFO which acts as an 

activator only (Homem and Santos 2011). 

4.7.6 Effect of initial concentration of CAF and LFH on the degradation efficiency 

The pollutant's initial concentration is a substantial factor that can affect the optimum catalyst 

dosage, removal efficiency and kinetics (Mahalakshmi et al., 2007). The above parameters 

were held constant while each of the initial LFH and CAF concentrations in a conical flask was 

 

Fig. 4.57 Effect of varied PMS with the optimized dosage on the degradation of LFH and 

CAF 
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varied. The pollutant's initial concentration is a substantial factor that can affect the optimum 

catalyst dosage, removal efficiency and kinetics (Mahalakshmi et al., 2007). The above 

parameters were held constant while each of the initial LFH and CAF concentrations in a 

conical flask was varied. Over 12 hrs, increasing the initial concentration from 10 to 40 mg/L, 

reduced the CAF and LFH degradation efficiency from 99.42 to 87.61 % and 98.64 % to 93.06 

%, respectively as displayed in Fig. 4.58. As the pollutant's initial concentration increases 

eventually more of the reactant molecule adheres to the surface of the NFO catalyst which may 

result in a reduced radical generation. Mostly, the degradation rate increases with an increase 

in the catalyst dosage at a low pollutant initial concentration, this might be due to the sufficient 

amount of radical generation. Hence the generated radicals (OH• and SO4
•՟) from the 

optimized conditions in the NiFe2O4/PMS system at 10 mg/L concentration of LFH and CAF 

may be insufficient to degrade the increased initial pollutant concentration range greater than 

10 mg/L of both pollutants  (Mirzaei et al. 2016).  

 

Fig. 4.58 Effect of initial concentration on the degradation of CAF and LFH 

The higher the initial concentrations of CAF and LFH, the more of these pollutants and their 

intermediates existed in the solution, while the number of reactive species produced in the 

reaction system remained constant under the same conditions, resulting in stronger competition 

for reactive species, catalyst deactivation and a drop in degradation trend was observed in Fig. 

4.58 with the varied initial concentration of both pollutants (Wang et al. 2017). As 

aforementioned specific surface of the NFO catalyst is comparatively less compared to other 



121 
 

commercial adsorbents and catalysts; hence lower the specific surface area with larger crystals 

at higher initial pollutant concentration might lead to catalyst deactivation. From this 

observation, the NFO catalyst behaviour implies that the pollutant concentration completely 

depends on the NFO catalyst-pollutant initial concentration mass ratios (Mirzaei et al. 2016). 

4.7.7 Effect of reaction time on the degradation of CAF and LFH 

 

Fig. 4.59 Effect of reaction time on the degradation of CAF and LFH 

The maximum time required to chemically degrade CAF and LFH using PMS was determined 

by varying the time from 0 to 230 min for LFH and 0 to 100 min for CAF. Fig. 4.59 shows the 

stability of both pollutants even after extending the reaction time above its optimal reaction 

time in which almost 100 % of CAF and 98.61 % of LFH were degraded. Different pollutant 

might follow different degradation pathway,  CAF degrades in lesser time comparable to LFH. 

This might be due to its chemical structure, breaking down of intermediates and the presence 

of oxidizable function groups.The utilisation of the entire, free radicals produced by the 

NiFe2O4 nanocatalyst and PMS, as well as the simultaneous saturation of active sites on the 

nanocatalyst surface, resulted in steady state degradation of both pollutants above the optimal 

time (Mirzaei et al. 2016). 
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4.7.8 Effect of PMS, NFO dosage and reaction time on the LFH and CAF mixed solution 

(LC) 

A reaction mixture containing two different pollutants have been experimented to study the 

behaviour of NFO catalyst. NFO was experimented with LFH and CAF mixed solution (LC) 

since each of the solutions (LFH and CAF) showed better efficiency at pH 3; the LC solution 

was experimented with varied PMS concentrations, NFO dosage and reaction time was 

experimented at pH 3. Fig. 4.60 (a) displays the calibration graph of the LFH and CAF mixed 

solution (LC). 7 mM of PMS concentration degraded 95.88 % of LC solution at an equilibration 

time of 12 hrs as shown in Fig. 4.60 (b). Further, NFO dosage was varied at an optimized PMS 

of 7 mM in which 20 mg of NFO degraded 96.03 % of the LC solution. All the above-

equilibrated parameters are kept constant and the reaction mixture was analyzed with varied 

reaction time. The NFO catalyst showed good efficiency with 20 mg of catalyst dosage in a 

100 mL volume of solution. Reduced removal efficiency was observed in Fig. 4.60 (c) upon 

increasing the catalyst dosage might be because the agglomeration of the catalyst at increased 

catalyst dosage interferes with the LC reaction mixture leading to an occupied active surface 

and hence decreases the generation of radicals by reducing the activity of the catalyst (Ahmadi 

et al. 2017). 

  

Fig. 4.60 (a) Calibration graph of LFH and 

CAF mixed solution (LC) 

Fig. 4.60 (b) Variation of PMS Concentration 

in the LFH and CAF mixed solution (LC) at 

pH 3 
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Fig. 4.60 (c) Variation of NFO dosage at 

optimized PMS in the LFH and CAF mixed 

solution (LC) 

Fig. 4.60 (d) Variation of reaction time at 

optimized NFO dosage in the LFH and CAF 

mixed solution (LC) 

Fig. 4.60 (d) displays a degradation of 78.07 % of LC solution at a reaction time of 40 mins 

upon varied reaction times. A decreased efficiency was observed in comparison with the LFH 

and CAF separately. The degraded intermediate metabolites can also affect the catalytic activity 

of the NFO (Ahmadi et al. 2017).  

4.7.9 Mechanism involved in the generation of free radicals 

Fe3+ + H2O→ Fe-OH 2+ + H +                    (4.3)                                                                                                 

Ni 2+ + Fe-OH 2+→Ni-OH + + Fe 3+                                                                                   (4.4)                                                                                      

Ni-OH + + HSO5
- →NiO + + SO4

- • +H2O                                                                           (4.5)                                                                         

Ni 2+ + H2O→Ni-OH + + H +                                                                                            (4.6)     

Ni-O+ + HSO5
- → Ni-OH + + SO5

-•                                                                                     (4.7)  

Ni-O + + 2H +→Ni 3+ + H2O                                                                                                (4.8) 

Ni 3+ + HSO5
- →Ni 2+ + H + + SO5

-•                                                                                    (4.9) 

Fe3+ + HSO5
- →Fe2+ + H + + SO5

- •                                              (4.10)                                                                              

Fe2+ + HSO5 
- →Fe3+ + SO4

-• + OH -                                                                                   (4.11)  

SO4
-• + H2O→SO4

2-  + HO • + H +                  (4.12) 
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As shown in equations (4.3) and (4.4), the rate-determining step is the formation of numerous 

NiOH+ and FeOH2+ on the NFO surface upon PMS stimulation. The resulting FeOH2+ reacts 

with Ni2+ to form NiOH+, as shown in equations (4.5) and (4.6). NiOH+ and Fe3+ combine with 

hydrogen bonds and HSO5
- on the surface of the nanoparticles to form NiFe2O4-O-H-HSO5

-, 

which is then split into NiO+, SO4
- • H2O, and NiOH+ as in equation (4.7). This reaction operates 

as a cycle, resulting in the repeated formation of NiOH+, NiO+ also oxidises in the presence of 

H+ to form Ni3+, which then combines with HSO5
- to form Ni2+, as shown in equations (4.8) 

and (4.9). On the other hand, Fe3+ on the surface of NiFe2O4 stimulates HSO5
-, which splits to 

SO4
- • and SO5

- • as described in equations (4.10) and (4.11), and this SO4
- • combines with H2O 

to form SO4
2-, •OH, H+ as mentioned in equation (4.12). As an outcome of the combined effect 

of the NiFe2O4/PMS system, the metal ions Ni and Fe could reform to Ni2+ - Ni3+ - Ni2+ and 

Fe3+-Fe2+-Fe3+ on the surface of NFO nanoparticles, and the valence states of Ni and Fe could 

re-transform to divalent and trivalent states, resulting in the generation of SO4
-• and •OH 

(Zhang et al. 2022). 

4.7.10 Degradation kinetic studies of CAF and LFH 

The kinetic experiments aid in determining the rate constant in the degradation of CAF and 

LFH utilizing PMS-activated NFO nanoparticles. The pseudo zero order kinetics assumes that 

the rate is independent of reactant concentration, whereas the pseudo first and second order 

kinetics assume that the rate is directly proportional to reactant concentration, while the latter 

depends on the reacting species involved in the reaction. The experimental datum was used to 

plot the pseudo zero order, pseudo first order, and pseudo second order kinetics, and is shown 

below. 

Pseudo zero order of reaction 

Rate = −
𝑑[𝐶𝑓]

𝑑𝑡
= 𝑘[𝐶𝑓]0 = k = constant              (4.13) 

Pseudo first order of reaction (Langmuir Hinshelwood model) 

[Cf] = [Co]exp (−kt)                            (4.14) 

ln
Cf

Co
= kt                   (4.15)  
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Fig. 4.61 (a) Zero order reaction (b) Pseudo first order kinetics for the removal of LFH and 

CAF 

Pseudo second order of reaction (Ho model) 

1

Cf
=

1

Co
+ kt                 (4.16) 

1

Co
−

1

Cf
= kt                 (4.17) 

 

Fig. 4.61 (c) Pseudo second order kinetics for the removal of LFH and CAF 
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Fig.4.61 (a) and (b) show the pseudo zero order and first order kinetics revealing a negative 

rate constant from table 4.12. The first-order kinetic model is related to the low concentration 

of sulphate and hydroxyl radical species produced during the process. In this case, NFO/PMS 

radical-induced degradation, Ho’s pseudo-second-order kinetic model fits better as shown in 

Fig. 4.61 (c) which is attributed to the fact that the degradation process requires numerous steps 

that imply the occurrence of different species, predominantly sulfate and hydroxyl radicals, 

which can be identified using liquid chromatography-mass spectroscopy. 

The pseudo-second-order model showed better fitting for both pollutants suggesting that the 

degradation process is controlled by the reactions that occurred in the system owing to 

chemisorption in the NFO nanocatalyst as a result of radical-induced degradation of both 

pollutants. The negative value of k and its regression value reflects that the reaction is not 

proceeding in the positive manner and this might be either due to the accumulation of 

byproducts or the presence of competing reactions or otherwise equilibrium could have 

established. 

Table 4.12 Kinetic parameters in the removal of LFH and CAF 

Order of reaction Zero order reaction 
Pseudo first 

order kinetics 

Pseudo second 

order kinetics 

Pollutants R2 k0 (mg/L.min) R2 k1 (min-1) R2 k2 

(L/mg.min) 

LFH 0.91 -0.027 0.97 -0.01076 0.85 0.005 

CAF 0.59 -0.002 0.69 -0.0188 0.74 0.1664 

4.7.11 Regeneration and recycle studies of NFO nanoparticles  

Distilled water, methanol, and ethanol were used to regenerate the nanocatalyst. All three 

regenerated nanocatalysts were tested in optimized conditions, and all of the regenerants 

showed removal efficiency of LFH within 90-94%, whereas in the case of CAF, the washing 

of used NFO nanoparticles in the degradation of CAF showed above 90% removal efficiency 

for the distilled water washing compared to other regenerants, as shown in Fig. 4.62 (a), and 

thus the distilled water was chosen as the most economical and eco-friendly regenerant.  
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Fig. 4.62 (a) Regeneration of NFO nanoparticles on different solvents (b) Three recycle 

runs of NFO nanoparticles for the degradation of CAF and LFH 

The experiments were conducted in three-cycle runs by washing the used nanocatalyst with 

distilled water, and the degradation of LFH and CAF in the three-cycle runs is shown in Fig. 

4.62 (b), which was found to be (94.32%, 94.01%, 90.68%) for LFH and (97.89, 93.83, 64.1%) 

for CAF, implying a very slight reduction in the degradation efficiency for the three cycle runs. 

As a result of the recycle and regeneration experiments, it was noticed that distilled water could 

effectively regenerate the nanocatalyst and degrade the LFH upto 90% with three recycle runs 

and 90 % of CAF upto two cycle runs. 

4.7.12 Degradation of LFH and CAF on the different water sources 

The degradation of LFH and CAF in two different water sources, tap water and river water, 

was compared to the aqueous LFH and CAF solution prepared in distilled water. The 10 mg/L 

of LFH and CAF in both tap and river water was prepared, and degradation experiments were 

performed under optimized conditions, in which the distilled water and tap showed a similar 

trend to the river water regardless of other water parameters, as shown in Fig. 4.63. 
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Fig. 4.63 Degradation of LFH on different water sources 

4.7.13 Inductively coupled plasma -Optical emission spectroscopy (ICP-OES)  

The leaching of iron and nickel ions in the LFH degradation was analysed using ICP-OES 

analysis and was estimated to be 0.15 mg/L and 0.05 mg/L from the catalyst in the final analyte; 

whereas no traces of iron ions were observed in the CAF degradation, 0.73 mg/L of nickel ions 

was leached from the catalyst in the final analyte. The iron content in the case of LFH 

degradation was within the acceptable limits of 0.3 mg/L in drinking water according to (BIS 

2012) and natural freshwater (0.5 to 50 mg/L) according to WHO guidelines, and the 

permissible limit of nickel ions content in effluent discharged in public sewer and inland 

surface water is 3 mg/L according to Indian environmental protection rules 1986 (SCHEDULE 

VI) (IS 3025-43 (1992). As a result, the leaching of nickel and iron ions was found to be within 

acceptable and permissible limits in both cases. 

4.7.14 Identification of degraded products using Liquid chromatography-mass 

spectrometry (LC-MS) 

LC-MS was used to analyze the degradation products of Lomefloxacin Hydrochloride (LFH) 

and Caffeine (CAF). Fig. 4.64 a and b and Fig. 4.65 a and b show the spectrum of the LFH  and 

CAF aqueous solution in the initial and final analyte solution. Fig. 4.66 depicts the identified 

degraded fragments and pathways based on the m/z value of the spectrum. The dihydroxy 
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derivative piperazine ring was formed as a result of the addition of an oxygen atom to the direct 

product of Lomefloxacin Hydrochloride m/z 365. The oxidation of the piperazine ring has led 

to the formation of a piperazine ring keto derivative m/z 343. The loss of C=O contributed to 

a compound with m/z 315. Direct hydroxyl radical attack could result in desethylene 

Lomefloxacin Hydrochloride with a loss of propyne group or despropylene LFH with a loss of 

acetylene group with m/z 268. Decarboxylation, demethylation, and fluorine substituent loss 

resulted in the formation of an intermediate compound with m/z 218. The formation of methyl 

formate and n-butyraldehyde with m/z 146 and 75 indicates that the LFH has been broken down 

into smaller molecules (Liu et al. 2012; Ma et al. 2020; Zhang et al. 2022).  

 

 

Fig. 4.64 Mass spectrum of Initial (a) and after (b) degradation of LFH  

(a) 

(b) 
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Fig. 4.65 Mass spectrum of (a) Initial and (b) after degradation of CAF 

Caffeine with a m/z ratio of 195 first produces the compound with m/z 211, which then 

breaks down to form m/z 241, in which the ring structure opens and an addition of two 

keto groups C=O results in m/z 258, which then splits into two intermediate products 

with the attachment of two acid groups to the nitrogen atom, m/z 297 and m/z 303. The 

two acid groups separate to form a xanthine fragment derivative with m/z 203 and 182. 

Furthermore, the compound with m/z 182 degrades into the imidazole structured 

compound m/z 156, which when oxidised yields compound such as CAF 8 with m/z 124, 

CAF 10 m/z 96, and CAF 11 m/z 89 (Lin et al. 2018; Ndabankulu et al. 2019; Wang et 

al. 2017). Fig. 4.67 depicts the CAF degradation pathway. 

(a) 

(b) 
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Fig. 4.66 Degradation pathway of LFH Fig. 4.67 Degradation pathway of CAF 

4.8.15 LC-MS results of LC (Lomefloxacin Hydrochloride and Caffeine) mixed solution: 

At a retention time of 10.79, the base peak and the molecular ion reflected a 100 % intensity at 

a m/z ratio of 352 and its molecular ion isotope peak reflected at m/z 353.2 in the initial mixed 

LC solution as shown in Fig. 4.69 (a). The [M+1] ion peak was observed at m/z 353.2 and 

[M+2] at m/z 354.2. At a degradation time of 40 mins, the LC solution was subjected to LC-

MS analysis. At a retention time of 0.55, the most abundant peak as the base peak was observed 

at m/z 126 and the fragment ion was observed in Fig 4.68 (b) (after degradation of LC solution) 

m/z such as 85, 126,150,214.9,256,336.9. 
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Fig. 4.68 (a) MS-MS spectrum of LFH and 

CAF mixed solution (Initial)   

Fig. 4.68 (b) MS-MS spectrum of LFH and 

CAF mixed solution (Final) 

4.7.16 FTIR analysis of NFO/PMS system after degradation of CAF and LFH 

NFO as a catalyst would function as an adsorbent due to their surface area, so the FTIR after 

chemical degradation was used to confirm the attachment of LFH and CAF functional groups. 

Fig. 4.69 illustrates the presence of CAF functional groups in the peaks between 1200 - 1700 

cm-1 and 700-745 cm-1, and similar results have been reported (Butt et al. 2019). The peaks 

around 1600-1700 cm-1 are caused by the stretching of the C=O and C=N rings in cyclic 

hydrocarbons. The aromatic C-H stretch is responsible for the N-H stretching vibrations 

observed around 3400 cm-1 and in the middle of the peaks 2900 - 3120 cm-1 (Rajam et al. 2013). 

Peaks near 3300 cm-1 indicate the presence of H-C-H in the methane group. All of these peaks 

can be seen in the FTIR spectrum after CAF degradation. Because of the NH2
+ symmetrical 

and asymmetrical stretch, a compound Nujol would have appeared between 3000-2850 cm-1 

and around 2700 cm-1. Within 1700 cm-1, the peaks correspond to C=O stretch, 1600 cm-1 to 

C=O pyridone carbonyl, and 1400 cm-1 to - CH2 and - CH3. The C-H tri-substituted double 

bond can be seen near wavenumber 800 cm-1 in the FTIR spectrum after LFH degradation 

(Sanzgiri et al. 1994). The attachment of all these functional groups indicates that, in addition 

to the degradation of LFH and CAF, adsorption would have occurred due to the surface 

properties of the NFO nanoparticles. 
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Fig. 4.69 FTIR of NFO/PMS system after degradation of CAF and LFH 

FTIR of the NFO surface was analyzed after each batch experiment of LFH and CAF separately 

and have been observed for the modified NFO surface after the experiments. The FTIR trend 

of bare NFO surface tends to differ after each parametric study. A difference in H-O-H 

vibrations at 3416.68 and 1636.20 cm-1 in Fig.4.70 has been observed clearly in the pink dashed 

line and yellow line in both the Figures indicating that the NFO surface has been greatly 

adsorbed by the LFH and CAF separately. Similarly, bands such as between 2000 to 2350, 1300 

to 1500, around 550 cm-1 in the LFH adsorbed surfaces. Around 3430, between 1900 to 2200, 

1400 to 1650, a reduced spectral band around 550 cm-1 is observed in the CAF adsorbed 

surface. The remaining spectral bands showed a slight reduction compared to the NFO surface. 

All this modification implies that after each batch parametric study either the intermediate 

degraded compounds could have been adsorbed or the pollutant compound itself might have 

been adsorbed on the NFO catalyst surface. All the functional groups corresponding to 

wavenumbers have been mentioned in the aforementioned FTIR section.  
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Fig. 4.70 FTIR of NFO/PMS/LFH and NFO/PMS/CAF after each parametric batch studies 

4.7.18 Chemical oxygen demand analysis (COD) 

The number of oxygen equivalents consumed by a strong oxidant during the chemical oxidation 

of organic materials was analyzed using chemical oxygen demand (COD). At the optimum 

conditions, the COD reduction in the final analyte of CAF and LFH after degradation 

experiments was estimated to be 20.8 % in CAF and 71 % in LFH. A 20.8 % reduction in COD 

reflects that the degradation process was less effective for CAF. This indicates that the CAF 

pollutant is more resistant to degradation, owing to their chemical structure or due to the 

presence of complex or stable compounds that are not easily broken down. Meanwhile, a 71 % 

reduction in COD indicates a significantly more effective degradation process for LFH 

indicating that the organic matter in LFH is more amenable to chemical degradation. The 

variation of COD reduction in both pollutants relies on various affecting parameters such as 

pH, nanoparticle dosage, PMS dosage and reaction time. Both pollutants were experimented 

with at pH 3, whereas less active sites and reaction time were provided for CAF in comparison 

with LFH which might have resulted in reduced COD  removal similar results of affecting 

parameters were mentioned in the previous literature work (Subki et al. 2020). 
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CHAPTER   5  

CONCLUSION  

The detrimental effect of pharmaceutical pollutants in water resources at low concentrations 

has raised the need for a novel adsorbent. The nickel ferrite and its nanocomposite have been 

employed to target specific pharmaceutical pollutants such as KF, DCF, CIP, LFH and CAF in 

aqueous solutions. The NFO nanoparticles were synthesized using the co-precipitation method, 

upon which SiO2 was functionalized using TEOS followed by attachment of β-CD molecule to 

form NFO@SiO2@β-CD nanocomposite which was used in the removal of KF and DCF. The 

hydrothermally synthesized L-Leucine functionalized nickel ferrite nanocomposite (NFO@L) 

was used in the removal of pharmaceutical pollutants, LFH and CIP.  The potentiality of the 

synthesized NFO, NFO@SiO2, NFO@SiO2@β-CD, and NFO@L nanocomposite was 

analysed for its physical, chemical, magnetic and thermal properties using various analytical 

techniques. The attachment of β-CD and SiO2, onto NFO, β-CD onto NFO@SiO2, and L-

Leucine onto NFO was confirmed from the XRD, EDX, and FTIR analysis. The surface 

morphology and the specific surface area were determined from the FE-SEM image and BET 

test analysis. The thermal stability and the per cent weight loss of the NFO and functionalized 

NFO were estimated using TGA analysis. The particle size and zeta potential were determined 

using electrokinetic analysis and also from FE-SEM images using ImageJ software. The 

removal of KF, DCF, LFH, and CIP drugs and the degradation of CAF and LFH were confirmed 

with an experimental investigation of the synthesized NFO nanocomposite and NFO 

nanoparticles at different parameters. The adsorption isotherm and kinetics were studied in the 

experimental investigation. The regeneration and recyclability studies of the NFO@SiO2@β-

CD, NFO@L and NFO nanoparticles were experimentally determined and the reusability of 

the nanocomposite and nanoparticles was investigated. Comparing the literature, the 

NFO@SiO2@β-CD nanocomposite showed a superior characteristic in the removal of DCF 

within 5 mins. The NFO@L nanocomposite showed similar results of CIP to other research 

work however a new economical and eco-friendly adsorbent has been developed compared to 

high temperature required activated carbon. Lomefloxacin hydrochloride and caffeine 

combination haven’t been worked on so far each of the pollutants showed a very good 

degradation efficiency compared to the other literature works and this combination of the 

mixed solution has not been experimented till now and the nickel ferrite nanoparticles have 
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shown excellent results. The some of the significant findings were summarized in the following 

below. 

5.1 Summary 

To summarize the research findings, the functionalization of β-CD onto NFO@SiO2 has been 

demonstrated to be an effective adsorbent for the removal of DCF comparable to KF. In 

comparison to LFH, the functionalization of L-Leucine onto NFO has proven to be an effective 

adsorbent for the removal of CIP. The CAF and LFH were efficiently degraded in the 

NFO/PMS combination, NFO could potentially serve as an effective nano catalyst in the 

presence of an oxidizing agent.  

(a) NFO@SiO2@β-CD nanocomposite for the removal of KF and DCF 

The following are the summary of the work that were derived upon synthesizing and 

experimenting with β-CD functionalized NFO@SiO2 upon the removal of KF and DCF. 

• The presence of Ni-O at 478 cm-1 and Fe-O at 534 cm-1 in the tetrahedral and octahedral 

modes confirmed the formation of NFO nanoparticles. 

• The highly agglomerated pore-free NFO nanoparticles were seen to be in micron-size 

particles from FE-SEM imaging which revealed that the NFO nanoparticles have to be 

functionalized to get discrete uniform-sized particles however from the EDX the elemental 

composition seems to be in the stoichiometric ratio. 

• NFO is crystalline with the maximal peak orientation (311) at 35.55° which was 

confirmed from the XRD analysis the maximum zeta potential of -26 mV was found at pH 11 

and the negative surface of NFO was found to be dominant at all pH and the surface-to-volume 

ratio of the NFO nanoparticles was found to 112.02 m2/g from the BET analysis. 

• The low saturation magnetization (Ms), retentivity value and coercivity (Hc) of the NFO 

nanoparticles revealed its soft magnetic nature with ease of magnetization and 

demagnetization. 

• The specific surface area of the NFO@SiO2 is 29.118 m²/g and the hysteresis loop from 

BET analysis indicates the type III isotherm and implies that NFO@SiO2 might either be 

nonporous or mesoporous. 

• The mesoporous nature of NFO@SiO2@β-CD nanocomposite was seen in the FE-SEM 

image with a specific surface area of 20.781 m2/g and an increase in average particle diameter 

of the nanocomposite of 109.1 nm was observed. 



137 
 

• As a result of functionalization, a decrease in the magnetic properties of 

NFO@SiO2@β-CD nanocomposite was observed in comparison with the NFO nanoparticles.  

• However, a reduction in thermal stability was reflected in 56.18 % of the weight loss of 

the NFO@SiO2@β-CD at temperatures between 250 to 500 °C. A 10.23 % weight loss up to 

250°C was found and the nanocomposite would be experimented within this temperature range 

and this slight reduction within the operating temperature is insignificant. 

• 1.25 g β-CD functionalized NFO showed the maximal removal percent of 30.80 % of 

KF and 33.03 % of DCF. 

• The maximal removal of 31.32 % of KF and 59.12 % of DCF at pH 5 and 3 with the 

adsorption capacity of 32.85 and 64.89 mg/g, respectively, DCF showed a better removal 

efficiency upon varying the pH compared to KF at an equilibration time of 12 hrs. 

• The optimum dosage of 130 mg and 120 mg of NFO@SiO2@β-CD removed almost 

80.92 % and 80.83 % of KF and DCF respectively at an equilibration time of 12 hrs; upon 

varied time, 80 % of KF in 360 min and 94 % of DCF in 5 mins were removed using the 

NFO@SiO2@β-CD nanocomposites. The functionalization of NFO worked well for DCF 

comparably with KF.  

• The rate and mechanism of the removal process were evaluated from the kinetic and 

isotherm models in which the pseudo-second-order kinetic model and Freundlich adsorption 

isotherm fitted well indicating the chemisorption and layer-by-layer adsorption from the kinetic 

and isotherm model.  

• The NFO@SiO2@β-CD nanocomposites were regenerated and recycled for about four 

consecutive cycles; a greater shift in the removal efficiency of KF was observed compared to 

DCF which was noticeable as a result of the collapse of the pore structure, cavity and 

functionalization. 

• Thus, the NFO@SiO2@β-CD nanocomposite could serve as a potent adsorbent for the 

removal of DCF compared to KF, the regeneration capacity has to be improved to reduce the 

loss in functionalization in order to improve its number of recycle runs. 

(b) L-Leucine functionalized nickel ferrite (NFO@L) nanocomposite for the removal of 

CIP and LFH 

The following are the summary of the work that were derived upon synthesizing and 

experimenting with L-Leucine functionalized NFO for the removal of CIP and LFH. 
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• The synthesized NFO@L is a homogenous spherical particle having an average particle 

diameter between 11 to 15 nm implying its narrow size distribution plotted from the FE-SEM 

and AFM analysis using ImageJ software even after L-Leucine functionalization. 

• The superparamagnetic nature of the nanocomposite was observed with a saturation 

magnetization of 0.66 emu/g, which affirms its restrained magnetic property after 

functionalization.  

• The maximum zeta potential was observed to be -21.5 mV at pH 8 indicating its good 

dispersibility.  

• The specific surface area of the nanocomposite was estimated to be 92.92 m2/g, 

considerably a better surface area among nanocomposites.  

• The parametric experimental investigation revealed that almost 93.54 % CIP at (pH = 

8, 100 mg, 10 mg/L, 303 K) and 75.19 % LFH at (pH = 9, 70 mg, 10 mg/L, 333 K) were 

removed.  

• The after-adsorption FTIR image of LFH and CIP functional groups confirmed the 

adsorption of both pollutants onto NFO@L 

• The effect of temperature on the removal of both pollutants revealed the two different 

trends for two different pollutants belonging to the same class implying that the pKa value, pH, 

functional groups, hydrogen bonding, electrostatic attraction with dipole-dipole forces and 

surface charge have played a vital role in targeting the specific pollutant.  

• The kinetic and isotherm studies revealed that the pseudo second order kinetics and 

Langmuir isotherm model showed the best fit with the highest R2 value such that the removal 

proved to be of monolayer surface sorption with chemical interactions on the NFO@L.  

• Other isotherms such as Temkin and Dubinin–Radushkevich isotherms revealed that 

the removal of both pollutants required very less binding energy at 303 K. The thermodynamic 

parameters revealed that the removal process is exothermic for CIP and endothermic for LFH. 

• The value of ΔG° also suggested that the adsorption of both pollutants is a favourable 

and spontaneous sorption process.  
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• The regeneration and recycling studies of used NFO@L with methanol for about four 

consecutive cycles revealed a small reduction in the removal efficiencies of CIP and LFH to 

79.69 % and 57.20 % respectively.  

• Hence, the NFO@L nanocomposite could serve as an effective adsorbent for the 

pharmaceutical drugs that are prevailing in the environment at low concentrations.  

(c) Nickel ferrite (NFO) as a nano catalyst in the degradation of CAF and LFH 

The following are the conclusions that were derived upon synthesizing and experimenting with 

the NFO/PMS AOP system for the degradation of CAF and LFH.  

• The nickel ferrite nanoparticles were synthesised using the co-precipitation method, 

and their physical and chemical properties were investigated using various characterization 

techniques.  

• The crystallinity of the nanocatalyst and the formation of NFO were confirmed by XRD 

and FTIR analysis. The crystallinity of the nanocatalyst was determined to be 1.712 nm.  

• The particle size distribution and maximum zeta potential were calculated to be 43.87 

nm and -54.07 mV at pH 11 reflecting its highly negative surface and good dispersibility at the 

most basic conditions. 

•  A magnification of 200 nm imaging from FESEM and AFM appears as agglomerated 

spherical particles, due to its high surface energy and the grain size from the AFM was 

estimated to be 0.2523 nm.  

• The specific surface area of the NFO nanocatalyst is 112.02 m2/g which has a 

comparatively larger specific surface area than the above-mentioned nanocomposite. 

• The batch experiment on the degradation of LFH, CAF and LC using NiFe2O4/PMS 

revealed that 98.61 % of LFH, 100 % of CAF and 78.07 % of LC were degraded within 220 

min, 80 min and 40 min at pH 3, respectively. 

• The kinetic study suggested that the pseudo second order kinetic fits better indicating 

its chemisorption in the radical-produced NFO/PMS system. 

• From the LC-MS analysis, it was identified that the LFH,  CAF and LC were broken 

down into smaller fragments. 
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• The after-degradation FTIR image of LFH and CAF activating PMS using NFO 

nanoparticles confirmed that the surface properties also played a role in the removal of both 

pollutants. 

• The reduced COD of the final analyte of both pollutants indicated that the less active 

sites and reaction time were provided for CAF in comparison with LFH.  

• The regeneration of the NFO nanocatalyst with distilled water yielded nearly 94.34 to 

90.68 % LFH and 97.89 to 64.1 % CAF, indicating that the nanocatalyst is stable for two 

consecutive cycles.  

• The leaching of nickel and iron ions from the catalyst was also found to be within limits. 

A comparison of various water sources revealed that activating PMS with NiFe2O4 could be a 

powerful nanocatalyst for use in contaminated water bodies. 

5.2 Future scope of the study 

The significance of magnetic spinel nickel ferrite nanocomposite is to be explored in a 

continuous flow process hence the real-time difficulties such as variability in the weather 

conditions, detection of contaminants, variation in sampling methods, calibration and 

maintenance in implementing the nanoparticle and nanocomposite, regulatory compliances, 

operating cost and its removal for further reusability studies could be identified and rectified 

so that the low concentrated micro and trace level of pollutants could be removed or degraded. 

The NFO functionalized nanocomposite has to experiment with other regenerants to improve 

its regeneration and recycling potential. A few more drugs have to experiment with NFO 

functionalized nanocomposite in their adsorption and desorption studies such that the 

laboratory-scale study can be extended to the pilot-scale level for the treatment of 

pharmaceutical pollutants contaminated water bodies, and municipal and hospital effluents 

with the NFO@L nanocomposite. The estimation of cost in implementing the nanosorbents 

and the commercial grade adsorbent is to be estimated inorder to commercialize the nickel 

ferrite nanoparticles and nanocomposite. 
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Environment and climate from Asian Institute of Technology, Thailand and Bui Xuan 

Thanh (Xuan-Thanh BUI) in the Key Lab of Advanced Waste Treatment Technology 

(VNU-HCM) - Dept. Water Science & Technology, Vietnam as Co-investigators.  at 

National Institute of Technology Karnataka, (NITK) Surathkal, Mangalore.  
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• Research experience of 10-15 days at the Asian Institute of Technology AIT, 

BANGKOK Thailand under DST, SERB ASEAN -INDIAN Project. 

AREA OF INTEREST 

• Conversion of waste to useful adsorbent or catalyst and energy 

• Instrumental analysis of water, air and soil 

• Adsorption, advanced oxidation process and remediation techniques of water and soil  

DECLARATION 

I hereby declare that the above written particulars are true to the best of my knowledge. 

 

Place: Surathkal, India           

Date:  29-10-2024             I INDUMATHI 

 

 

 

 

 

 

 

 

 

 


