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ABSTRACT 

Activated carbon possesses a wide-ranging ability to absorb various pollutants, and its 

adsorption effectiveness can be heightened through chemical and physical modifications. 

Recently, there has been notable interest in adsorbents impregnated with metals, particularly 

rare earth metal cerium, due to their biocompatibility, non-toxicity, and redox properties. 

Cerium, abundant in the earth's crust, exhibits a robust bond strength with fluoride, making it 

effective for water treatment. Despite the efficiency of individual rare earth metals in fluoride 

removal, their small particle size often makes them impractical. Consequently, we employed 

cerium and iron to modify activated carbon, synthesizing an adsorbent using co-precipitation 

and ultrasonication. This research investigates the efficacy of a sonochemical method in 

synthesizing an adsorbent (AC/Ce/Fe-1) and studying its adsorption capacity for fluoride ions. 

Characterization techniques, including SEM, EDX, BET analysis, FTIR, and XRD, confirm 

fluoride capture and reveal enhanced kinetics via ultrasound activation. The adsorption process 

exhibits rapid fluoride removal, reaching equilibrium in 20 minutes with a maximum capacity 

of 52.3 mg/g. The adsorbent maintains high efficiency over multiple cycles and demonstrates 

a spontaneous exothermic reaction. This study highlights the advantages of sonochemical 

methods, providing an efficient and cost-effective technique for fluoride removal. 

Additionally, the study introduces nanoporous Ce-based MOFs to further enhance the 

adsorption process by modifying material morphology, structure, and functional groups. 

Different Ce-based metal–organic–frameworks such as Ce-Fu, Ce-BDC, and Ce- H3BTC were 

synthesised and investigated for fluoride removal. Ce–Fu MOFs exhibit a maximum adsorption 

capacity of 64.2 mg/g, and ultrasound-assisted adsorption enhances kinetics. Co-existing ions 

and electrostatic forces contribute to fluoride removal efficiency. Ce–Fu MOFs maintain high 

adsorption capabilities over multiple cycles. The research continued to develop hybrid MOFs 
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ix 

 

(bimetal MOFs) to further enhance the fluoride adsorption capacity. We explore the synthesis 

of bimetallic MOFs (Ce@Fe1:1, Ce@Al1:1, Ce@La1:1) with inorganic nodes connected by a 

fumaric acid linker for fluoride removal. The adsorbents show rapid kinetics, achieving 

maximum capacities of 101.3, 94.33, and 90.9 mg/g, respectively. Zeta potential analysis and 

XPS spectra confirm electrostatic attraction and ligand exchange reactions. The stability of 

bimetal MOFs under different pH levels suggests suitability for aqueous environments. 

Ce@Fe1:1 exhibits relatively weaker hydrophilic characteristics and maintains adsorption 

efficiency through multiple cycles. This work explores promising adsorbents for fluoride 

removal from wastewater. Scaling up from batch results to fixed bed adsorption columns 

(FBAC) is challenging, necessitating a comprehensive assessment of column operations for 

practical applicability. In overcoming these challenges, our study aims to utilize Ce@Fe1:1/PS 

beads in a fixed-bed adsorption column for F− ion removal. Parameters such as bed height, 

flow rate, and initial fluoride concentration significantly influence column performance. The 

Thomas model best fits breakthrough curves, demonstrating peak performance at specific 

conditions. In practical application, Ce@Fe1:1/PS achieves successful fluoride removal from 

simulated Brahmaputra River water. Regeneration with a NaOH solution maintains column 

efficiency over three cycles. Ce@Fe1:1/PS proves effective for continuous fluoride removal, 

showcasing potential for industrial applications. 
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CHAPTER 1 

An overview of water contamination, its main types, and how they affect both aquatic and 

terrestrial life are discussed in this chapter. In depth review of fluoride ions paying particular 

attention to the global scenario, origins, toxicity, and removal methods has been discussed. 

Additionally, based on a thorough assessment of the literature, the different methods for 

removing these ions are emphasized. There has been extensive discussion of various adsorbents 

used so for in the literature. In particular, the advantages of metal-organic frameworks, which 

have been proposed as workable materials for future adsorption technology. Based on the gaps 

and challenges, the research objectives were defined and the chapter also briefly highlights 

the organizational structure of the thesis. 

1.1. Introduction  

The most vulnerable natural resource water on earth has recently been under increasing threat 

from several impurities [1]. As a result, poor access to clean drinking water has emerged as the 

most important and difficult environmental issue [2].  Many emerging nations experience water 

and atmospheric pollution as a result of rapid economic development. The definition of 

pollution is the release of unfavorable substances into the atmosphere, which can harm 

ecosystems and human existence [3]. Water pollution is defined as the presence of chemicals 

or other foreign substances in water that have negative impacts on living organisms [4].  
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1.2. Types of water contaminants  

Elaborate discussions of both the categories of organic and inorganic pollutants found in water 

are discussed below: 

1.2.1. Organic contaminants 

Organic pollutants that end up in water have extremely toxic and cancer-causing impacts on 

living things [5]. The various kinds of organic water contaminants include organic dyes, 

fertilizers, pesticides, hydrocarbons, phenols, biphenyls, plasticizers, greases, oils, detergents, 

and medicines [6]. The disposal of colored wastewater from the dye industry is the most 

problematic of these since it includes hazardous substances, dissolved solids, acids, and bases, 

among other things [7]. High textile dye concentrations in water restrict the capacity of the 

reoxygenation capability and prevent it from reaching sunshine. As a result, it impairs the 

biological activity and photosynthesis of aquatic plants. Dye includes cationic, anionic, and 

non-ionic dyes. In an aqueous environment, the non-ionic dyes are disseminated in a unionized 

condition. Anionic dyes include reactive orange, methyl orange, and brilliant red, whereas 

cationic dyes include methylene blue, rhodamine B, and crystal violet [8]. The anionic dyes 

are reactive, naturally acidic, vividly pigmented, and water-soluble, and they are challenging 

to remove using traditional water treatment techniques. Injurious consequences such as skin 

allergies, eye injuries, diarrhea, gastrointestinal irritation with nausea, and harm to the liver, 

central nervous, reproductive, and respiratory systems are brought on by the presence of 

methylene blue, methyl orange, and phenolic compounds in drinking/usable water [9]. It is 

vital to remove these toxins from water in order to have a clean water system that will protect 

human health and aquatic habitats. Because of urbanisation and population increase, 

wastewater purification is given a lot of importance [10]. 
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1.2.2. Inorganic contaminants 

Toxic metals, minerals, and salts present in the form of dissolved anions and cations are 

examples of inorganic pollutants. Cadmium, lead, hexavalent chromium, copper, mercury, 

nickel, arsenate/arsenite, fluorine, iron, and other inorganic pollutants are the most frequently 

discovered ones [6]. Drinking water contamination by mineral ions is dangerous for people, 

vegetation, and animals [7]. A quick review of several inorganic pollutants has been 

emphasized in this section. 

Due to its detrimental impact on human health, arsenic contamination in groundwater stands 

as a prominent environmental challenge [11]. As per the recommendation of WHO the arsenic 

level in drinking water should not exceed 10 µgL−1 [12]. Humans frequently suffer from 

neurological disorders, cardiovascular ailments, and skin problems while drinking water that 

has arsenic levels of 10–50 µgL−1 [13]. The reports have found that over 200 million people 

suffer from nonfatal infectious death and every year 10–20 million population die because of 

waterborne diseases [14]. The main causes of arsenic pollution in ground water include a 

variety of reasons, including the reductive dissolution of minerals containing arsenic, mining 

operations, industrial discharge, and the use of fertilisers and pesticides [15]. Arsenic exists in 

two distinct forms: organic and inorganic. While organic arsenic components are frequently 

found in diet and have few harmful effects on human health, inorganic arsenic components are 

mostly discovered from natural exposure. Reduced and oxidised forms of As(III) and As(V) 

coexist. While As(V) is the dominating form in oxygenated water and occurs as anionic forms 

of H2AsO4–, HAsO4
2–, and AsO4

3– throughout a wide pH range, As(III) is available in a large 

range of pH (below pH 9.2) as a non-ionic form. Long-term low-concentration ingestion results 

in both cancer and non-cancerous health issues [16].  
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Lead ions are existed in the environment in two forms viz., 0 and +2 oxidation states [17]. 

Between the two forms, the Pb(II) ion is commonly present as a soluble species in water [18]. 

Lead is widely used in different industries because of its corrosion resistant, high density, 

ductility, and malleability properties. It is used in water pipes, cosmetics, paints, pigment in 

glaze ceramics, building materials, and glass industries [19]. Lead toxicity in the environment 

and water is enhanced due to rapid industrialization and/or industrial growth to fulfill the 

people's demand. Leaching of Pb(II) ions from industrial effluents causes water contamination 

affecting human health like headaches, brain and kidney damage, memory loss, dullness, 

nervous breakdown, and hypertension [20]. According to the World Health Organization 

(WHO) and US−EPA guidelines, the maximum allowable limits of Pb(II) ions are 0.01 ppm 

and 0.015 ppm in drinking water, respectively. 

The presence of iron in groundwater is a worldwide problem [21,22]. The corrosion of iron 

pipes and the release of iron-containing effluents from industries are the two major foundations 

of iron contamination in groundwater. It is present in water in two states, either in the reduced 

soluble form of Fe2+ (ferrous salt) or oxidized insoluble form of Fe3+ (ferric salt)[22]. The 

existence of less amount of iron in drinking water is advantageous to human health. However, 

its presence above a certain limit is not desirable because it creates bad taste, discoloration, 

aesthetic problems, staining, and high turbidity. WHO recommended, the allowable limit of 

iron is 0.3 mgL−1 in drinking water [23]. It is worth mentioning that long-term exposure to 

drinking water containing a high level of Fe2+/Fe3+ may cause severe health diseases like 

anemia, kidney disease, metabolic disorders, and cancer-causing effects. 

The transition metal chromium was revealed in 1797 by the French chemist Lous Vauquelin. 

The principal chromium component Ferric chromite is mostly discovered in the Philippines, 

India, Kazakhstan, Russia, and South Africa [24]. There are three primary oxidation states (II), 
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(III), and (VI) for chromium, in which Cr(II) being the least stable [25]. It displays biological 

importance in aqueous solution in the trivalent (III), and hexavalent (VI) forms. However, the 

two states have very different levels of toxicity, with Cr(VI) being much more hazardous than 

Cr(III) [26]. Cr(III) is insoluble and is a micronutrient of biological relevance [27]. Cr(VI) 

occurs in several forms depending on the pH including H2CrO4, HCrO4
‒, CrO4

2‒, and Cr2O7
2‒  

and is extremely soluble (1680 g/L) throughout a broad pH range [24]. 

1.3. Fluoride in water worldwide 

Fluoride levels in the potable water of many countries currently vary from 0.2 to 48 mg/L. 

According to BIS, the ideal fluorine level is 1 ppm. The allowable limit of fluoride set by the 

WHO is 0.8 to 1.5 mg L−1 vital for the mineralization of bone and assurance against dental 

cavities [28]. The fluoride pollution in groundwater is a major concern in countries such as 

Argentina, Pakistan, Ethiopia, Kenya, India, and China [29–31]. The groundwater consumers 

in the states of India i.e, Delhi, Gujrat, Madhya Pradesh, Rajasthan, Chhattisgarh, Punjab, 

Andhra Pradesh, and Karnataka are at considerable threat and children are at higher threat than 

adults [31–33]. There have been reports of high fluoride levels in 230 municipalities across 20 

Indian states. The worst-affected regions are Andhra Pradesh, Gujarat, and Rajasthan. States 

that are moderately impacted include Maharashtra, Madhya Pradesh, Haryana, and Punjab, 

while states that are slightly affected include Assam, Bihar, Uttar Pradesh, West Bengal, and 

Tamil Nadu.  

1.4. Source of fluoride  

The most electronegative fluoride ions are primarily generated through natural sources [34]. In 

the lithosphere, fluorine is found in a variety of minerals, including fluorspar (CaF2), cryolite 
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(Na3AlF6), and apatite (Ca5(PO4)3F), as well as in families of minerals, including mica, 

hornblende, and pegmatites, which include topaz and tourmaline [2,35,36]. The dissociation of 

fluoride from fluoride-rich rocks is demonstrated by the reaction given below:  

CaF2 + 2NaHCO3 → 2F− + CaCO3 + 2Na+ + H2O + CO2  (1.1) 

Ca5 (PO4)3F + 3H+ → 5Ca2+ + 3HPO4
3− + F−  (1.2) 

Fluoride leaches out of the rocks as groundwater percolates through them as a result 

concentration increases far above the safe level. Additionally, fluoride can leak into 

groundwater from anthropogenic sources such as coal burning, septic tank seepage, and 

agricultural applications of pesticides and fertilizers [29]. The fluorine mineral fluorapatite is 

thought to be the most prevalent one on earth [37]. It has also been noted that sediments contain 

additional fluorides, such as CaF2 and AlF3, as well as aluminosilicates, such as Al2(SiF6)3. The 

degradation of water quality is also a result of industrialization and urbanization processes such 

as mining and the dumping of unprocessed household and commercial refuse covering various 

toxic substances [3]. The industrial sources include iron and steel metallurgy industries, zinc 

smelting, tantalum niobium smelting, copper smelting, aluminium electrolysis, lead smelting, 

photovoltaic industry, etc.[38–40]. The industrial discharge carries high levels of fluoride 

typically ranging from 250 to 1500 mg/L, and in rare instances can even exceed 10,000 mg/L 

[40]. 

1.5. Trails of human exposure 

Fluoride is primarily absorbed by people through the gastrointestinal track from topical (dental 

goods) and systemic (drinking water, food, drinks, and nutritional fluoride supplements) 

sources of fluoride administration [41]. The primary source of fluoride exposure is through 

water [42]. This mainly depends on how much water people use each day for drinking, 
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cleaning, bathing, and numerous other household and commercial tasks. The amount of 

fluoride in the water being used will determine the dose. As was previously stated, the majority 

of water used in developing nations is groundwater, exposing people to the largest geogenic 

source of fluorides. Administrations routinely assess the fluoride levels in potable water 

because most nations have a maximum concentration cap[43]. Fluoride levels in natural 

waterways vary from trace amounts to toxic levels. Based on the guideline value established in 

1984 and confirmed in 1993, the World Health Organization (WHO) set the drinking water F- 

concentration guideline value at 1.5 mg L-1 in 2010. It's noteworthy to observe that the WHO 

Expert Committee on Oral Health Status and Fluoride Use recommended in 1994 that 1.0 mg 

L-1 of F- be regarded as the maximum amount of fluoride that should be present in drinking 

water, even in frigid regions. Fluoride is purposefully introduced to water sources in some 

nations as per the limit set by the WHO. The previously advised optimum fluoride content in 

water in the United States (US) was recently lowered from 0.7-1.2 mg L-1 to 0.7 mg L-1. It 

should be noted that municipal water fluoridation is one of the most contentious medical topics 

ever. Although 69% of the population receives fluoridated drinking water, the US Centers for 

Disease Control and Prevention (CDC) ranked water fluoridation as one of the top ten public 

health achievements of the 20th century in the US. However, many developed European and 

Asian countries rejected, halted, or outright banned water fluoridation. 

Numerous commonly consumed foods including wine, veggies, seafood, meat, and fruits, 

contain small amounts of fluoride. The amount of fluoride in food is typically very low, but 

bioaccumulation is an issue. It is essential to remove the fluoride from the food to measure the 

amount of fluoride in it. The two most popular techniques are dry ashing (alkali fusing) and 

facilitated diffusion, but both call for extended procedures. According to Rocha et al., [41] the 

fluoride amounts in shrimp/crab/prawn was 11.1 mg/kg on a dry basis. According to the 

research, shrimp/lobster/prawn and sardine/anchovy had the highest amounts (3.05 and 2.40 
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mg/kg, respectively), which may be due to the prevalence of skeleton remnants (bones or 

exoskeleton) in the samples examined. Additionally, salted fish had a high percentage of the 

analyte (5.01 mg/kg), which may have been due to the salt's high fluorine content during 

processing or water loss during the salting process. Ready-to-serve beverages and snacks have 

a high quantity of fluoride because of the ingredients like black or red rock salts added to them. 

Exposure of fluoride to the food produced using fluoridated water and also food contaminated 

with post-harvest fumigants and pesticides. 

Fluoride is present in the air in both diffuse and particle forms. Its spread and deposition rely 

on the intensity of the emission, the weather, the terrain, the size of the particles, and the 

chemical reaction. The atmospheric forms include hydrogen fluoride (HF), tetrafluoromethane 

(CF4), hexafluoroethane (C2F6), and silicon tetrafluoride (SiF4) [44]. Gaseous HF and SiF4 are 

between 1 and 3 orders of magnitude more toxic than other common pollutants (O3, SO2, 

peroxyacyl nitrates, and Cl2). Modern fluoride-emitting businesses typically have little to no 

environmental effect; however, there may be times when emissions are greater than usual 

because of regular maintenance or scrubbing equipment failure. The highest recorded levels of 

fluoride in outdoor air were 1.89 g m-3 in metropolitan areas and 0.16 g m-3 in nonurban areas. 

Dust and fumes containing fluoride are produced by industries that produce steel, metal, 

enamel, pottery, glass, bricks, phosphate fertilizer, water fluoridation facilities, cooling, rust 

removal, oil processing, polymers, medicines, chemicals, and cars. 

The user may choose to receive fluoride through systemic routes other than through water, 

drinks, or food. Examples of such routes include salt and milk fluoridation and fluoride-

containing supplements. When municipal water fluoridation is not feasible or there is a low 

quantity of F- in the natural water supply, salt fluoridation is sometimes recommended. The 

majority of the 40–280 million users of fluoridated salt are found in European, South American, 
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and Central American nations. A reasonably inexpensive and efficient technique for delivering 

fluoride to avoid tooth caries was proposed, involving milk. For the proper application of 

dietary fluoride supplements, the trade-off between the advantages of preventing caries and the 

danger of oral fluorosis must be assessed. Compounds with fluoride atoms can be found in 

some cosmetics and medications. Ironically, fluoridated toothpaste can help to avoid dental 

caries, but regular use will lead to calcium fluoride buildup in the mouth. This is promoted by 

ingesting mouthwash containing fluoride.  

1.6. Fluoride toxicity 

Overconsumption of fluoride through potable water, food, and air over an extended period 

causes fluorosis, a debilitating illness that deposits in the tissues of the body  [42,45]. However, 

the main way that excess fluoride affects the teeth and bones is through consuming water. 

Major health conditions like oral fluorosis, skeleton fluorosis, and non-skeletal fluorosis are 

caused by it [30]. Acute high-level exposure is uncommon and typically results from flames, 

blasts, or unintentional contaminating of potable water. The typical cause is the extremely high 

amounts of fluoride in some regions of groundwater [37,46]. The excess level of fluoride in 

the body causes bone damage, arthritis, muscular damage, osteoporosis, joint-related problems, 

and fatigue [45].  The arteries, heart, liver, kidney, neuron system, endocrine glands, and 

various other sensitive elements of a living creature might suffer negative effects under severe 

circumstances [29]. People overexposure to fluoride show dental effects much earlier before 

six years of age, before their permanent teeth develop under their gums. Teeth that have already 

developed can’t get fluorosis. Dental fluorosis is a cosmetic dental condition evident by 

staining and pitting of the teeth, which may have white, yellow, brown, or black spots. It isn’t 

harmful to your health and in more severe cases all the enamel may be damaged. Persons who 

have fluorosis are more resistant to cavities. This discovery spurred health officials to add 
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fluoride to public water sources at a safe level that contains enough fluoride to help prevent 

tooth decay but not enough to induce fluorosis. Skeletal fluorosis is a serious condition, 

resulting from prolonged ingestion of excessive fluoride during periods of bone growth and/or 

remodeling [47]. The bones are generally weaker than normal with brittleness and joint pain 

increase are some of the common early symptoms of skeleton fluorosis. In severe cases, 

accumulated fluoride alters bone metabolism, muscle wasting, and deformities, particularly of 

the weight-bearing bones, and also leads to neurological problems like crippling [48]. Vertebral 

canal and intervertebral foramen compression places strain on blood vessels and nerves, 

causing immobility and discomfort. Skeletal fluorosis affects the main joints of the body and 

bones, including the knee joints, hip, back bone, and, neck causing excruciating pain and 

paralysis of the affected joints. Those who have severe bone fluorosis experience significant 

impairment. Only attempts can be made to lessen the disability that has already happened in 

extreme instances of skeletal fluorosis. However, the condition is readily avoidable if it is 

identified early and measures are made to avoid consuming too much fluoride by providing 

safe drinking water, promoting nutrition, and avoiding foods rich in fluoride. Since there is no 

cure for dental and skeletal fluorosis, the only option is to avoid it by limiting your consumption 

of fluoride. 

1.7. Mechanism after fluoride intake 

The initial stages of fluoride toxicity are the decrease in food consumption fallowed by body 

weight reduction. Pitting of the teeth with black, brown, yellow, or white spots refers to dental 

fluorosis. Dental and skeletal fluorosis may develop after continued exposure to F– ions 

concentrations between 3 and more mg/L [49]. The many tissues and organs in the body get 

fluoride after it has entered via the blood vessels in the mouth or the gastrointestinal tract. 

Fluoride is excreted in the urine in about 50% of cases, while the remaining 50% is eliminated 
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from the bloodstream and accumulates in the bones [50]. The electronegative element fluoride 

is drawn to positively charged ions like calcium (Ca++). The largest concentration of calcium 

found in bone and teeth attracts the most fluoride. Fluoride taken in sufficient amounts replaces 

the OH ions present in calcium hydroxy-phosphate, which is then deposited as calcium 

fluorapatite crystals. Calcium fluorapatite has acid resistance properties, which prevent tooth 

decay, stimulate bone formation, and increase bone mass. If excessive fluoride is present in 

bone reacts with the calcium fluorapatite to form calcium fluoride (CaF2) [51]. Through this 

process, the formation of calcium fluoride increases the bone density but bone becomes hard, 

brittle, and unsuitable as skeletal, hence normal bone formation may be deformed. When the 

normal processes of bone growth and resorption do not occur, it causes several bone disorders 

such as osteomalacia (bone softening as a result of insufficient bone mineralization), 

osteoporosis (bones become brittle), and osteoarthritis (the most typical kind of arthritis that 

affects different bodily joints) [52]. 

1.8. Techniques for fluoride removal 

For the decontamination of water, different techniques like conventional, established recovery, 

and emerging removal processes are broadly used. Chemical precipitation [53], 

coagulation/flocculation, biodegradation, electrodialysis [54],  and filtration [55] are the 

different methods of the conventional process [56–58]. In this process, colloidal substances, 

organic matter, soluble metals, and organic pollutants (metals, organics, etc.) as their solid 

forms are removed from effluents via physical, chemical, and/or biological processes [59]. 

Solvent extraction, evaporation, oxidation, electrochemical treatment, membrane filtration, ion 

exchange, etc. are the different established recovery processes whereas advanced oxidation, 

adsorption, and bio-adsorption are the classifications of emerging removal processes.  
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1.8.1. Precipitation and coagulation/flocculation  

For industrial waste water treatment, precipitation followed by flocculation and sedimentation 

is a well-established and conventional process [60]. It is used specifically for the 

decontamination of fluorides, heavy metal ions, and phosphates. It is one of the simplest 

processes for the purification of water. In the precipitation technique, water contaminants are 

removed as insoluble solid residues by the addition of chemical reagents. However, this process 

is ineffective for the removal of trace amounts of metal ions and also a large amount of sludge 

is produced in this technique which creates management and disposal-related problems [38]. 

1.8.2. Electrochemical oxidation 

The electrochemical oxidation process is a potential technique for the treatment of highly 

concentrated organics, toxic, and hazardous because of its advantages of easy implementation, 

high effectiveness, less time-consumption, environmental compatibility, and stability. In this 

process, organic pollutants are oxidized into H2O, CO2, and other intermediates by indirect 

electrochemical oxidation facilitated by electrogenerated oxidants while direct electrochemical 

oxidation on the anode surface. The effectiveness of oxidation is dependent on the anode, 

electrode activity, diffusion rate of pollutants, and current density [40,61]. Different anode 

materials like Pt, boron-doped diamond, PbO2, graphite, SnO2, and RuO2 etc. have been used. 

Among these, PbO2 electrodes are most widely used as an anode in the electrochemical 

oxidation process because of their low cost, good resistance to corrosion, and long lifetime. 

The electrochemical oxidation of organic pollutants (R) through metal oxide (MOx) electrode 

is shown as: 

MOx + H2O → MOx(∗ OH) + H+ + e−  (1.3) 

R + MOx(∗ OH) → CO2 + H+ + MOx + +e− +   inorganic ions  (1.4) 

MOx(∗ OH) → MOx+1 + H+ + e−  (1.5) 
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𝑅 + MOx+1 → RO + MOx   (1.6) 

The organic pollutants (R) in wastewater react with physisorbed active oxygen (*OH) with the 

formation of CO2, H2O, and MOx+1. The chemisorbed active oxygen (MOx+1) undergoes the 

selective oxidation. It has been reported that oxides of Ru, Pb, and Sn are used for the oxidation 

of dye. Several researchers worked on the removal of different organic components like 

phenols, and pesticides using Pt, IrO2, and boron-doped diamond (BDD) electrodes. Water 

purification using electrochemical oxidation is beneficial due to its efficient degradation ability 

of highly concentrated pollutants, easy control, environmental compatibility, and degradation 

at low temperatures and pressure. However, it has some limitations: 

• High energy consumption renders high operating costs.  

• Fouling of electrodes requires frequent replacement. 

• Due to the conductive nature of the effluent in this process, the addition of electrolytes is 

essential.  

1.8.3. Membrane filtration 

Membrane filtration is considered a considerably effective process for the elimination of 

contaminants from water. Membranes are semipermeable materials having a high number of 

pores that allow certain components to flow through while rejecting others. Removal of water 

contaminants using membrane technologies is of two types: one is pressure-driven and the 

other is the electrically driven membrane process. For the pressure-driven membrane filtration 

process, the driving force for the motion of the molecules through the membrane is due to the 

pressure difference between the two sides of the membrane. There are various types of 

pressure-driven membrane filtration processes namely microfiltration (MF), ultra-filtration 

(UF), nanofiltration (NF), and reverse osmosis (RO) to be utilized for the removal of water 

contaminants [62]. 
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1.8.4. Ultrafiltration  

Another form of membrane filtering technology is ultra-filtration (UF), which uses a pressure 

or concentration gradient to drive separation across a semi-permeable membrane. It is a 

membrane filter with a size exclusion based on low pressure. The membrane pores range in 

size from 10 to 1000 Å. Molecules with a molecular weight of more than 1000 Daltons are 

kept, whereas molecules with a lower molecular weight flow through the membrane as a filtrate 

[39]. Similar to the MF membrane, UF may not be the possible method for the elimination of 

arsenic or other water contaminants. Separation of harmful water pollutants like arsenic via UF 

with electric repulsion technique is reported as a better technique than the removal through 

normal size elimination based UF method [40]. 

1.8.5. Microfiltration  

Micro-filtration (MF) is a class of low-pressure driven membrane filtration process for 

removing suspended and colloidal particles of the size 0.02-10 μm from the fluid mixture. 

Microfiltration is size size-dependent process like the sieving process. It cannot eliminate 

harmful water contaminants because the size of the pores is larger. The involvement of the 

chemical flocculates the targeted compounds, which ultimately increases the size of the particle 

and gets separated efficiently through the MF membrane. Flocculation followed by MF 

technique shows improved removal as compared to flocculation followed by sedimentation and 

removal only by MF membrane. 

1.8.6. Reverse osmosis 

Reverse osmosis (RO) is one of the most promising and extensively used water treatment 

processes. It is used for the purification of household water to eliminate toxic contaminants 

like fluoride, arsenic, organic pollutants, dyes, and microbes. In RO, water is forced via the 

dense membrane filter containing very small-sized pores (< 0.001 μm), which prevent the 
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passing of impurities. It is effective for the removal of low-molecular-mass compounds and 

ions. All Membranes are fabricated using synthetic and natural polymers like polyamide, 

polysulfone, cellulose triacetate, and cellulose acetate. However, the RO membrane is a thin 

film composite membrane, where the polyamide layer is obtained by interfacial polymerization 

of acyl halide and diamine showing the charge-holding capability. RO is a size and charge-

selective membrane. Among all other membrane processes, RO is beneficial in terms of the 

removal of all types of water contaminants like fluoride, chloride, arsenate, sulfate, sodium, 

potassium, lead, organics, and micro-organisms. It is considered as eco-friendly process as it 

does not produce any harmful chemicals or by-products. However, the waste water treatment 

by this process has some limitations:  

• The water obtained after purification using the RO system is devoid of useful minerals.  

• Membranes are commonly obstructed, and fouling occurs at high pollutant concentrations. 

Therefore, the requirement of periodical replacement of membrane is an important factor.  

• Chemical assault or temperature fluctuation may quickly destroy membranes.  

• Because of high energy requirements, it is not economically possible. Operational costs and 

maintenance are also very high.  

1.8.7. Electrodialysis membrane treatment  

Electrodialysis (ED) process is used for waste water treatment where ions are moved from one 

side of the selectively permeable membrane to the other side of the membrane under the 

influence of electrical potential [63]. This is the charge-dependent separation process where 

electrical potential acts as a driving force. Positive and negative ions are moved toward the 

respective electrodes based on their polarity by the application of direct current between the 

two electrodes. Anionic membrane with fixed positive groups rejects the positive ions whereas 

negative ions are rejected by the cationic membrane having fixed negative groups [64,65]. As 
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the membrane is ion-selective, it removes opposite-charged ions. The efficiency of the ED 

process depends on several parameters like flow rate, pH, current density, ED cell structure, 

and ionic concentration of feed water. This process is considered pollution-free and is useful 

to remove dissolved ionic particles, and heavy metals [66]. The electrodialysis process is also 

useful for the treatment of feed water containing a higher silt density index (SDI), total organic 

carbon (TOC), and silica concentrations. The disadvantages of this process are: 

• It is not applicable for the removal of non-charged, higher molecular weight, and less mobile 

ionic species.  

• It is not a robust technology and feed water pre-treatment is necessary to prevent fouling of 

the membrane.  

1.8.8. Ion exchange  

Ion exchange is defined as the coulombic force of attraction between the ions and charged 

functional groups that causes the exchange of ions from solution with the similarly charged ion 

bonded to the immobile resin. The ion exchange is a reversible chemical process. 

Consequently, ion exchangers can be reused many times. Ion exchange resin consists of a 

cross-linked polymer matrix with a diameter of 0.6-1.0 mm [67]. It is fabricated in two physical 

forms, gel and porous. The gel resin structure consists of cross-linked polymer without 

porosity, whereas porous resin has pores (micropores, mesopores, and macropores) in which 

ions can attach. Cation and anion exchange resin are the two types of ion exchange resin based 

on the functional groups linked with polymer matrix [68]. Cation-exchanged resin is used for 

the removal of cations like magnesium, calcium, radium, and heavy metal ions. On the other 

hand anion exchange resin is used for the exchange of anions like NO3
‒, H2AsO4

‒ /HAsO4
2‒, 

and CrO4
2‒/Cr2O7

2‒ [69]. Cation and anion exchange resin are further divided into four sub-

categories viz. strongly basic, strongly acidic, weakly basic, and weakly acidic. Another class 
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of ion-exchange resin is amphoteric which may exchange cations or anions depending on the 

solution pH. These ion-exchanger are termed as zwitterionic exchangers and bipolar electrolyte 

exchange resins (BEE). Sodium chloride is used to regenerate all types of resins. The 

elimination of water pollutants using the ion exchange method is very modest and cost-

effective [70]. It is beneficial for the recovery of precious material from industrial discharge. 

An additional significant benefit of the ion-exchange technique is the easy regeneration and the 

resin can be used for several years. However, some drawbacks of this process are: 

• Water treated by ion exchange resin contains sodium which is unhealthy for the person who 

is suffering from heart-related health issues. 

• Ion exchange resin is not useful for the removal of organic contaminants or biological 

contaminants.  

• It has limitations on the concentration of the treated effluent.  

• Regular sanitization and regeneration are essential to get contamination-free drinking water 

otherwise bacterial growth occurs on the surface of resin which can pollute the drinking 

water. 

1.8.9. Advanced oxidation process  

Advanced oxidation process (AOP) is used for the treatment of waste-water which has a great 

potential in degrading chlorinated organic components in particular. The ozone (O3), hydrogen 

peroxide (H2O2), hypochlorite (ClO2), KMnO4, etc. are considered as a strong oxidizing agent. 

However, due to the mild oxidizing property of H2O2, it is not efficient solely for the removal 

of highly concentrated contaminants containing chlorinated aromatic and inorganic 

contaminants (cyanides). In the presence of ozone and UV light, H2O2 is activated and formed 

hydroxyl radical (*OH) which acts as a strong oxidizing agent. The advanced oxidation process 

is used in different reacting systems like chemical oxidation process (O3, O3/H2O2, H2O2/Fe2+), 
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photocatalysis (TiO2/UV, photo-Fenton reagent), photo chemical degradation process (UV/O3, 

UV/H2O2). Light-driven AOP involves the production of *OH which reacts with the organic 

pollutants degrading into inorganic matter, CO2, and H2O [71]. 

1.8.10. Adsorption 

Adsorption is the most commonly used traditional process for water purification [72]. It is a 

separation process by which substances in the form of liquid, fluid, or gas are adsorbed onto 

the surfaces of solid materials due to the liquid-solid intermolecular force of attraction [56,73]. 

The solute retained on the solid surface during the adsorption process is called adsorbate, 

whereas the solid on which solute is adsorbed is termed adsorbent [73]. The separation of water 

contaminants by the adsorption process is dependent on the interaction between the adsorption 

sites of the adsorbent and water contaminants. The adsorption process is categorized as 

physisorption or chemisorption. Adsorption may also take place due to the electrostatic force 

of attraction. In this process, mass transfer occurs from the liquid phase to the solid surface and 

the substance is bound by chemical or physical interactions. The quantitative interactions 

between adsorbate and adsorbent can be determined by the different isotherm models. The 

three isotherm models Langmuir, Freundlich, and linear model are commonly used for the 

interpretation of the adsorption process. It is noteworthy that large surface area materials 

showed high adsorption efficiency and high reactivity. All microporous (<2 nm) and 

mesoporous (2-50 nm) materials can act as good adsorbents. Adsorbents are broadly classified 

as natural and synthetic. Charcoal, clays, zeolites, clay minerals, and ores are characterized as 

natural adsorbents [74]. Natural materials are cheap, abundantly available, and have significant 

potential for modification to obtain enhanced adsorption capacity. Synthetic adsorbents are 

synthesized using different chemicals or physical modifications of agricultural or industrial 

waste. Each adsorbent has different physicochemical characteristics like porosity, surface area, 

and microstructural features. Different adsorbent materials like metal-organic frameworks 
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(MOFs), mineral oxides (e.g., iron oxide/hydroxide-based materials, TiO2 nano particles, CuO, 

and layered double hydroxides), biological materials (bone char, peels of fruits and vegetables, 

tamarind seeds, etc.), activated carbons [75–78], activated alumina, and polymer resins are 

widely used in the adsorption process. Charcoal was utilized for water purification by ancient 

Hindus in India. In Egypt, carbonized wood was used as an adsorbent material for 

decontamination of water. The adsorption capacity of adsorbents is influenced by different 

parameters like pH, temperature, ionic strength, coexisting ions, adsorbate, and adsorbent 

concentrations. Adsorption capacity is also dependent on the chemical and physical properties 

of the adsorbent. Surface textural properties of the adsorbent play a significant role in the 

removal efficiency of the adsorbent. With the enhancement of surface area and pore volume of 

the adsorbent, the active adsorption sites can be increased resulting in high adsorption capacity. 

Modulating the structure in three dimensions along with the pore orientations is easily 

achievable during the synthesis of Metal-Organic Frameworks. 

1.8.10.1. Metal-Organic Farmwork (MOF) 

In recent years, a new class of fluoride remediation material called MOFs has proved to be a 

very promising adsorbent and attracted countless attention due to its 3D structure, tuneable 

crystallinity, remarkable surface area, and chemical, and thermal stability [79,80]. MOFs are 

compounds consisting of metal nodes that serve as connecting points to organic molecules to 

form a porous 3D framework and show the highest adsorption capacity for fluoride ion removal 

than available adsorbents [81]. The broad range of applications of this wonder material is for 

characteristics like high surface area, tuneable porosity, adjustable surface properties, 

crystallinity, and catalytic properties which further allow the addition of functional groups by 

post-synthesis modification [82]. Metal clusters, such as Ce, Al, Zn, Cu, Mg, Ca, Co, Fe, Cd, 

Zr, and Ti are commonly used, whereas terephthalic acid (BDC), fumaric acid, trimesic acid 
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(BTC), oxalic acid, amino acids, 2-amino terephthalic acid (ABDC), and cyclodextrins are used 

as organic linker, which is very important in the synthesis of MOFs [81]. Commonly applied 

techniques for the synthesis of MOFs are hydrothermal, microwave, solvothermal, layer-by-

layer growth, high-throughput syntheses, mechanochemical, electrochemical, and ultrasonic 

[83–85]. Organic linkers and metal salt dissolved into suitable solvents are mixed under 

specific conditions to get the oriented porous structure of MOFs [86]. Oriented pore size can 

be obtained after washing the synthesis material with a suitable solvent to remove the residue 

linker sitting in the pore to give accessible micropore volumes [81,87]. The pore volume, pore 

apertures, and BET (Brunauer Emmet Teller) surface area of the MOFs are typically ranging 

from 1.5 to 2 cm3/ g, 0.25 to 3.4 nm, and 1000-4000 m2/g, respectively [81]. MOFs are applied 

in gas storage, heterogeneous catalysis, water sorption for heat transformation, drug delivery, 

separation process optical, electronic, carbon dioxide sequestration, pervaporation, and 

removal of dye and organic pollutants in water treatment [80,87]. Oriented porous MOFs with 

various functional groups and ion exchange characteristics are preferred for applications of 

wastewater purification [87]. However, all MOFs are not hydrolytic/thermal stable and involve 

expansive toxic organic reagents [88]. Water stability, absorption capacity, mechanism, and 

regeneration are the main criteria to look at in the MOFs for water treatment [80]. MOFs such 

as MIL-53, UiO-66, ZIF-8, MIL-68, ZIF-7, CAU-6, and ZIF-9 were studied for defluoridation 

and found equilibrium uptake capacity of the UiO-66 (zirconium-based MOF) was 44.92 mg 

g−1 greater as compared to the adsorbents used in this study [89]. To increase the equilibrium 

AC of UiO-66, the amine group was introduced by using 2-amino terephthalic acid as a ligand, 

and found amine group slightly increased the capacity from 44.92 mg/g to 55.7 mg/g [90,91]. 

Iron-based MOF (MIL-53) is well known for its magnetic properties, which are easily 

separable from water. MOFs namely MIL-88A, MIL-100, and MIL-53 were synthesized for 

defluoridation and MIL-88A has the highest adsorption capacity 40.42 mg/g [92]. The iron-
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based MOFs using two different linkers ABDC and BDC, which give Fe@ABDC and 

Fe@BDC MOFs for F– ions remediation were reported with the adsorption capacity of 4.90 

and 4.92 mg/g, respectively [93]. The lanthanum-based MOFs using different linkers such as 

BDC, BTC, biphenyl-4,4-dicarboxylic acid, 1,2,4,5-benzene tetracarboxylic acid, and 2,5-

dihydroxyterephthalic acid were synthesised to study the defluoridation capacity [94,95]. The 

water-stable Al-based MOF (MIL-96) with specific a surface area of adsorbent 220 m2/g was 

synthesised by hydrothermal method and investigated for fluoride removal efficiency by 

varying different parameters. The maximum adsorption capacity found from isotherm fittings 

was 42.19 mg/g at 298 K [96]. Recently, aluminium fumarate MOFs having a surface area of 

1156 m2/g characterised as super adsorbent for fluoride because of their excellent AC 600 mg/g 

at neutral pH [97]. Jeyaseelan et al. [98] presented work focused on rare earth metal ions-based 

MOFs, which are abbreviated as La@BTC and Ce@BTC using La3+ and Ce3+ metal ions with 

BTC as a linker. The synthesized Ce@BTC and La@BTC MOFs disclose F− ions adsorption 

capacities of 4.930 and 4.985 mg g−1, respectively. They also fabricated lanthanum-based 

MOFs by hydrothermal method using two different linkers BDC and ABDC and found the 

adsorption capacities 4920 and 4950 mg kg−1, respectively [94]. Huang et al. [99] used 2,5-

thiophenedicarboxylate (2,5-TDCA) ligand with different metals ions i.e., Ce4+, Zr4+, and Al3+ 

to develop MOFs for F− ion removal namely, Ce–TDC, Zr-TDC, and Al–TDC, respectively. 

The maximum fluoride uptake with Ce–TDC, Al–TDC, and Zr–TDC were estimated as 94.9, 

107.5, and 97.0 mg g−1 at 298 K [99]. Iron salt with different linkers such as trimesic acid, 

dihydroxy terephthalic acid, biphenyl-4,4-dicarboxylic acid, 1,2,4,5- benzene tetracarboxylic 

acid, and terephthalic acid have been utilized for the fabrication of water-stable MOFs [100]. 

Weifeng et al. [101] synthesized iron-based MOFs (MIL-100) at room temperature to study the 

performance of fluoride removal from an aqueous medium having a maximum F− ion 

adsorption capacity of 23.53 mg/g at 298 K.  
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1.9. Motivation 

A broad variety of pollutants can be absorbed by AC, and its adsorption capability and 

effectiveness can be increased by making some chemical and physical changes [75–78]. In this 

view, adsorbents impregnated with one or more metals due to their strong attraction for fluorine 

have recently attracted significant attention. It has been observed that the biocompatible, non-

toxic, rare earth metal cerium with redox properties is abundant in the earth’s crust and has 

stronger bond strength with fluoride [102–104]. Notably, rare earth metals possess large ionic 

radius and numerous extranuclear electron orbitals that effectively remove fluoride present in 

water [95]. This individual is not cost-effective, because this incredibly small particle 

frequently passes through standard filters [105]. As a result of their magnetic qualities and 

unequaled dopant with vast resources, low costs, and non-polluting attributes, iron-based 

adsorbents enable easy separation from solution. Consequently, the metals cerium and iron 

were employed to alter activated carbon. The adsorbent was synthesized using the co-

precipitation ultra-sonication-aided technique. The use of ultrasonic-assisted fluoride 

adsorption utilizing a synthesized AC/Ce/Fe-1 composite decreases adsorbent dosage and 

contact time while increasing process efficiency [106]. Further, enhancement in the adsorption 

process can be done by synthesizing MOFs, which in turn modifies the morphology, structure, 

and functional groups of the material. In this view, the nanoporous Ce-based MOFs were 

introduced in the study. Despite the advantages, research on Ce-based adsorbents for 

defluoridation remains limited, particularly concerning the synthesis of MOFs using different 

organic ligands. Hence, our study concentrates on cerium-based MOFs to explore their 

defluoridation capabilities and understand the impact of various organic ligands on their 

structure and performance. Furthermore, the synthesis of hybrid MOFs can enhance electron 

transfer, thereby facilitating catalytic reactions [107]. Even though MOF and hybrid materials 
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derived from MOFs have been extensively described for their adaptable structures, bimetal 

MOFs have rarely been studied as an adsorbent in wastewater treatment.[108] To bridge this 

research gap, we explore the synthesis of bimetallic MOFs in which the nodes consist of 

inorganic compounds connected by a fumaric acid linker. Additionally, it is challenging to 

obtain precise scale-up data for fixed bed adsorption columns (FBAC) solely from batch 

results, making it necessary to assess the column operations to meet the practical applicability 

[109]. To overcome these challenges, we aim to utilize novel bimetallic MOFs to eliminate 

fluoride from drinking water.  

1.10. Objectives of the present study 

The objective of research is to synthesised novel adsorbents in order to remove fluoride from 

water in effective and economical way by methodological modification during synthesis of 

material and adsorption study. To meet this objective, the specific research plan is listed below: 

1. Efficient synthesis of activated carbon impregnated with Ce/Fe nanoparticles for 

ultrasound-assisted fluoride remediation. 

2. Cerium-based MOFs with ligand tuning of the microstructures for fluoride adsorption. 

3. Cerium-based nanoporous bimetallic MOFs for remediation of fluoride ion from water. 

4. Investigating the efficacy of bimetallic MOFs as fluoride adsorbent in fixed-bed 

adsorption columns. 

1.11. Outline of dissertation work  

According to the discussion in the preceding section, the creation of new adsorbents has 

enormous value to add valuable input in the water treatment research. The current work is 

broken into six chapters. The outline of the dissertation work is as follows:  
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Chapter 1: This chapter describes a general overview on water pollutant specifically targets 

fluoride contaminants and their sources, global scenario, exposer trails, toxicity, and the 

removal methods. Based on the literature reports, emphasis was given on adsorption, the 

various types of adsorbents and their properties used for removal of fluoride ions from water 

are highlighted in this chapter.  

Chapter 2: This chapter describes the efficient synthesis and characterization of activated 

carbon impregnated with Ce/Fe nanoparticles for ultrasound-assisted fluoride remediation. It 

also includes the linear and nonlinear fitting of kinetic and isotherm adsorption models. 

Chapter 3: This chapter describes the synthesis and characterization of cerium-based MOFs 

for the removal of fluoride at ambient conditions. Chapter also describes the adsorption kinetic 

and isotherm model fittings with data obtained from experiments, thermodynamic studies and 

possible adsorption mechanisms in detail. 

Chapter 4: This chapter describes the synthesis and characterization of cerium-based MOFs 

incorporated with different metals for tuning of the microstructures of adsorbents for 

remediation of fluoride ion from water. This chapter describes in detail the various kinetic and 

isotherm model fits, thermodynamic investigations, and adsorption processes of contaminants 

with adsorbent.    

Chapter 5: This chapter describes the synthesis and characterization of bimetallic MOFs 

matrix with polysulfone to make beads, which has been used in fixed-bed adsorption columns. 

Additionally, experimental findings were validated using multiple accessible mathematical 

models. 

Chapter 6: This chapter describes the conclusion and future scope of the present dissertation 

work. This chapter also makes some suggestions for further study in the relevant topic. 
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A portion of the work in this thesis has been published or accepted for publication in various 

international journals, internal and national conference proceedings, and some other 

publications will be communicated in due course. At the conclusion, the details of articles 

published/accepted, to be transmitted, and conference presentations have been attached. 
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CHAPTER 2 

Ultrasound-Assisted Facile Synthesis of Ce/Fe 

Nanoparticles Impregnated AC for Fluoride 

Remediation 
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CHAPTER 2 

This chapter covers the valuable insights into the modification of activated carbon for fluoride 

removal, with a focus on the synthesis process, material characterization, fluoride adsorption 

performance, and the potential mechanisms involved. The study also addresses the practical 

aspects of regeneration and reusability, providing a comprehensive understanding of the 

developed AC/Ce/Fe-1 composite material. The research outcome has been scientifically 

acknowledged by ‘Separations and Purification Technology’. 

2.1. Introduction  

A broad variety of pollutants can be absorbed by AC and its adsorption capacity and 

effectiveness can be increased by making some chemical and physical changes [75–78]. In this 

view, adsorbents impregnated with one or more metals due to their strong attraction for fluorine 

have recently attracted significant attention. It has been observed that the biocompatible, non-

toxic, rare earth metal cerium with redox properties is abundant in the earth’s crust and has 

stronger bond strength with fluoride [102–104]. Notably, rare earth metals possess large ionic 

radius and numerous extranuclear electron orbitals that effectively removes fluoride present in 

water [95]. This individual is not cost-effective, and this incredibly small particle frequently 

passes through standard filters [105]. As a result of their magnetic qualities and unequalled 

dopant with vast resources, low costs, and non-polluting attributes, iron-based adsorbents 

enable easy separation from solution. Consequently, the metals cerium and iron were employed 

to alter activated carbon at different molar ratios. The co-precipitation technique with 

ultrasonication assistance was used to create the materials for the purpose of eliminating 

fluoride from water. Material with highest fluoride adsorption capacity were utilized for 
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detailed study. A comparison studies were conducted to understand the effect of ultrasonic-

assisted fluoride adsorption over conventional shaking method. Using an improved AC/Ce/Fe-

1, the detailed examinations of equilibrium adsorption isotherms, kinetics, thermodynamics, 

solution pH, and initial fluoride concentration were investigated. Characterization of 

AC/Ce/Fe-1 involved techniques such as scanning electron microscopy (SEM), energy-

dispersive spectroscopy (EDS), transmission electron microscopy (TEM), thermogravimetry, 

N2 adsorption–desorption analysis, and X-ray diffraction (XRD). Moreover, the potential 

mechanism of AC/Ce/Fe-1 with commendable fluoride repair performance was elucidated 

through X-ray photoelectron spectroscopy (XPS) and Fourier transform infrared spectroscopy 

(FTIR) analyses of the adsorbed materials. Ultimately, the regeneration and reusability of 

AC/Ce/Fe-1 were also studied to understand the effectiveness. 

2.2. Experimental 

2.2.1. Materials 

The analytical grade sodium fluoride (NaF; 97%), AC, cerium nitrate hexahydrate (Ce 

(NO3)3.6H2O; 99%), hydrochloric acid (HCl, 37%), and sodium hydroxide were purchased 

from Merck Ltd., India. NaF was taken to prepare a standard solution of 1000 ppm of fluoride 

ion solution. The HCl/NaOH were used to maintain the pH. The ferric nitrate nonahydrate (Fe 

(NO3)3.9H2O; 98%) was procured from Sigma Aldrich, USA. Millipore Milli-Q® water (M/s 

Millipore, USA) was taken for synthesis and in the adsorption studies. Analytical grade total 

ionic strength adjustment buffer (TISAB III) was supplied by M/s Thermo Scientific. 
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2.2.2. Material characterization 

The composites for fluoride ion adsorption were prepared by impregnating the Ce (NO3)3.6H2O 

and Fe (NO3)3.9H2O on the AC using a sonication bath (Elma, Germany) at a constant 

frequency of 37 kHz throughout the experiment. The functional groups of the composites were 

detected using Fourier-transform infrared (FTIR) spectroscopy (SHIMADZU, IR Affinity 1, 

Japan) in diffused reflectance spectra (DRS) mode. The FTIR spectra were obtained by 

scanning over a range of 4000 to 500 cm−1 with an average of 30 scans. X-Ray Diffraction 

(XRD) was done with Rigaku SmartLab using Cu-Kα radiation (9 kW power, 40mA, λ-1.5406 

Å) to determine the crystalline nature and composite. The XRD spectrum was obtained by 

scanning of material from 10° to 80° (2 theta) with a step size of 0.02º. The surface morphology, 

nature of pore, and compositional analysis were investigated via field emission scanning 

electron microscope (FESEM) (Sigma 300, Zeiss, Germany). For this, the samples were drop 

cast and coated with gold before loading, and images were recorded at the voltage of 3 kV 

using an Inlens detector. The further confirmation of topography, size, and crystallinity of the 

drop cast sample on the copper grid was done through field emission transmission electron 

microscope (FETEM; 2100F, JEOL) after drying in the oven at 80ºC overnight. X-ray 

photoelectron spectroscopy (XPS; Thermo-Scientific ESCALAB Xi spectrometer) 

measurements were performed using a monochromatic Al Kα X-ray source (1486.6 eV) and a 

spherical energy analyzer. The BET surface area analyzer (Tristar II; Micromeritics) was used 

to perform the N2 adsorption-desorption studies to investigate the type of pores, total pores 

volume, specific surface area, and average pore size, under nitrogen bath (77.3 K) after and 

before the metal impregnation. The degassing was carried out at 180 °C for 3 h. The 

concentration of fluoride ions after adsorption was measured through the fluoride ions selective 

electrode (OrionTM Versa Star ProTM) after the adsorption study using TISAB III as a reagent. 

TH-3368_186107017



Cerium-based Metal-Organic-Frameworks with Ligand Tuning of the Microstructures for Fluoride Adsorption: 

Linear and Nonlinear Kinetic and Isotherm Adsorption Models 

 66  

 

The measurement of Zeta potential was completed using DelsaTM Nano C Particle analyzer 

(Beckman Coulter) to evaluate the polarity of the adsorbent surface charge with a voltage of 

110 – 240 V and frequency of 50 – 60 Hz.  

2.2.3. Cerium and iron modified AC preparation 

2.2.3.1. Ultrasound-assisted synthesis of AC/Ce 

A sonochemical method was used to prepare metal-loaded AC [106,110]. Enough water was 

taken to disperse raw AC and ultrasonicated for 30 min. This ensures the separation of any 

impurity that adheres to the AC. It was then dried thoroughly for 5 h in a hot air oven at 110 

ºC. Further, 0.5 g of AC obtained after ultrasonication was dispersed into 5 ml of 0.1 mol/L of 

Ce (NO3)3.6H2O and kept under ultrasonic irradiation for 60 min at 37 kHz frequency to allow 

appropriate impregnation of metals followed by resting for 6 h at room temperature. Then the 

suspension was filtered and dried overnight at 80oC in a vacuum oven.  

2.2.3.2. Ultrasound-assisted synthesis of AC/Fe 

0.5 g of ultrasonicated AC has been added into 5 ml of 0.1 mol/L Fe (NO3)3.9H2O solution. 

The dispersed solution was kept in the sonication bath for 1 h and then kept at 25˚C for 6 h to 

allow proper deposition of Fe metal. This mixture was filtered using Whatman® no.1 filter 

paper and retentate was dried at 80 oC overnight using a vacuum oven for complete removal of 

the residual solvent.   

2.2.3.3. Ultrasound-assisted synthesis of AC/Ce/Fe at different Ce/Fe ratio 

5 g of ultrasonicated AC was dispersed into 50 ml of the solution by adding 0.1 mol/L of Ce 

(NO3)3.6H2O and Fe (NO3)3.9H2O solution in molar ratios of 2:1, 1:1, and 3:1. The resulting 
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composites were named AC/Ce/Fe–1, AC/Ce/Fe–2, and AC/Ce/Fe–3, respectively. The 

solution mixture was then sonicated for 60 min to allow proper modification of AC, and then 

it was kept at room temperature for 6 h. Subsequently, the suspension was separated and dried 

at 80 oC for 12 h in a vacuum oven. 

2.2.3.4. A conventional method to prepare AC/Ce/Fe–1. 

AC/Ce/Fe-1 was prepared by adding 5 g of ultrasonicated AC into 50 ml of the solution having 

0.1 mol/L of Ce (NO3)3.6H2O and Fe (NO3)3.9H2O solution in a 2:1 molar ratio [111]. The 

solution mixture was then stirred for 1 h followed by 6 h of resting at room temperature.  

Eventually, the suspension was separated and dried at 80 oC for 12 h in a vacuum oven. The 

comparative study of the ultrasound-assisted and conventional methods was done to understand 

the significance of both the methods for material synthesis. 

2.2.3.5. Fluoride Adsorption Test 

The 1000 mg/L standard (STD) fluoride solution was made by adding 0.221 g of sodium 

fluoride to 100 ml of Millipore® water and further diluted to make 10 mg/L, 20 mg/L, 30 mg/L, 

and 40 mg/L of fluoride ions solution. The batch study was conducted by adding 10 mg of 

adsorbent in 20 ml of a solution having an initial fluoride concentration of 10 mg/L in a 30 ml 

polyethylene (PE) bottle. For the comparative study, the samples were kept in a shaker 

incubator at 200 rpm and sonicator by maintaining the instrument's temperature at 25 °C for 60 

min. Further studies were conducted with the help of a sonicator to optimize the adsorption 

process. The optimization was done by varying time (0–30 min), initial concentration of 

fluoride ion (5– 40 mg/L), pH (3–11), and temperature (15–35 °C). The pH was maintained 

over the range of 3–11 using 0.1 M HCl and a 0.1 M NaOH solution. Samples were collected 

at different contact times until equilibrium was reached for every variable and immediately 
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filtered by filter paper to remove the adsorbent. The filtrate was measured using an ion meter 

(Thermo ORION) in the form of conductance using a TISAB III reagent to evaluate the residual 

concentration of the fluoride at different times. The fluoride adsorption and the percentage 

removal of fluoride were calculated using Eqs. (2.1) and (2.2), respectively.  

 Qe =
(C0−Ce)×V

m
 (2.1) 

R = (
C0 − Ce

C0
) × 100 % 

(2.2) 

The adsorption capacity of the adsorbent at equilibrium is represented as Qe (mg/g). C0 (mg/L), 

and Ce (mg/L) are the initial concentrations and equilibrium concentration of fluoride in the 

supernatant, respectively. The volume of solution used for the adsorption study is V (L) and 

the weight of the adsorbent taken is represented as m (g). R is the percentage removal of 

fluoride.  

 

Figure 2.1. Removal of F– ions using different composites. 
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2.3. Result and discussions 

2.3.1. Ce/Fe molar ratio optimization  

 

Figure 2.2. FESEM Structural image of (a) AC, (b) AC/Ce composite, (c) AC/Fe composite, 

(d) AC/Ce/Fe–2, (e), A/Ce/Fe–1, and (f) AC/Ce/Fe–3. 

The as-synthesized adsorbent AC/Ce, AC/Fe, and the composites having different Ce/Fe molar 

ratios of 2:1, 1:1, and 3:1 (AC/Ce/Fe–1, AC/Ce/Fe–2, and AC/Ce/Fe–3) were compared for 

fluoride removal. The composites exhibiting maximum removal efficiency were used for 

further characterization and adsorption studies. The maximum uptake of fluoride was shown 

by AC/Ce having a percentage removal of 97 %, as seen from Figure 2.1. Although this gives 

excellent removal, the large-scale application may not be economical owing to the higher 

amount of Ce, which contributes significantly to the cost. On the other hand, the composite 

AC/Ce/Fe-1 exhibited fluoride removal of 95.7 %, which is almost the same efficiency as 

AC/Ce. This may be attributed to the high affinity of Ce toward the fluoride ion owing to high 

ionic potential and small size [112]. Considering the lesser amount of Ce used in this 
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composite, it is more economical to use AC/Ce/Fe–1 composite over AC/Ce for further 

adsorption studies. 

 

Figure 2.3. (a) FESEM image of A/Ce/Fe–1 after fluoride loading, and (b) FETEM image 

AC/Ce/Fe–1. 

2.3.2. Material characterization 

The FESEM examination was done to demonstrate a change in the morphology and nature of 

the material upon loading the binary metals Ce and Fe. The uniform multiple pores are visible 

on the surface of AC (Figure 2.2a). Furthermore, pores in the composites (AC/Ce, AC/Fe, 

AC/Ce/Fe–2, and AC/Ce/Fe–3) are homogeneously modified and appeared to be highly 

compacted with small metal particles constitute on the surface (Figure 2.2). A uniform loading 

of nanoparticles (Ce and Fe) promotes fluoride ion adsorption [106,113,114]. Additionally, 

when we increase the Ce/Fe molar ratio from 2:1 to 3:1, agglomeration of nanoparticles on the 

surface is visible. The diminution in surface area and pore volume was significant, which was 

validated by the nitrogen (N2) adsorption-desorption study. Result from the EFSEM image 

(Figure 2.3a) shows, after loading the fluoride ions, the accumulations of fluoride on the 

surface was very much prominent. The FETEM bright-field images of composites (Figure 
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2.3b) showed a similar pattern of uniform dispersion of nanoparticles in the range of 3–5 nm 

on the AC. 

The elemental analysis of as-prepared composites was done using EDX (Figure 2.4).  The 

metal loading was confirmed for different composites and the carbon weight percentage in the 

AC decreased from 90.5 to 77.9 upon Fe and Ce loading on the surface of the AC. Different 

spectra region supports the uniform and homogeneous impregnation of metals on the surface. 

The additional peak of fluoride in Figure 2.5d are seen after the adsorption. The results 

obtained from EDX correlate with the BET, XRD, and FTIR analysis. 

 

Figure 2.4. EDS of (a) AC, (b) AC/Ce composite, (c) AC/Fe composite, (d) AC/Ce/Fe–2 

(Ce/Fe = 1:1), (e), A/Ce/Fe–1 (Ce/Fe = 2:1), and (f) AC/Ce/Fe–3 (Ce/Fe = 3:1). 

The XRD spectrum of commercial AC is in good agreement with earlier reported data and as-

synthesized composites at different Ce/Fe molar ratios show different spectra when it is visible 

to the X-ray beam (Figure 2.6a) [111].  The diffraction patterns exhibit the characteristic of 

CeO2 (JCPDS card No.: 00-004-0593) at 2-theta value signifies the occurrence of Ce in AC/Ce 
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and AC/Ce/Fe–1 at 28.5 (111), 33 (200), 47.5 (220), 56.3 (311), 59.1 (222), 69.4 (400), 76.74 

(311) and 79.08 (420) [102]. The typical peak of Fe2O3 (card No.: 00-001-1053) in the sample 

AC/Fe and AC/Ce/Fe–1 appears at 24.16 (012), 33.3 (104), 35.7(110), 40.9 (113), 49.5°(024), 

54.2 (116), 57.5 (122), 62.3 (214), and 64.2°(300) [111,115,116]. The occurrence of cubic 

CeO2 and Fe2O3 may be confirmed in the synthesized AC/Ce/Fe–1 adsorbent by the EDX data. 

The XRD diffractogram further confirms that the relative intensity of AC is less than the 

metals-loaded adsorbent, signifying the semi-crystalline nature of the as-synthesized 

adsorbent. Moreover, the XRD pattern of as-prepared AC/Ce/Fe–1 before and after the 

adsorption of F– ions are slightly different which could be because of the presence of F– ion. 

 

Figure 2.5. EDX scan of AC/Ce/Fe-1 after fluoride adsorption. 

The FTIR spectrum of raw AC shows peaks at 3336, 1550, 1215, and 1080 cm−1 (Figure 2. 

6b) [117]. The peak at 3336 cm−1 may be attributed to the hydroxyl functional group due to 

stretching vibration. Besides, the peak at 1550, 1215, and 1080 cm−1 resemble C=C 

symmetrical stretching, C=O of carboxylic groups, and C–O stretching vibration, respectively. 

On the other hand, the bands at 3384 cm−1 and 1565 cm‒1 in different composites resemble the 

stretching and bending vibration of H2O and surface-bonded OH groups [102]. The peak at 

1130 cm−1 can be assigned to –C–O due to the bending vibration of OH groups of the metal 

TH-3368_186107017



Cerium-based Metal-Organic-Frameworks with Ligand Tuning of the Microstructures for Fluoride Adsorption: 

Linear and Nonlinear Kinetic and Isotherm Adsorption Models 

 73  

 

oxides. The peak at 779 cm−1 may be attributed to the Fe–O/Ce–O bonds [76]. In the spectrum 

of AC/Ce/Fe-1 after fluoride loading, the bands at 3284, 1565, and 1385 cm−1 shifted to 3339 

cm–1, 1547 cm–1, and 1367 cm–1, respectively [117]. The shift in the peaks may be due to the 

attachment of F– ions. The intensity of the peak at 1367 cm–1 reduced, which signifies the 

adsorption of the F– ions onto the active sites. 

The elemental composition and the chemical oxidation state of AC/Ce/Fe–1 with and without 

loading of fluoride were examined through XPS investigations. The spectra of the samples 

were obtained by scanning over the range of 0 to 1200 eV to find C, O, Ce, Fe, and F, displayed 

in Figure 2.6c. The presence of the cerium can also be confirmed at binding energies of 884.5 

and 903.9 eV. Iron was attached to the surface with the binding energies at 752 and 711 eV in 

two different states. This indicates that the binding energy of the cerium is comparatively 

higher than its iron. XPS measurement of a fluoride-loaded sample reveals a new peak at a 

binding energy of 684 eV assigned to F1s which confirms the presence of fluoride as shown in 

Figure 2.6d.  

A comparative N2 adsorption-desorption study was performed to evaluate isotherms of 

synthesized nanocomposite adsorbent (Figure 2.7a). This study favourably evaluates the pore 

size, pore-volume, and BET surface area of the adsorbent mentioned in Table 2.1 [118]. The 

sample exhibits type IV isotherm with unrestricted monolayer-multilayer adsorption, which 

has slit shape pores [119]. The shape of the hysteresis loop from 0–0.3 indicates a rapid increase 

in adsorption of N2 at low relative pressure corresponding to the microspores.  Additionally, 

low uptake of the N2 can be noted at higher relative pressure indicating the mesopore nature of 

the sample. The average pore diameter of AC/Ce/Fe–1 has been estimated at around 2.59 nm 

which proves that fluoride ions with a diameter of 0.266 nm can freely enter the pores of the 

optimized adsorbent. 

TH-3368_186107017



Cerium-based Metal-Organic-Frameworks with Ligand Tuning of the Microstructures for Fluoride Adsorption: 

Linear and Nonlinear Kinetic and Isotherm Adsorption Models 

 74  

 

 

Figure 2.6. (a) XRD patterns of AC and its composites. FTIR spectrum of AC and its 

composites is displayed in (b), the elemental survey of AC/Ce/Fe–1 after and before the 

adsorption of fluoride in XPS (c), and (d) XPS spectra of F1s. 

Table 2.1. Data obtained from BET adsorption-desorption analysis of Fe/Ce/AC–1. 

Adsorbents AC AC/Ce/Fe–1 

Average pore diameter (nm) 2.6 1.4 
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BET surface area (m2/g) 1243 908.3 

Total pore volume (cm3/g) 0.6 0.48 

The magnitude of zeta potential is based on the degree of electrostatic repulsion between the 

scattering medium and the dispersed particles in the medium [120]. The zeta potential ranging 

from 0 to 5 and 10 to 30 refers to the rapid coagulation or flocculation and incipient instability, 

respectively [121]. The AC–based adsorbent can act both as a base and as an acid because of 

the presence of different functional groups. The zeta potential was measured to estimate the 

pH range to target the anionic pollutant from the containing water. The isoelectric point (IEP) 

and zeta potential of AC/Ce/Fe–1 were evaluated by dispersing the same amount of adsorbent 

in the different pH ranges (2, 4, 6, 8, 2 10, and 12) of water (Figure 2.7b) [122]. The IEP of 

the as-synthesized adsorbent is about 10, at which the value of zeta potential is zero. At pH 

lower than the IEP, the net charge of the adsorbent surface becomes positive and gives 

relatively higher removal of fluoride adsorption on the active sites. Hence, the Coulomb 

attraction of F– ions was observed at a relatively lower pH than the IEP. The zeta potential was 

found to be +23.98 mV, which is favourable for the remediation of negatively charged F– ions 

at pH below the IEP by electrostatic interactions. Whereas, the zeta potential of AC is only 

+0.9 Mv in aqueous medium, this validates the rationale for AC's unsuitability as an adsorbent 

for fluoride ions. 

2.3.3. Adsorption of fluoride ion 

2.3.3.1.     Effect of pH 

The adsorption process depends on the pH of the solution since the net surface charge of the 

material is controlled by it [105]. Figure 2.7c shows the trend of F– ions adsorption by the 

AC/Ce/Fe-1 in the pH ranges of 3 to 11 using 10 mg of adsorbent. The volume and the initial 
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concentration of fluoride solution taken for this study were 20 mL of 10 mg/L, respectively. 

During the sorption study, the removal of F– ion increased from 80 to 90 % over the range of 

3 to 8. This may be because the adsorbent surface remains positively charged and gives 

relatively higher removal of F– ion adsorption on the active sites as shown in Eqs. (2.3) and 

(2.4): 

(A)OH + H3O+ + F− ⇌ (A)OH2
− + F− + OH (2.3) 

(A)OH + H3O+ + F− ⇌ (A) − F− + 2H2O (2.4) 

Where (A) signifies the surface of the adsorbent. Furthermore, as the pH increase above 9, the 

percentage removal of F– ions decrease to 40 %. This may be due to an increase in hydroxyl 

ions which compete with the target ions for the active spots at pH above the pHpzc [123]. The 

increase in the OH– ions neutralize the positive charge of the active sites, and the ion exchange 

takes place only in case of excess of OH– ions as shown in Eq. (2.5). This consequently 

decreases the effectiveness of adsorption at pH above 9. 

(A)OH + F− ⇌ (A)F + OH− (2.5) 

2.3.3.2.     Optimization of AC/Ce/Fe-1 dose 

The effect of AC/Ce/Fe-1 amount used for the remediation of F– ions at pH 6.5 was studied 

within the range of 2.5 to 50 mg in 20 ml of F– ion solution having an initial concentration of 

20 mg/L. It can be observed from Figure 2.7d that the removal of fluoride increased from 50 

% to 90 % as the AC/Ce/Fe–1 weight increased from 2.5 mg to 10 mg for an equilibrium time 

of 30 min at the same conditions. This is due to a surge of inaccessible active spots on the 

surface of the AC/Ce/Fe–1 for F– ions adsorption [77]. Further addition of the adsorbent from 

10 to 50 mg in the fixed solution did not show a significant increase in the removal of F– ions. 
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This is possibly due to overlapping of the active sites at high adsorbent dosage, resulting in no 

further accessibility of binding sites on the exterior of the AC/Ce/Fe–1 for fluorine uptake. 

Thus, 10 mg of as-synthesized adsorbent was considered as the optimum dosage for the current 

adsorption study. 

 

Figure 2.7. (a) N2 adsorption-desorption isotherm of the adsorbents (inset: BJH pore size 

distribution), (b) Zeta potential of AC/Ce/Fe–1at different pH, (c) Effect of pH on the adsorbent 

for fluoride removal, and (d) optimization of AC/Ce/Fe–1 dose on the F– ion remediation in 

fluoride solution. 
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2.3.3.3.     Adsorption isotherm study 

Adsorption isotherm is the basic requirement to understand the surface adsorption mechanism 

between fluoride ion and as-synthesized adsorbent at a constant temperature [124,125]. The 

isotherm was studied at different temperatures, 288, 298, and 308 K, to investigate the best-

fitted model as shown in Figure 2.8. The equilibrium information gained from the experimental 

data was tuned with isotherm models, i.e., Langmuir, Freundlich, and Temkin, for both linear 

and non-linear equations (Table 2.2) to estimate the surface properties and interaction 

mechanism of newly developed adsorbent [125]. 

Table 2.2. Equations of Linear and non-linear adsorption isotherms. 

Models Linear Non-linear 

Langmuir 
𝐶𝑒

𝑄𝑒
=

1

𝑄0
𝐶𝑒 +

1

𝑄0𝐾𝐿
 𝑄𝑒 =  

𝑄0𝐾𝐿𝐶𝑒

𝐾𝐿𝐶𝑒+1
 

Freundlich ln 𝑄𝑒 = log 𝐾𝐹 +
1

𝑛
ln 𝐶𝑒 𝑄𝑒 = 𝐾𝐹𝐶𝑒

1

𝑛 

Temkin  𝑄𝑒 = 𝐵 ln 𝐾𝑇 + 𝐵 ln 𝐶𝑒 𝑄𝑒 = B ln 𝐾𝑇𝐶𝑒 

Where, Ce and Qe are the concentration and quantity of F– ion uptake per gram of adsorbent at 

equilibrium, Q0 (mg/g) is the maximum monolayer adsorption capacity. KL (L/mg), KF (mg/g). 

(L/mg)1/n and KT (mg/g) are the Langmuir, Freundlich, and Temkin constants associated with 

the net enthalpy change in the reaction, respectively. 1/n is the heterogeneity factor and 

indicates the adsorption strength, which is considered favourable for n >1, where n is the 

adsorption intensity. B (J/mol), R (J/mol. K), and T(K) are the heat of adsorption, the universal 

gas constant, and the temperature of the solution, respectively. The calculated isotherm 

parameters with the help of linearized and non-linearized models are presented in Table 2.3. 

The investigation shows a reduction of adsorption capacity with the increase in temperature.  
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Figure 2.8. (a) Non-linear fittings of Langmuir, Freundlich, and Temkin isotherm models for 

remediation of F– ion by AC/Ce/Fe-1 (b) Fitting of linearized Langmuir model (c) Fitting of 

linearized Freundlich model (d) Fitting to linearized Temkin isotherm. 

Therefore, the exothermic reaction in which the binding ability of the adsorbent decreases due 

to an increase in kinetic energy of the adsorbent molecules at a higher temperature[126]. The 

R2 values ranging from (0.994-0.998) are higher for the non-linear Freundlich model, making 

it the best-fitted isotherm model for this experiment. An empirical Freundlich isotherm model 

assumes multilayer adsorption onto heterogeneous surfaces of an adsorbent with different 

affinities. The Freundlich equation has a significant flaw in that it does not explain a limit in 

adsorption capacity, theoretically: as the concentration of solutes rises, the quantity adsorbed 

may become limitless [127]. However, the R2 value for the linear fittings of Langmuir and 

Temkin is slightly smaller, i.e.  (0.991-0.995) and (0.986-0.994), respectively. The q0 value 

was found to be in the range of 50 to 52.3 mg/g. The fluoride uptake by AC/Ce/Fe–1 was 
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compared with other existing adsorbents in the literature. AC/Ce/Fe–1 shows relatively higher 

adsorption capacity and lower equilibrium time within the wide pH range listed in Table 2.4. 

Table 2.3. Langmuir, Freundlich and Temkin isotherms parameters for the sorption of ion onto 

AC/Ce/Fe-1. 

Isotherm models     Temperature (K) 

 𝟐𝟖𝟖 𝟐𝟗𝟖 𝟑𝟎𝟖 

 Langmuir 

Linear 𝑄0 (
𝑚𝑔

𝑔
) 52.30 50.91 49.35 

 𝐾𝐿 (
𝐿

𝑚𝑔
) 0.319 0.247 0.144 

 𝑅2   0.995 0.991 0.992 

Non-linear 𝑄0 (
𝑚𝑔

𝑔
) 50.73 48.31 46.71 

 𝐾𝐿 (
𝐿

𝑚𝑔
) 0.546 0.412 0.161 

 𝑅2   0.949 0.943 0.986 

Freundlich 

Linear 𝐾𝐹  (
𝑚𝑔

𝑔
) 21.208 19.21 12.847 

 𝑛 4.313 4.322 2.921 

 𝑅2   0.994 0.996 0.986 

Non-linear 𝐾𝐹  (
𝑚𝑔

𝑔
) 21.560 19.033 13.948 

 𝑛 4.421 4.087 3.127  

 𝑅2   0.998 0.994 0.997 

Temkin 

Linear 
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 𝐵 7.413 7.446 9.963 

 𝐾𝑇 16.993 11.469 2.157 

 𝑅2 0.979 0.964 0.981 

Non-linear 𝐵 7.413 7.446 9.863 

 𝐾𝑇 16.993 11.469 2.268 

 𝑅2 0.993 0.989 0.996 

Table 2.4. Comparative assessment of AC/Ce/Fe–1 used for F– ions adsorption with other AC-

based adsorbents reported in the literature. 

Adsorbent Surface Area 

(m2/g) 

Q0 

(mg/g) 

pH Equilibrium 

time 

Ref. 

Mg/Mn/Zr AC 834 26.27 2-10 180  [106] 

Al/Ce AC Not available 3.05 5-10 180 [76] 

AIAABC 3.7 21.1 5-9 180 [77] 

Zr modified AC 1178.95 28.50 3-11 360 [128] 

Sawdust raw Not available 1.73 4-6 60 [129] 

La modified AC 852 9.96 4-6 300 [130] 

CaCl2 AC Not available 2.02 4.9-9.5 70 [131] 

AC/Ce/Fe-1 908.3 52.3 3-9 20 Present work 
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2.3.3.4.     Adsorption kinetics 

The adsorption kinetic models were used in this study to predict the rate of adsorption, the 

performance of the adsorbent, and the overall mechanism of mass transfer to design an 

optimized adsorption system [68]. Several models such as the external mass transfer model, 

internal mass transfer model, complex diffusion model, and adsorption models were applied 

which describe the diffusion of solute on the surface and in the pores of the adsorbent 

[132,133]. The Pseudo first order (PFO), Pseudo second-order (PSO), and intra-particle 

diffusion (IPD) adsorption model have been frequently applied to explain the rate of adsorption 

[28,134]. The expressions of these three models were obtained by integrating the following 

general Eq. (2.6): 

dQt

dt
= kn(Qe − Qt)n 

(2.6) 

Where, Qt (mg/g) is the mass of fluoride uptake per gram of AC/Ce/Fe-1 at any time t (min) 

and rate constant of the pseudo nth order kinetic model is expressed as kn. The expression for 

the PFO kinetic model is obtained by integrating Eq. (2.8) for (t=0, Qt=0 and t=t, Qt=Qt) and 

keeping n = 1. 

ln(𝑄e − Qt) = ln 𝑄t − k1t  (2.7) 

Where k1 (1/min) is the rate constant of the PFO kinetic model. Additionally, the PSO kinetic 

model may be obtained after integrating Eq. (2.8) at n = 2.  

𝑄t =
𝑄e

2 k2t

k2𝑄et + 1
 

(2.8) 

Eq. (2.8) can be arranged to get a linear form: 
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t

𝑄t
=

1

k2𝑄e
2 +

t

𝑄e
  (2.9) 

The data obtained from the experiment were fitted to the IPD model to find the rate-determining 

step to understand the diffusion process during the adsorption and represented by Eq. (2.10). 

𝑄t = Kit
0.5 + C (2.10) 

 

Figure 2.9. Effect of time for F– ions removal by Ac/Ce/Fe-1 (a) PFO, PSO, and IPD non-

linear fitting; (b) linearized PFO kinetic model fitting (c) linearized PSO and (d) linearized IPD 

model. 
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The rate constants of PSO and IPD kinetic model are k2 (g/mg.min) and ki (g/mg.min), 

respectively. The kinetics of the adsorption was studied by varying the initial concentration of 

the fluoride (10 mg/L, 20 mg/L, 30 mg/L and 40 mg/L) at 298 K temperature. The amount of 

the AC/Ce/Fe-1 throughout the kinetic study was 10 mg per 20 ml of fluoride solution at 6.5 

pH for a contact time of 30 min. Figure 2.9 shows the linear and non-linear fittings of the PFO, 

PSO, and IPD kinetic model. The values of the parameters obtained from kinetic fittings are 

presented in Table 2.5.  The R2 value of the PSO ranges from 0.95 to 0.99 and is very close to 

1 and is greater than that of other models used. Furthermore, linearization of kinetic models is 

shown for each model, and it can be noted that the value of R2 for PSO is 0.99, which is greater 

than the values for PIO and IPD model where it ranges from 0.93 to 0.98 and 0.93 to 0.98, 

respectively. Hence, the PSO model is chosen as the best suited kinetic model. The PSO kinetic 

model assumes that the chemical sorption is the rate-limiting step and may involve valency 

forces through ion exchange between anions and adsorbents. Furthermore, it anticipates the 

response across the whole adsorption range. In this case, the rate of adsorption is determined 

by the adsorption capacity rather than the adsorbate concentration [135]. One significant 

benefit of the PSO model over the PFO model is that the equilibrium adsorption capacity can 

be determined from the model; hence, there is no need to assess adsorption equilibrium capacity 

from the experiment [136]. The adsorption rate of the as-prepared adsorbent is much higher 

than the other reported literature (Table 2.4) as it attains equilibrium within 20 min. 

Furthermore, the solid diffuses from the solution to the surface of the Ac/Ce/Fe-1 and then 

within the pores. This process can be defined by the boundary layer and pore diffusion 

phenomena. The value of found from the intercept of the Qt vs.  plot evaluates the extent of the 

boundary layer effect. Hence, the boundary layer diffusion becomes dominant toward the 

overall process. 

Table 2.5. Linear and non-linear fittings of PFO, PSO, and IPD kinetic model of ions 

adsorption on AC/Ce/Fe-1. 

Kinetic models    Initial concentration (mg/L) 

 10 20 30 40 

PFO 
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Linear      𝑄𝑒 (
𝑚𝑔

𝑔
) 1.7181 9.358 15.880 24.387 

     𝑘1 (
1

min
) 0.148 0.050 0.158 0.173 

      𝑅2 0.949 0.980 0.930 0.924 

Non-linear    𝑄𝑒 (
𝑚𝑔

𝑔
) 18.195 24.521 34.593  39.777 

      𝑘1 (
1

min
) 35.980 100  100  100  

      𝑅2 -1.61E-12 1.92E-14 -1.86E-13 3.08E-14 

PSO 

Linear           𝑄𝑒 (
𝑚𝑔

𝑔
)            18.580    27.847    36.643         44.38 

    𝑘2 (
𝑔

mg.min
) 0.1905 0.016 0.018 0.013 

      𝑅2 0.999 0.999 0.999 0.999 

Non-linear  𝑄𝑒 (
𝑚𝑔

𝑔
) 18.498 27.326 36.579 44.165 

    𝑘2 (
𝑔

mg.min
) 0.223 0.023 0.020 0.013 

    𝑅2 0.962 0.967 0.991  0.959 

IPD 

Linear          𝑘𝑖𝑛𝑡  15659      0.841     2.737      2.172 

    𝐶 (
1

min
) 17.979 32.623 36.614 54.928 

    𝑅2 0.974  0.935  0.981 0.942 

Non-linear    𝑘𝑖𝑛𝑡   20662      1.704     1.550      2.353  

 𝐶 (
1

min
) 17.348  17.625 26.593 29.836 

 𝑅2 0.923 0.954 0.940 0.936 
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2.3.3.5.     Thermodynamic parameter analysis  

The thermodynamic assessment was conducted to investigate the practicality of the adsorption 

process. The thermodynamic parameters such as standard enthalpy ΔH° (kJ/mol) standard 

Gibb’s free energy ΔG° (kJ/mol) and standard entropy ΔS° (J/mol. K) were estimated using 

thermodynamic relations given below: 

△ G° = −RT log Kc = −RT ln (
mQe

Ce
) 

(2.11) 

ln (
m Qe

Ce
) =  

△ S°

R
−  

△ H°

RT
 

(2.12) 

ΔS° and ΔH° are constants calculated from the intercept and slope of the straight line of Van’t 

Hoff’s plot of ln(Qe/Ce) vs 1/T, as shown in Figure 2.10a. ΔG° was determined at various 

temperatures using Eq. (2.11). The thermodynamic parameters for fluoride adsorption are 

presented in Table 2.6.  The negative values of ΔG° denote the process is spontaneous whereas, 

the negative values of ΔH° signify the exothermic nature. The small ΔS° value decreases the 

randomness of the adsorption on the solid-liquid interface [137,138]. 

Table 2.6. Thermodynamic parameters for fluoride adsorption reaction AC/Ce/Fe-1 at pH 6.5. 

Temperature 
△ 𝐆° (

𝐤𝐉

𝐦𝐨𝐥
) △ 𝐇° (

𝐤𝐉

𝐦𝐨𝐥
) △ 𝐒° (

𝐤𝐉

𝐦𝐨𝐥. 𝐊
) 

R2 

288 K -15.4 -47.7 -0.136 0.839 

298 K -15.04    

308 K -13.08    
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Figure 2.10. (a) Van’t Hoff’s plot, (b) the effect of interfering ions on the fluoride removal 

efficiency, (c) Comparison of fluoride desorption using different molar of NaOH, and (d) 

Regeneration study of AC/Ce/Fe-1 up to 5th cycle. 

2.3.3.6.     Effect of co-existing ions 

The drinking water from groundwater often includes multiple anions in addition to F– ions, 

such as SO4
2−, Cl−, NO3

− and HCO3
−, which may compete for adsorption sites with F– ions 

[102,105]. Fluoride ion uptake in the presence of those ions is critical to demonstrate the 

selectivity and unlocking the full potential of AC/Ce/Fe-1. The studies were carried out by 

adding the required amount of Na2SO4, NaCl, NaNO3, and NaHCO3 to a 50 mL of 20 mg/L 

fluoride concentration. The results presented in Figure 2.10b indicate that various anions at 
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different concentrations have a different effect on fluoride adsorption. The effects of Cl− and 

NO3
− on fluoride adsorption are negligible. However, the co-existence of HCO3

− and SO4
2− 

slightly decreases the F− ions uptake, and this is presumably attributed to the lower affinity of 

Ce–Fu for fluoride and competition between the fluoride ion and HCO3
− and SO4

2− occur 

during the process [139]. Furthermore, the order of interference matches favourably with the 

charge/radius values of competing anions. The higher the charge/radius, the more likely the 

anion will be attracted to the adsorbent surface, interfering with the adsorption of F− ions [140]. 

2.3.3.7.     Regeneration test  

The regeneration of as-prepared AC/Ce/Fe-1 was evaluated to ensure the reusability of 

AC/Ce/Fe-1, displayed in Figure 2.10c and Figure 2.10d. This was achieved by collecting the 

F– ions loaded AC/Ce/Fe-1 after adsorption and soaking in 50 ml of Millipore water for 30 

min. AC/Ce/Fe–1 was then treated with 0.01, 0.02, 0.04 and 0.1M sodium hydroxide solutions. 

0.1M NaOH was found to exhibit the highest desorption ability [102,130]. The adsorbent 

AC/Ce/Fe-1 was defluorinated and the solid was collected carefully after drying. 10 mg of 

exhausted adsorbent was used to replicate the adsorption-desorption study to remove 10 mg/L 

of ion from 20 ml of the solution to estimate the reusability of the adsorbent. The adsorbent 

was able to remove 50 % of fluoride on the fifth cycle. The percentage desorption was 

calculated using Eq. (2.13).  

D =  
Cdes 

Cads
 ⅹ100  (2.13) 

The percentage desorption is represented as D, Cads is the adsorbed concentration at equilibrium 

and Cdes is the desorbed concentration. 
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Figure 2.11. The comparative study of ultrasound-assisted over conventional methods for the 

(a) AC/Ce/Fe-1 synthesis, and (b) adsorption process. 

2.3.4. Effect of ultrasound 

An eco-friendly approach for both adsorbent synthesis and adsorption study was achieved by 

using an ultra-sonicator. Acoustic cavitation is the prime principle of the low-frequency 

ultrasonic treatment that includes the generation and breakdown of the tiny vapor bubbles 

formed in the aqueous medium at the solid-liquid interface [106]. This enhances the mass 

transfer rate from the liquid to the interface and also within the pore of the adsorbent by the 

transmission in form of a pressure wave [105]. 

2.3.4.1. Role of ultrasound in material synthesis 

The comparative study of ultrasound-assisted over conventional method for the synthesis of 

AC/Ce/Fe-1 shows a significant difference in the fluoride removal efficiency (Figure 2.11a). 

The experiment was repeated thrice to confirm the outcome of the experiments. The study 

shows only 62.6 % of fluoride was removed by AC/Ce/Fe-1 prepared via a conventional 

method, whereas removal efficiency obtained from the ultrasound-assisted method was 95.4 

%. 
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In this work, the interaction mechanism becomes a little complicated because of the 

impregnation of two metals (Ce and Fe) on AC, as shown in Figure 2.12a. For ease of 

comprehension, the entire mechanism may be broken down into a few phases. 

i. Acoustic streaming during sonication induces distinct energy, leading to a disturbance on 

the surface of the AC by cleaving the OH– bonds [141]. The hot spot generated during the 

acoustic cavitation increases the chance of molecular interaction with metals which 

consequently enhances the active site on the surface and in the pores of the material [142]. 

ii. Dissociation of water molecules also occurs as a result of sonic cavitation, resulting in 

hydrogen (H*) and hydroxyl (OH*) radicals and behaves as the Lewis sites. 

iii.  The metal salts Ce (NO3)3 and Fe (NO3)3 break into metal ions and behave as Lewis’s acid. 

Metal aqua ions are generated when they are introduced to an aqueous solution, and they 

are further hydrolysed. The hydrolysis of the metals are given below [102]: 

Ce (NO3)3. 6H20 → Ce3+ + 3NO3
− + 6H2O  

Ce3+ + 3H2O → Ce (HO)3 + 3H+  

Similarly, 

Fe (NO3)3. 9H20 → Fe3+ + 3NO3
− + 9H2O 

Fe3+ + 3H2O → Fe (HO)3 + 3H+ 

(2.14) 

(2.15) 

 

(2.16) 

(2.17) 

iv.  Polycondensation occurs after the formation of Ce (OH)3 and Fe (OH)3 by the olation and 

oxolation processes, resulting in hydroxyl and oxo-bridges between the tetramer units.  

Ce − OH + H2O − Ce → Ce − OH − Ce + H2O 

Ce − OH + OH − Ce → Ce − O − Ce + H2O 

Similarly,  

Fe − OH + H2O − Fe → Fe − OH − Fe + H2O 

(2.18) 

(2.19) 

 

(2.20) 
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Fe − OH + OH − Fe → Fe − O − Fe + H2O (2.21) 

v. During cavitation bubble collapse, the film thickness adjacent to the AC decreases, and the 

surface reaction gets enhanced, leading to the uniform crystallization of metals on the 

surface of AC. 

Therefore, an ultrasound-assisted method was utilized for the synthesis of adsorbent 

impregnated with binary metals in different Ce/Fe molar ratios for effective fluoride uptake. 

 

Figure 2.12. (a) Interaction mechanism of two metals (Ce and Fe) on AC and (b) Adsorption 

mechanism for fluoride removal. 

2.3.4.2. Effect of ultrasound in the adsorption process 

Batch-wise studies for the fluoride adsorption show a significant increase in the removal 

efficiency upon the application of ultrasonic waves compared to the conventional shaker 

(Figure 2.11b). The comparative study of the ultrasonication method over conventional 
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shaking methods shows a much higher removal efficiency of 95.4% in 20 min. Whereas, only 

87% of removal efficiency in 60 min was noted via the conventional method. Furthermore, a 

drastic reduction in the equilibrium time from 60 min to 20 min after the application of 

sonication was noted over the traditional shaking method.  The hydrolysis of metals in the 

aqueous medium formed Ce (OH)3 and Fe (OH)3 that attract the fluoride ions by protonation 

or deprotonating depending upon the pH of the solution. In this way, F– ion get attached to Ce 

(OH)3 and Fe (OH)3 in the following ways [106]: 

Ce (HO)3 + xF− ↔ Ce (HO)3−x Fx + OH− 

Similarly, 

Fe (HO)3 + xF− ↔ Fe (HO)3−x Fx + OH− 

(2.22) 

 

(2.23) 

The fluoride ion attaching to the adsorbent surface through the electrostatic force is termed 

protonation [143]. This results in the replacement of OH– by F– ion through the ion exchange 

process, as displayed in Figure 2.12b [113]. The rate of adsorption by sonication is much faster 

than the traditional shaking study because of the turbulence produced in the aqueous medium 

during the bubble collapse [110,142]. This reduces film thickness near the adsorbent surface, 

which in turn decreases the time required to reach equilibrium drastically. The system reaches 

the equilibrium just after 20 min by the acoustic cavitation phenomenon, contrary to shaking 

that takes 1 hr to reach equilibrium. Thus, ultra-sonication enhances the adsorption rate as well 

as the adsorption capacity of the material. 

2.4. Conclusions 

The utilization of ultrasound was done to activate the interior of the material during the 

synthesis of the adsorbent and in the adsorption study. The collapse of microbubbles resulted 

in enhancement of molecular interaction and shorter diffusion path, thereby enhancing the 
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kinetics of the reaction. Therefore, adsorbent synthesized and adsorption study via 

sonochemical method over conventional method is advantageous and effective for further use.  

The positive adsorption of ions onto the AC/Ce/Fe-1 with Ce/Fe molar ratio (2:1) was 

confirmed by the EDX, and FTIR spectra. Utilization of sonochemical method enhances the 

kinetics of the reaction and reached equilibrium within 20 min where 80% of the fluoride 

removal was observed just in 5 min.  The adsorption kinetics data was found to match well 

with the pseudo-second-order model. The maximum adsorption capacity of as-synthesized 

adsorbent was 52.3 mg/g within an equilibrium time of 20 min at 25 °C, and AC/Ce/Fe–1 

continued its relatively high adsorption efficiency up to 4th cycles. Additionally, a spontaneous 

exothermic reaction with less randomness at the adsorbent-solution interface was confirmed 

by thermodynamic data. Results of the current study suggest that the use of a sonochemical 

method for both material synthesis and adsorption studies increases the active site on the 

interior of the adsorbent. This results in rapid and high adsorption of fluoride on the as-

synthesized material, which has potential for practical use. Hence, ultrasound-assisted 

adsorption using AC/Ce/Fe-1 is an efficient technique for enhanced removal of fluoride ions 

having relatively low cost and thus has scope for industrial application.   
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CHAPTER 3 

 This chapter covers the valuable insights into the synthesis of Ce-based MOFs for fluoride 

removal, with a focus on the synthesis process, material characterization, fluoride adsorption 

performance, and the potential mechanisms involved. The study also addresses the practical 

aspects of regeneration and reusability, providing a comprehensive understanding of the 

developed MOFs. 

3.1. Introduction  

AC impregnated with binary metals Ce/Fe in the molar ratio 2:1 explained in chapter 2 

displayed a satisfactory result when it was compared with the other AC based adsorbent 

available in fluoride removal application. Still, there is an urge to develop a material having 

outstanding adsorption capacity, this enhancement can be done by the use of MOFs. 

Biocompatible, non-toxic, rare earth metal cerium with redox properties is abundant in the 

earth’s crust and has stronger bond strength with fluoride [144]. Ce-based MOFs react with 

fluoride by the ion-exchange method. The water-stable Ce-based MOFs have excellent 

structure adjustability, which provides a large surface area [145]. In this view, the nanoporous 

Ce-based MOFs were introduced in the study. Despite the advantages, research on Ce-based 

adsorbents for defluoridation remains limited, particularly concerning the synthesis of MOFs 

using different organic ligands. Hence, our study concentrates on cerium-based MOFs to 

explore their defluoridation capabilities and understand the impact of various organic ligands 

on performance [107]. Therefore, this study aimed to develop Ce-based MOFs using three 

different linkers terephthalic acid (BDC), fumaric acid, and trimesic acid (H3BTC), which 

affords Ce–BDC, Ce–Fu, and Ce–H3BTC MOFs for powerful elimination of F– ions from 
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water. The synthesis and application of novel Ce–Fu MOF has not been reported best of our 

findings. The effect of co-existing ions and the water stability test were conducted to check the 

sustainability of the Ce–Fu MOF in water treatment applications. The adsorption behaviour of 

the material was observed after the investigation of adsorption isotherms and kinetics models. 

A regeneration study of the MOFs was accomplished to estimate their effectiveness for long 

term application in wastewater treatment containing fluoride as a contaminant.  

3.2. Experimental section 

3.2.1. Chemicals 

The compounds N, N-dimethylformamide (DMF, 99%), and ethanol used in this experiment 

were supplied by Merck Ltd., Mumbai, India. Terephthalic acid (BDC, 98.9%), trimesic acid 

(H3BTC) and ammonium cerium (IV) nitrate (CAN) were supplied by Sigma-Aldrich. Fumaric 

acid was purchased from HiMedia, Mumbai, India. The suppler of other chemicals used in this 

study has been mentioned in chapter 2.  

3.2.2. Material synthesis 

The synthesis of Ce–BDC MOF was carried out according to reported procedures with little 

modification [146]. 1 g of BDC was dissolved into 40 ml of DMF by sonication and to this 

solution, 1g of CAN in 10 ml of H2O was mixed. Finally, the solution mixture was kept at 100 

˚C in a hot air oven for 24 h in a 100 ml polypropylene bottle. The precipitation was observed 

within 30 min. The precipitate obtained was stirred in DMF for 1 h and centrifuged to separate 

the solid mass. This step was repeated 3 times followed by overnight stirring in ethanol to 

remove all the impurities trapped within the pores. The precipitate collected from the last step 

was oven-dried for 14 h at 100 ˚C to get powdered Ce–BDC MOFs. 

TH-3368_186107017



Cerium-based Metal-Organic-Frameworks with Ligand Tuning of the Microstructures for Fluoride Adsorption: 

Linear and Nonlinear Kinetic and Isotherm Adsorption Models 

 97  

 

Similarly, Ce–Fu and Ce–H3BTC MOFs were synthesised using a specified amount of fumaric 

acid and trimesic acid dissolved into DMF by sonication in separate PP bottle, respectively. To 

this mixture, CAN dissolved in 10 ml of H2O was added following the same procedure for Ce–

BDC MOF synthesis as described in the preceding section. 

3.2.3. Fluoride Adsorption Tests 

Previously synthesised fluoride STD solution mentioned in section 2.4 was further diluted as 

per the initial concentration (C0; mg L-1) of fluoride required for the adsorption study. The 

batch-wise experiment was employed for fluoride adsorption at a pH of 6.8±0.3 by varying the 

initial concentration of fluoride from 10 to 50 mg/L (10, 20, 30, 40, and 50 mg/L) at room 

temperature. The effect of solution pH over the range from 3−11 was studied with 10 mg/20mL 

of prepared MOFs. The solution volume for this study was taken 20 mL in a 25 mL 

polypropylene bottle having 10 mg/L of initial concentration of fluoride. The temperature range 

for the isotherm study was selected from 15 to 35 °C (15, 25, and 35 °C). The kinetic study 

was investigated at different initial concentrations to understand the adsorption rate for 30 min. 

The effect of the adsorbent amount was examined using 20 mL of 10 mg/L fluoride solution 

by adding 10–50 mg (10, 20, 30, 40, and 50 mg) of adsorbent. The fluoride adsorption and the 

percentage removal of fluoride were calculated using Eqs. (2.1) and (2.2), respectively. 

3.2.4. Characterization techniques 

Apart from the characterization techniques mentioned in the section 2.2, we utilized a 

thermogravimetric analyzer (TGA, TG209 F1 Libra, Netzsch, Germany) was used to check the 

thermal stability of Ce–based MOFs by changing the temperature under N2 environment. 
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Figure 3.1. FESEM image of (a) Ce–BDC, (b) Ce–Fu, (c) Ce–H3BTC MOFs; (d) FETEM 

image of Ce–Fu MOFs, (e) TGA analysis of Ce–based MOFs, and (f) FTIR spectra of Ce–

based MOFs. 

3.3. Results and discussion 

3.3.1. Characterization  

The FESEM analysis of drop cast specimen was done after sputter coating of gold on to poorly 

conducting specimen. The gold coating prevents charging of the specimen, reduces microscope 

beam damage, increases thermal conduction, and improves secondary electron emission for 

better image projection. FESEM images of the particle morphology of Ce–based MOFs are 

illustrated in Figure 3.1(a-c). Ce–BDC, and Ce–Fu are formed primarily as agglomerates of 

octahedral particles having average size of 200±10 and 150±10 nm, respectively. On the other 

hand, and Ce–H3BTC MOFs shows a rod flower like structure (Figure 3.1c). The FETEM 
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images of Ce–Fu MOFs illustrated in Figure 3.1d confirms the shape, size of the morphology, 

and their amorphous nature. 

 

Figure 3.2. (a) N2 adsorption-desorption isotherm of Ce–based MOFs, (b) FTIR of Ce–based 

MOFs, (c) Zeta potential of Ce–Fu MOFs at different pH, (d) Water stability test of Ce–Fu 

MOF, and (e) Pore size distribution of mixed matrix MOFs. 
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Figure 3.1e demonstrate the three-stage thermal degradation curves obtained from TGA 

thermograms of pristine Ce–BDC, Ce–Fu, and Ce–H3BTC MOFs. The drastic weight loss in 

the initial stage alluded to the evaporation of unbounded water molecules observed up to 96°C. 

A further drop in the mass percentage was observed at a temperature ranging from 130 to 

330°C, which may be because of the evaporation of bounded H2O molecules and the trapped 

solvent molecules within the structure of the taken samples. Afterward, the remaining sections 

could maintain stability up to 520°C, as seen by the minor weight loss in that temperature 

range. In contrast, a further rise in temperature after 520°C resulted in a continuous weight loss 

occurred due to the breakage of crosslinked bonds of the linkers, which causes the destruction 

of the structures. Although the finding of the thermal stability behaviour is not a crucial step in 

the adsorption process. 

The XRD pattern (Figure 3.1f) indicates a polycrystalline nature of Ce–based MOFs. The 

elements presented in Ce–BDC, Ce–Fu and Ce–H3BTC MOFs have a different diffraction 

spectrum when the sample is exposed to the X-ray beam.  The diffraction pattern of the beam 

by Ce molecules at a 2-theda indicates the existence of Ce at 28(111), 33(200), 47(220), and 

56(311) [147]. The presence of cerium was also validated by the data obtained from EDX 

[115,148].  

The adsorptive gas N2 was used for adsorption-desorption analysis to estimate isotherms of 

Ce–BDC, Ce–Fu, and Ce–H3BTC MOFs shown in Figure 3.2a. The study mainly estimates 

the size distribution of pore, total volume, and the surface area of MOFs at the analysis bath 

temperature of 77.3 K, shown in Table 3.1 [118]. The analysis of the adsorbents exhibits type 

Ⅱ isotherm, which has slit shape pores with open monolayer-multilayer adsorption [119]. The 

uptake trend is continuous with an increase in the pressure ratio up to 0.1 indicating a quick 

rise at low P/P0 corresponds to microspores monolayer adsorption. Furthermore, a further 
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increase in the relative pressure shows slower adsorption of the N2 can indicating multilayer 

adsorption. The average pore diameters of Ce–BDC, Ce–Fu and Ce–H3BTC MOFs have been 

estimated at around 2.4, 1.2 and 2.9 nm, indicating a mesoporous structure. Fluoride ions 

having a radius of 0.133 nm will enter easily within the pores of the MOFs. 

Table 3.1. N2 adsorption-desorption analysis to obtain different parameters of Ce–based 

MOFs. 

Adsorbents Ce–BDC Ce–Fu Ce–H3BTC 

Average pore radius (nm) 2.4 1.2 2.9 

Surface area (m2 g–1) 758 830 626 

Total pore volume (cc g–1) 0.43 0.41 0.13 

The transmittance band of the Ce–based MOFs after and before the fluoride loading are 

displayed in Figure 3.2b. The broad peak at 3426 cm−1 resembles the –OH due to strong 

stretching vibration. As a result of the coordination of the metal present in the material with 

the carbonyl group available in fumaric acid ligand, a strong peak appears around 1650 due to 

C=O stretching [147]. The distinct peak observed at 1602 cm−1 validates the existence of the 

COO group, which is attributed to the stretching of the carboxyl group. Besides, the spectrum 

at 1384 cm−1 referred to C=O of carboxylate groups present in the fumaric acid [149]. 

Additional small changes in the lower range owed to the Ce−O stretching and Ce−O−C 

vibration in the Ce–Fu [150]. 

The electric potential of a surface is the measure of the work required to transport a unit positive 

charge from infinity to the surface without inducing acceleration. The measure of electrokinetic 

potential and zero-point charge of the material give the excess to understand the working range 

of as-synthesized material to target the anionic pollutant [120]. Therefore, the electrokinetic 
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potential of the Ce–Fu MOF was analyzed by dispersing the material into millipore water, 

maintained at different pH ranges from 2 to 13, as shown in Figure 3.2c. The Zero point refers 

to the value of the pH at which the overall charge on the surface of the MOFs is zero and at pH 

above the zero point, the overall charge of the material surface becomes negative. The zero-

point charge appeared at approximately pH 9 and gives significant removal of fluoride below 

the zero point. The electrokinetic potential was found +37.52 mV favourable for the removal 

of F– ions by electrostatic interactions [151]. 

3.3.2. Water stability test of Ce–Fu MOF 

Since, in this study Ce–Fu MOF is being used to remove fluoride from water, its structural 

deformation in water must be investigated to ensure stability throughout the adsorption process. 

To this objective, we examined the XRD pattern of Ce–Fu MOF after two days of exposure to 

water (Figure 3.2d). The XRD peaks of Ce–Fu MOF after and before exposure to water remain 

the same within the range of 5–60°. Ce–Fu MOF possesses a highly stable crystalline structure 

in water, suggesting a promising role for Ce–Fu MOF in aqueous applications. 

 

Figure 3.3. (a) Comparative assessment of Ce–based MOF, (b) effect of pH on fluoride 

removal, and (c) adsorbent dose-effect. 

3.3.3. Comparative assessment of Ce–based MOFs 
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The percentage removal of fluoride using Ce–based MOFs such as, Ce–BDC, Ce–Fu and, Ce–

H3BTC MOFs was compared to find the best suitable adsorbent. The study was done using 10 

mg of adsorbents in 10 mg/L of 20 ml fluoride solution. The maximum fluoride removal was 

obtained as 97.7% by Ce–Fu, Ce–BDC MOF exhibited 87.5%, and Ce–H3BTC MOFs 

displayed 81% (Figure 3.3a). The Ce–Fu MOF demonstrating maximum removal of fluoride 

was used for further characterization and adsorption studies. 

3.3.4. pH effect  

The pH effect of the solution was examined to understand material behaviour for fluoride 

remediation ranging from pH 2 to 13 [105]. The shift in the F– ions removal percentages can 

be seen in Figure 3.3b at optimized conditions (adsorbent dose: 10 mg, contact time: 30 min, 

solution volume: 20 mL, initial concentration: 10 mg/L F– ion and temperature: 25˚). The 

removal percentage of F– ions was approximately constant in the range of pH 2 to 9 since the 

net surface charge on the material remain positive below the zero point. The percentage 

removal of fluoride was observed at pH 2 i.e., 95.6% because both ionic and electrostatic force 

becomes responsible for desorption on the active sites as shown in Eqs. (2.3) and (2.4). 

Moreover, as pH increases beyond the isoelectric point, the removal percentage dropped to 4, 

and hydroxyl ions challenge targeting ions for the active.  The increase in the ions decreases 

the productiveness of the as-synthesized material by neutralizing the favourable charge of the 

active sites for fluoride removal, therefore in adsorption process as shown in equation (2.5). 

Table 3.2. Isotherms parameters obtained from different fittings. 

Isotherm models    T 

 288 K 298 K 308 K 

Langmuir 𝑄0 62.189 60.790 58.513 

Linear 𝐾𝐿 0.00027 1.023 3.138 
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 𝑅2   0.991 0.991 0.986 

Non-linear 𝑄0 64.162 61.3042 59.545 

 𝐾𝐿 0.232 0.211 0.166 

 𝑅2   0.909 0.955 0.955 

Freundlich 𝐾𝐹  1.052 1.072 1.017 

Linear 𝑛 4.456 3.355 3.146 

 𝑅2   0.954 0.967 0.954 

Non-linear 𝐾𝐹  24.847 20.007 17.266 

 𝑛 4.194 3.485 3.246 

 𝑅2   0.98 0.98 0.97 

Temkin 𝐵 7.932 10.140 10.291 

Linear 𝐾𝑇 31.401 5.807 3.813 

 𝑅2 0.904 0.939 0.924 

Non-linear 𝐵 7.918 10.140 10.292 

 𝐾𝑇 31.598 5.807 3.813 

 𝑅2 0.96 0.97 0.97 

3.3.5. Effect of doses 

The experiment was conducted using 10 mg/L of 20 ml F– ion solution to optimize the Ce–Fu 

MOF at neutral pH. This is illustrated in Figure 3.3c, the remediation of fluoride enhanced 

from 51 % to 98.3 % as the adsorbent dose increased from 5 mg to 10 mg for 30 min. This is 

because of the rise of active spots as we increase the adsorbent dosage [77]. Further increase 
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in the Ce–Fu MOF from 10 to 50 mg in the fluoride solution did not demonstrate an imperative 

rise in the F– ions removal. This may be because of the overlap in the active spots available on 

the adsorbent at higher amounts, significant to no supplementary availability of active spots on 

the peripheral of the adsorbent for fluoride adsorption. Thus, 0.5 g/L of Ce–Fu MOF was used 

for further adsorption study experiments. 

 

Figure 3.4. Adsorption isotherms of fluoride by Ce–Fu (a) non-linear fitting of isotherm 

models; (b) Langmuir linear fittings; (c) Freundlich linear fittings; and (d) Temkin linear 

fittings. 

3.3.6. Isotherm study 
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The adsorption of F– ions on Ce–Fu was further studied utilizing an adsorption isotherm at a 

constant temperature [124,125]. Figure 3.4 shows the affiliation between the Qe and Ce at 

various temperatures (288 K, 298 K, and 308 K) to scrutinize the best-suited model. The 

adsorptive data gained from the experiments were attuned to linear and non-linear isotherm 

models such as Freundlich, Langmuir, and Temkin (Table 2.2). The isotherm parameters 

obtained after different linear and non-linear equations fitting are displayed in Table 3.2. The 

study exhibits the rise in the temperature decreases the adsorption capacity. As a result, the 

adsorbent’s binding capacity diminishes as the molecules kinetic energy in the MOF increases 

at an elevated temperature, which states the exothermic process. The values of R2 found from 

the non-linear model of the Freundlich isotherm ranging from (0.97-0.98) are larger as 

compared to the non-linear models of Temkin and Langmuir i.e.  (0. 96-0.97) and (0.91-0.95). 

However, R2 value for Langmuir linear data is 0.99, becomes a best-fit isotherm model. The 

Q0 value from the data fitted the Langmuir isotherm revealing 64.16 mg/g. The Ce–Fu MOF 

was compared with other existing adsorbents for fluoride removal listed in Table 3.3. The Ce–

Fu MOF shows rapid kinetic and higher adsorption capacity than the most of the reported Ce-

based MOF in the literatures. 

Table 3.3. The literature comparison of Ce-based MOF with existing adsorbents. 

Material Q0 (mg/g) Equilibrium time (min) pH ref. 

UiO-66 40.09 80 6–9 [89] 

UiO-66-NH2 41.5 30 7 [90] 

UiO-66 (Hf) 33.35 80 6–9 [89] 

CAU-6 24.22 80 6–9 [89] 

Ce@BTC 4.930 30 7 [98] 

MIL-100(Fe) 23.53 90 4–10 [152] 

TH-3368_186107017



Cerium-based Metal-Organic-Frameworks with Ligand Tuning of the Microstructures for Fluoride Adsorption: 

Linear and Nonlinear Kinetic and Isotherm Adsorption Models 

 107  

 

Sn (II)-TMA MOFs 30.86 150 3–10 [153] 

MOF-801 40 40 2–10 [154] 

Ce–MIL-96 38.65 240 3–10 [155] 

Fe@BDC 4.90 60 7 [93] 

Fe@BDC 4.90 30 7 [156] 

Fe@ABDC 4.92 30 7 [156] 

La@BDC 4.92 30 7 [94] 

La@ABDC 4.95 30 7 [94] 

La@Fu MOFs 4.92 30 7 [157] 

Fe@Fu MOFs 4.85 30 7 [157] 

Ce–Fu MOF  64.16 30 6.5 Present work 

3.3.7. Adsorption kinetics  

To describe adsorption kinetic processes, the experimental data were examined by using kinetic 

equations namely the PFO model, PSO model, and IPD model [28,134]. The linearized and 

non-linearized form of the PFO model is mentioned in Eq. (2.7) and Eq. (2.8), respectively. 

Additionally, the linearized and non-linearized PSO kinetic model mentioned in Eq. (2.8) and 

Eq. (2.9), respectively. Furthermore, the data obtained were fitted to the IPD model to find the 

rate-determining step to understand the diffusion process during the adsorption and represented 

by Eq. (2.10). The kinetic study was performed at different initial concentrations of fluoride 

from 10 mg/L, 20 mg/L, 30 mg/L, 40 mg/L, and 50 mg/L. 10 mg of Ce–Fu MOF was added to 

20 ml of fluoride ion solution throughout the kinetic study at neutral pH for 30 min.  The linear 

and non-linear fits of each kinetic model are shown in Figure 3.5 and parameters obtained 

from fittings are cited in Table 3.4. The linearized PSO model provides a R2 value of 0.99, 

which is greater than the R2 obtained from the linearized PFO and IPD model ranging from 
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0.98 to 0.99 and 0.77–0.95, respectively. Hence, the best fitted kinetic model is PSO. 

Furthermore, the value of R2 obtained from non-linear fittings of the PSO model ranges from 

0.96 to 0.99 are much closed to 1 and greater than that of other non-linear kinetic models used. 

Chemical sorption is assumed to be the rate-limiting phase in the PSO kinetic model, which 

may entail valency forces via ion exchange between F− ions and MOF. It also predicts the 

reaction over the entire range of adsorption. In this scenario, adsorption capacity is utilized to 

determine the adsorption rate, rather than the adsorbate concentration [135]. 

 

Figure 3.5. Effect of exposure time (a) non-linear fitting of kinetic models, (b) linearized PFO 

model, (c) linearized PSO mode, and (d) linearized IPD kinetic model fitting. 
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The PSO model has a substantial advantage, because the calculation of the Qe may be done 

from the model itself. Whereas in the PFO model the Qe is evaluated from the experiment 

[136]. Furthermore, the boundary layer and pore diffusion processes may also be used to 

describe how the solid diffuses from the bulk to the outside of the adsorbent and subsequently 

within the pores. The magnitude of the boundary layer is determined by the value of Ki, which 

increases with the intercept value of the Qt vs. t0.5 plot. As a result, boundary layer diffusion 

dominates the entire process. The rate of adsorption of the as-prepared MOF is considerably 

quicker than that described in the existing literature (Table 3.4), reaching equilibrium in less 

than 30 minutes. 

Table 3.4. Kinetic parameters obtained from different fittings of kinetic model. 

Kinetic models   C0 (mg/L) 

 10  20 30  40 50 

PFO 𝑄𝑒  (
𝑚𝑔

𝑔
) 8.4 23.5 34.9 18.4 100.4 

Linear 𝑘1  (
1

𝑚𝑖𝑛
) 0.168 0.141 0.125 0.097 0.247 

 𝑅2 0.99 0.89 0.99 0.92 0.98 

Non-linear 𝑄𝑒 (
𝑚𝑔

𝑔
) 19.50          30.2  40.67   49.9  53.7 

 𝑘1 (
1

𝑚𝑖𝑛
) 0. 250 0. 168 0. 177 0. 278 0. 330 

 𝑅2 0. 82 0.90 0.89 0.88 0.94 

PSO 𝑄𝑒 (
𝑚𝑔

𝑔
) 20.408 35.714 47.619 55. 55 61.276 

Linear 𝑘2 (
𝑔

𝑚𝑔.𝑚𝑖𝑛
) 0.043 0.006 0.004 0.008 0.0002 

 𝑅2 0.99 0.99 0.99 0.99 0.99 

Non-linear 𝑄𝑒 (
𝑚𝑔

𝑔
) 20.28 35.08 47.60 53.65 57.71 
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 𝑘2 (
𝑔

𝑚𝑔.𝑚𝑖𝑛
) 0.044 0.0063 0.004 0.009 0.010 

 𝑅2 0.96 0.97 0.97 0.98 0.99 

IPD 𝑘𝑖  
𝑚𝑔

𝑔,(𝑚𝑖𝑛)0.5 0.426 3.428 4.93 3.169 3.557 

Linear 𝐶 17.25 12.51 16.35 33.39 36.49 

 𝑅2 0.77 0.96 0.98 0.92 0.95 

Non-linear 𝑘𝑖
𝑚𝑔

𝑔,(𝑚𝑖𝑛)0.5
 0.435 3.42 4.93 3.16 3.55 

 𝐶 17.17 12.50 16.35 33.39 36.49 

 𝑅2 0.79 0.96 0.98 0.92 0.97 

3.3.8. Thermodynamic parameter analysis 

The thermodynamic assessment was conducted to investigate the practicality of the adsorption 

process. The thermodynamic parameters such as standard enthalpy ΔH° (kJ/mol) standard 

Gibb’s free energy ΔG° (kJ/mol) and standard entropy ΔS° (J/mol. K) were estimated using 

thermodynamic relations mentioned in Eqs. (2.11) and (2.12). ΔS° and ΔH° are constants 

calculated from the intercept and slope of the straight line of Van’t Hoff’s plot of  , as shown 

in Figure 3.6a. ΔG° was calculated using Eq. (2.11) at different temperatures. Table 3.5 

displays the fluoride adsorption thermodynamic parameters. The negative ∆G˚ determined at 

different temperatures denotes the spontaneous nature of the adsorption process. The negative 

∆H˚ express that the reaction is exothermic and reductions in the randomness of the adsorption 

process may be validated by the small ∆S˚[137,138]. 

Table 3.5. Thermodynamic parameters calculated from Van't Hoff plot. 

Temperature ∆G˚(kJ/mol) ∆H˚(kJ/mol) ∆S˚(kJ/mol.k) 

288 K -17.3855 -52.1687 -0.121 
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298 K -15.7035  

308 K -14.9811    

 

Figure 3.6. (a) Van’t Hoff’s plot, (b) effect of interfering ions, and (c) fluoride regeneration 

profile.  

3.3.9. Effect of coexisting ions 

It is crucial to understand the influence of various co-existing ions on the adsorption of fluoride 

ions, which may interfere with the fluoride removal process [139,147]. In this study, co-

existing ions such as NO3
−, Cl−, HCO3

−, SO4
2−, Br−, CO3

2−, and PO4
3− were examined in 

combination with fluoride ions. The Ce–Fu MOF was dosed at a concentration of 0.5 g/L, with 
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an initial fluoride concentration of 20 mg/L. To explore the potential of Ce–Fu MOF, 

concentration of co-existing ions was increased from 10 mg/L to 30 mg/L, presented in Figure 

3.6b. With the introduction of these ions, namely NO3
−, SO4

2−, Br−, and PO4
3−, at 10 mg/L, Ce–

Fu MOF demonstrated a reduction in fluoride removal percentage by 12.8, 7, 5, and 8%, 

respectively. Additionally, the interference of HCO3
− and CO3

2− ions resulted in a reduction in 

fluoride removal by 21% and 20%, respectively. The impact on fluoride adsorption became 

more pronounced as the ion concentrations increased. In this scenario, with NO3−, SO42−, 

Br−, and PO43− ions at a concentration of 30 mg/L, the interference further decreased fluoride 

adsorption by 23, 28, 18, and 22%, respectively. The presence of 40 mg/L of HCO3− and 

CO32− ions resulted in a 52% and 48% reduction in fluode elimination, respectively. Notably, 

even at higher concentrations, Cl− ions did not significantly interfere with fluoride removal 

even at higher concentrations [139]. Furthermore, the sequence of interference corresponds 

well to the charge to radius ratio of co-ions. The greater the charge/radius, the anion more 

probable be drawn to the surface of the material, preventing F− ions from adsorbing [158]. 

3.3.10. Adsorption regeneration test 

The dumping of saturated adsorbents into the environment is a serious solid waste issue for 

both economic and environmental considerations. This is not only creating secondary 

pollutants by dispersal of toxic and hazardous material but also upsurges the operational cost 

involved in a huge amount of sludge handling. The multiple usages of adsorbents increase the 

process economy and also reduce the cost of handling solid waste. In this study, 20 mg of Ce–

Fu was used for the regeneration of adsorbent to eliminate 30 mg L–1 of fluoride ions from 20 

ml of solution. The fluoride-loaded adsorbent was collected after centrifugation and soaked in 

50 ml of NaOH for 30 min under vigorous stirring. The fluoride-free adsorbent was separated 

via centrifugation followed by drying in the oven. After that, 20 mg of regenerated MOF was 

utilized to replicate the cycle and found 96.5% of fluoride removal in the 2nd cycle. This 
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adsorption-desorption process was repeated until the 5th cycle under similar experimental 

conditions and found 77.9 % removal of fluoride on the fifth cycle, as shown in Figure 3.6c. 

The desorption percentage were calculated using Eq. (2.13). 

 

Figure 3.7. (a) EDX of Ce–Fu MOFs; (b) EDX of Ce–Fu MOFs after F– ions loading; (c) FTIR 

of Ce–Fu before and after F– ions adsorption; (d) XPS surface scan of Ce–Fu MOF after and 

before the fluoride loading; (e) XPS core spectra analysis of Ce3d; and (f) XPS spectra of F1s. 

3.4. Fluoride Adsorption mechanism 

The adsorption of fluoride can be confirmed after the elemental analysis obtained from EDX. 

The elemental analysis of the Ce–Fu MOF before and after the adsorption are shown in terms 

of weight and atomic percentage in Figure 3.7a and b with the help of EDX analysis.  The 

cerium weight percentage after the fluoride adsorption is decreased from 41.5 to 39.5 %.  The 

loading of the fluoride after adsorption was confirmed by the occurrence of the fluoride peak 
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in Figure 3.7b. The additional presence of an aluminium peak was shown because the sample 

was drop cast on the aluminium-coated slide.  

To understand the adsorption mechanism of the fluoride on Ce–Fu, characterization techniques 

FTIR and XPS were used. The FT-IR spectra (Figure 3.7c) of Ce–Fu after and before the 

fluoride loading are preliminarily examined to get important evidence regarding the adsorption 

mechanism. The strong peak at 1661 cm–1 because of the bending vibration of hydroxyls shifted 

to 1658.9 cm–1 with low intensity after the fluoride loading, demonstrating that the hydroxyls 

on the adsorbent may contribute to the fluoride removal [159]. After the adsorption, the peak 

intensity of 1602, and 1384 cm–1 weakens confirming the contribution of the carboxylate 

groups for fluoride removal [88,160]. In addition, a bond at 1114 cm–1 in Ce–Fu adsorbent 

allocated to the bending vibration of Ce–OH disappears upon fluoride adsorption, signifying 

OH– bond on Ce may be exchanged by fluoride. Thus, the –OH groups present on the surface 

vigorously participated in the adsorption of F− ions (Figure 3.8).  

 

Figure 3.8. Adsorption mechanism of the fluoride on Ce–Fu MOFs. 

The XPS spectra supports the presence of Ce, C, and O in the Ce–Fu, and a further peak of 

fluoride was identified after the adsorption, as shown in Figure 3.7d. Ce 3d core-level XPS 

TH-3368_186107017



Cerium-based Metal-Organic-Frameworks with Ligand Tuning of the Microstructures for Fluoride Adsorption: 

Linear and Nonlinear Kinetic and Isotherm Adsorption Models 

 115  

 

spectrum for Ce–Fu MOF reveal peaks of Ce3+ 3d3/2 at binding energies of 899.7 and 904.2 eV 

are relatively stronger than the Ce3+ 3d5/2 at 881.5 and 885.9 eV [161]. The increased Ce3+ 

content was attributed to reduction via surface oxygen release of Ce4+ to Ce3+. This specifies 

that the Ce3+ ions are positioned on the Сe–Fu MOFs surface. The Се3+/Се4+ ratio in crystallites 

is extremely dependent on synthesis circumstances and atmospheric exposure. The O1s and 

C1s spectra reveal a strong peak at 530 eV and 284 eV, respectively [162]. Moreover, elemental 

survey after fluoride loading shows F1s peak at 684 eV, whereas all other elements have the 

same binding energy. The intensities of the M–OH peak of adsorbent used is slightly decreased 

because of the interaction between metal and fluoride. It is noteworthy to mention, that the 

peak of the metals exhibits a considerable swing to high binding energy, which may be related 

to the development of complexes (M–F) between metal and F– ions through an ion exchange 

process [98]. Based on this research, electrostatic attraction and ion-exchange reaction could 

be the mechanisms by which fluoride is adsorbed on the surface of the MOFs. The tentative 

adsorption mechanism of the displayed in the Figure 3.8. 

3.5. Conclusions 

This research demonstrates a robust material with remarkable adsorption capability to remove 

fluoride from water by using Ce (IV) open sites inside the Ce–MOF. The experiment shows 

Ce-based MOFs has remarkable fluoride adsorption capacity of 64.16 mg·g−1, which is better 

than the adsorption capacity of AC/Ce/Fe-2 (52.3 mg/g). Ce-based MOFs also displayed good 

water stability property and quick sorption kinetics. The adsorbent was capable of removing 

85 % of the fluoride ions from the solution just in 10 min and reaches maximum adsorption 

capacity in 30 min. The adsorption kinetics data is well fitted with a PSO model. 

Thermodynamic measurements also reveal that the reaction is exothermic and spontaneous 

with reduced randomness at the adsorbent-solution interface. In addition, interference of co-
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existing anions such as NO3
−, SO4

2−, Br−, and PO4
3− ions were noted at higher concentration, 

whereas even at higher concentrations, Cl− ions did not significantly interfere with fluoride 

removal even at higher concentrations. The adsorbent sustained its relatively higher adsorption 

efficiency up to the 5th cycle. The adsorption mechanism was attributed to the ion exchange 

between terminal OH– ions at the missing linker site and the fluoride ions. The conclusion of 

this study enables a future application of a Ce-based porous framework for contaminants 

remediation from water purification.
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CHAPTER 4 

This section delves into significant perspectives on enhancing of MOFs for the purpose of 

fluoride removal. The emphasis is on the synthesis procedure, material characterization, 

fluoride adsorption capabilities, and the potential underlying mechanisms. Additionally, 

practical considerations such as regeneration and reusability are explored, offering a 

thorough comprehension of the developed bimetal MOFs. The outcome of the Research has 

been scientifically acknowledged by, ‘ACS applied nano materials’. 

4.1. Introduction  

In recent times, rare earth metal elements have gained prominence in the preparation of rare 

earth metal-based MOFs. This preference can be attributed to their high valence, 

biocompatibility, and cost-effectiveness. Notably, rare earth metals possess large ionic radius 

and numerous extranuclear electron orbitals, conferring unique fluoride-affinity that effectively 

removes excess fluoride from water.[95] In this context, we produced cerium-based MOFs in 

the preceding chapter, employing three distinct linkers: BDC, fumaric acid, and H3BTC. The 

objective was the removal of fluoride from drinking water. Among the Ce-based MOFs created 

with various linkers, the Ce-Fu MOFs, synthesized using fumaric acid, exhibited the highest 

adsorption capacity (64.16 mg·g−1). Further enhancement in the adsorption capacity of the Ce-

based MOFs may be done by the use of hybrid MOFs. Even though MOF and hybrid materials 

derived from MOFs have been extensively described for their adaptable structures, bimetal 

MOFs have rarely been studied as an adsorbent in wastewater treatment.[108] Our goal in this 

study is to investigate the synthesis of bimetallic MOFs containing nodes composed of 

inorganic compounds, connected by a fumaric acid linker. Furthermore, we aim to apply the 
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resulting nanoporous bimetal MOFs in the fluoride removal from drinking water. Notably, to 

the best of our knowledge, nanoporous bimetallic MOFs such as; Ce@Fe1:1, Ce@Al1:1, and 

Ce@La1:1 have not been documented in existing literature. Additionally, bimetallic MOFs 

with the highest efficiency were further synthesized at different molar ratios to optimize the 

best possible compositions of the metals for F– ions elimination from synthesized fluoride 

solutions in the presence of ultrasonic waves. The ultrasonication-assisted adsorption of the 

fluoride using a synthesized novel composite is advantageous to achieve faster kinetics while 

improving adsorption efficiency, which was reported in our previous work [163]. In-depth 

discussions have been performed by changing adsorption variables such as the initial 

concentration of fluoride (C0), temperature, pH of the solution, and contact time. The water 

stability in the pH range of 1-14 of these bimetal MOFs was tested to meet the practical 

application. To support this stability test, the leaching concentration of metals in the solution 

after fluoride adsorption was analysed. The significant role of the surface wettability of the 

materials was also examined and correlated with the high adsorption capacity. Moreover, the 

effect of co-existing anions on the adsorption of fluorides such as NO3
−, Cl−, HCO3

−, Br−, 

CO3
2−, PO4

3−, and SO4
2− have also been studied. Additionally, the regeneration study of the 

synthesized material was assessed for long-term fluoride-containing wastewater treatment. 

Consequently, fluoride remediation through adsorption is observed to be the most cost-

effective wastewater treatment method. This work has explored a novel approach to creating 

bimetal MOFs for the elimination of fluoride from wastewater, which will be important for 

further studies in the field. The different adsorbents for extracting fluoride from wastewater 

have been explored in this work, which will be significant for future research in the area.  

4.2. Experimental section 
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4.2.1. Materials  

The chemicals such as lanthanum nitrate hexahydrate (La (NO3)3⸳6H2O), iron nitrate 

nonahydrate (Fe(NO3)3⸳9H2O), and aluminium chloride hexahydrate were supplied by Merck 

Ltd., Mumbai, India. Other chemicals used in the study has been mentioned in the chapter 3. 

 

Scheme 4.1. Representation of the synthesis of bimetal MOFs. 

4.2.2. Material synthesis 

Three bimetal MOFs using metal salts such as ammonium cerium (IV) nitrate, iron nitrate 

nonahydrate, aluminium chloride hexahydrates, and lanthanum nitrate hexahydrate with 

fumaric acid as an organic linker were synthesized to find the best possible composite for 

fluoride remediation from wastewater. The one-pot method was used to synthesize these 

bimetal MOFs. To synthesize Ce@Fe1:1, 0.365 M of cerium and iron in 5 mL of water were 

dissolved separately. Simultaneously, fumaric acid (1 g) was dissolved in 40 mL of DMF using 

ultrasonication in a polypropylene (PP) bottle. Then, all the solution was added to a round 

bottom flask, whose temperature was maintained at 100 °C using an oil bath and reflux. 

Crystallization was seen just after 30 min of adding all the solutions. After 10 h, the solution 
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was withdrawn and kept for cooling at atmospheric temperature. The solid particles were 

separated using a centrifuge at 6000 rpm for 5 min and washed to eliminate all the unreacted 

reactants. Then, solid particles were kept for stirring in 150 mL DMF overnight and separated 

using a centrifuge. The separated solid particles were dried overnight at 90 °C in the oven. To 

synthesize the Ce@Al1:1, and Ce@La1:1 bimetal MOFs, 0.365 M iron used in the Ce@Fe1:1 

bimetal MOFs was replaced by aluminium and lanthanum, respectively. Followed by a 

preceding procedure as mentioned for Ce@Fe1:1. 

Ce–Fu MOFs, Fe–Fu MOFs, and their composites such as Ce@Fe2:1 (Ce/Fe; 2:1), and 

Ce@Fe1:2 (Ce/Fe; 1:2) were prepared to find out the best possible composition of the metals 

in bimetal MOFs for fluoride adsorption from wastewater. To synthesize Ce–Fu MOFs has 

been mentioned in chapter 3. To synthesize Fe–Fu MOFs, 0.365 M of iron was dissolved 

separately in 5 mL of water using ultrasonication. Another 1 g of fumaric acid was dissolved 

in 40 mL of DMF followed by a preceding procedure as mentioned for Ce@Fe1:1 bimetal 

MOFs. Ce@Fe2:1 bimetal MOFs were prepared by adding Ce/Fe salts at a 2:1 molar ratio in a 

separate PP bottle with 5 mL of water, respectively. Simultaneously, 2g of fumaric acid was 

dissolved in 80 mL of DMF in a separate bottle. After that, all these homogenous solutions 

were added to the round-bottom flask, which was maintained at 100 °C. Then, the 

aforementioned procedure was repeated to achieve the dry power of Ce@Fe2:1. Other bimetal 

MOFs Ce@Fe1:2 were prepared using the same procedure at Ce/Fe molar ratios of 1:2. 

4.2.3. Fluoride Adsorption Tests 

The solutions of F– ion were prepared by successive dilutions of the standard solution as per 

the experimental need. The experiments were conducted batch-wise using an ultrasonicator as 

a mediator at 37 kHz frequency. The initial concentration of F– ion varied from 10 to 100 ppm 

at 298 K and neutral pH to know the maximum adsorption capacity of the bimetal MOFs. The 
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10 ppm of F– ion solution was maintained at different pH ranges from 3 to 11 using solutions 

of 0.1 M HCl and 0.1 M NaOH to investigate the pH effect. The material dose effect was 

considered by adding 5, 10, 15, 20, 25, and 30 mg in 10 ppm in a 20 mL fluoride ion solution. 

An important study to comprehend the adsorption mechanism of solute on adsorbent was done 

by isotherm models at 288 K, 298 K, and 308 K. The adsorption rate was investigated at 

different initial F– ion concentrations by using 10 mg of material in 20 mL fluoride solution for 

30 min at a neutral pH range. The final concentration of F– ion was measured all over the study 

using a fluoride selective electrode. The equilibrium adsorption capacity and the fluoride 

removal were evaluated using the mentioned Eq.s (2.1) and (2.2), respectively.  

4.2.4. Characterization  

The static contact angles of the pellet were determined using a HOLMARC contact angle 

measuring device from OPTO-MECHATRONICS PVT. LTD., INDIA. Make and the model 

of the instruments used for characterization in this study has been mentioned in the chapter 2 

and 3. 

4.3. Results and discussion 

4.3.1. Characterization of bimetal MOFs 

Bimetal MOFs were synthesized via a one-pot method and applied to remove F– ions from 

drinking water. The crystalline phase of the bimetal MOFs along with Ce_Fu MOFs and Fe_Fu 

MOFs were investigated using XRD analysis, shown in Figure 4.1a. The spectra indicate a 

polycrystalline nature of the adsorptive material. The XRD pattern of Ce–Fu MOFs found the 

major peaks at 2Ɵ = 7.2°, and 8.3° [146,164]. The optimized Ce@Fe1:1 MOFs exhibited peaks 

at 9.2°, and 10.9°. XRD pattern of Ce@Fe1:1, Ce@Al1:1, and Ce@La1:1 MOFs followed the 
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PDF Card No. 00-039-1873, 00-019-0266, and 00-039-0294, respectively. Moreover, the XRD 

pattern of samples after the fluoride loading is slightly different than the virgin adsorbents, 

which may be due to the existence of F– ion. The narrow sharp peaks signify the 

microcrystalline nature of the materials. The occurrence of elements such as Ce, Fe, Al, La, 

and F could be further confirmed by XPS analysis. 

 

Figure 4.1.  (a) XRD pattern of Ce–based MOFs composites, and (b) FTIR spectra of materials 

after and post the F− ions adsorption. 

The FTIR spectra of the samples after and before fluoride loading were compared to 

comprehend the fluoride adsorption (Figure 4.1b). The strong and broad adsorption bend in 

the range of 3350–3450 cm−1 was because of the O−H stretching vibration of H2O, which was 

found in all the materials [163]. The shifting of the vibration peaks of −OH groups for all 
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adsorbents after fluoride loading was observed in comparison to the original material 

suggesting that the −OH groups attached to the adsorbents take part in the fluoride ion 

adsorption [165]. The peaks at 1652 and 1210 cm−1 refer to strong C=O and C−O stretching 

vibrations, respectively. The bend around 1566 cm−1 refers to either resembling the N−H 

bending of amine or strong N−O stretching of the nitro compound [166]. The presence of 

alkane in the material reflects the medium C−H bending at 1390, 983, and 796 cm−1. The bend 

at 540 cm−1 was attributed to M−O (M; Ce/Fe/Al/La) vibration [95]. 

 

Figure 4.2. FESEM images of (a) Ce@Al1:1, (b) Ce@La1:1, (c) Ce-Fu, (d) Ce@Fe2:1, (e) 

Ce@Fe1:2, and (f) Fe_Fu. 

FESEM analysis of the drop-cast samples was performed after sputter-coating the poorly 

conductive samples with gold. The gold coating prevents sample charging, reduces microscope 

beam damage, enhances heat transfer, and improves secondary electron emission for better 

image projection. FESEM images of MOFs such as Ce@Al1:1, Ce@La1:1, Ce-Fu, Ce@Fe2:1, 

Ce@Fe1:2, and Fe-Fu are displayed in Figure 4.2. The image of sample Ce@Fe1:1 was 
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captured to visualize the morphology, illustrated in Figure 4.3a. MOFs such as Ce@Fe1:1, 

Ce@La1:1, Ce-Fu, Ce@Fe2:1, Ce@Fe1:2, and Fe-Fu are formed primarily as agglomerates of 

octahedral particles. The particle size of the bimetal MOFs Ce@Fe1:1 obtained from FETEM 

was approximately 60±10 nm, which was further confirmed with the help of FETEM. 

Furthermore, the material Ce@Al1:1 MOFs composite shows nano-petal-assembled flower-

like morphology. Figure 4.3b displays the TEM images used to further confirm the shape of 

the produced MOFs composites Ce@Fe1:1.[115] The TEM images of bimetal MOFs 

Ce@Al1:1 and Ce@La1:1 were illustrated in Figures 4.4a and b, respectively. The elemental 

analysis of Ce@Fe1:1 by EDS confirmed the presence of metals such as cerium and iron, 

shown in Figure 4.3c. 

 

Figure 4.3. (a) FESEM image of Ce@Fe1:1, (b) FETEM image Ce@Fe1:1, (c) elemental 

analysis of Ce@Fe1:1, (d) N2 adsorption–desorption isotherm of bimetal MOFs composites, 

(e) distribution of pore diameter, and (f) thermal degradation of the samples. 

N2 adsorption–desorption analysis was performed to discover the surface area and the average 
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pore diameter of all three materials (Figure 4.3d). The powder of the composites was degassed 

in a vacuum at 100 °C for 6 h before preceding the measurement. The specific surface area of 

Ce@Fe1:1, Ce@Al1:1, and Ce@La1:1 was computed with the help of the Brunauer-Emmett-

Teller (BET) Eq.s, which were 820, 655, and 428.4 m2/g respectively. The average pore size 

of Ce@Fe1:1, Ce@Al1:1, and Ce@La1:1 determined with the help of the Barrett-Joyner-

Halenda (BJH) were 3.4, 15.8, and 18.2 nm, respectively (Figure 4.3e). The volume of the 

pores of the aforementioned materials were 0.57, 0.28, and 0.11 cm3/g, respectively. The mean 

size of the pore is between 2 and 50 nm, which indicates that the pores of the adsorbent are 

mesoporous [167]. The samples displayed type II isotherms correspond to reversible 

monolayer–multilayer adsorption on the microporous adsorbent surface [161]. The largest 

surface area is noted for Ce@Fe1:1, corresponding to a convenience of high vigorous spots on 

the material. 

 

Figure 4.4. FETEM image of (a) Ce@Al1:1 and (b) Ce@La1:1 

The three-stage thermal degradation curves obtained from TGA thermograms of all three 

bimetal MOFs are shown in Figure 4.3f. The drastic weight loss in the initial stage alluded to 

the evaporation of unbounded water molecules observed up to 96°C. A further drop in the mass 
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percentage was observed at a temperature ranging from 230 to 290°C, which may be because 

of the evaporation of bounded H2O molecules and the trapped solvent molecules within the 

structure of the taken samples. Afterward, the remaining sections could maintain stability up 

to 420°C, as seen by the minor weight loss in that temperature range. In contrast, a further rise 

in temperature after 420°C resulted in a continuous weight loss due to the breakage of 

crosslinked bonds of the linkers, which destroys the structures.  

 

Figure 4.5. XPS surface scan of (a) Ce@Fe1:1, (b) Ce@Al1:1, (c) Ce@La1:1 MOFs after and 

before the fluoride loading; and (d) XPS spectra of F1s. 

XPS was employed to investigate the different elements and their valence state present in the 

materials, illustrated in Figure 4.5 [168]. The presence of Ce, Fe, Al, La, C, O, and F were 
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confirmed at their binding energies in the different materials before and after the fluoride 

loading. The peak at 884.3 and 903.9 eV attributed to Ce3d5/2 and Ce3d3/2, respectively. The 

peaks appeared at 725.3 and 711 eV indicating the presence of Fe in Ce@Fe1:1 in the form of 

Fe2p1/2 and Fe2p3/2, respectively [169]. The binding energy 74.37 eV holds the peak of Al2p, 

which is present in the Ce@Al1:1 MOFs composite. The peaks of La3d3/2, and La3d5/2 were at 

the binding energy of 854.4 and 834.4 eV in Ce@La1:1 MOFs composite, respectively [170]. 

XPS analysis of all materials after the fluoride loading shows a peak with a binding energy of 

685.4 eV allocated to F1s, which specified that F– ions had been adsorbed on the adsorbents.  

4.3.2. Fluoride removal using different bimetal MOFs 

Bimetal MOFs such as Ce@Fe1:1, Ce@Al1:1, and Ce@La1:1 were studied to know the 

highest removal efficiency for fluoride from drinking water (Figure 4.6a). The adsorbent 

having the highest outcome was further synthesized at a different molar ratio of metals present 

in the respective adsorbent. For this study, 10 mg of as-synthesized bimetal MOFs were added 

to 10 ppm of 20 mL fluoride solution for 30 min. The study displayed adsorbent Ce@Fe1:1 

has the highest fluoride removal of 88.8 %, whereas the other two bimetal MOFs Ce@Al1:1 

and Ce@La1:1 were able to remove fluoride up to 84 and 74.7%, respectively. 

4.3.3. Optimization of the molar ratios of Ce and Fe 

Furthermore, the fluoride removal study under the same condition was carried out using Ce–

Fu MOFs, Fe–Fu MOFs, and their composites at distinct Ce/Fe molar ratios such as Ce@Fe2:1, 

Ce@Fe1:1, and Ce@Fe1:2 (Figure 4.6b). The outcome of the study shows Ce–Fu MOF has 

the highest removal efficiency and lowest with Fe–Fu MOFs, whereas bimetal MOFs 

Ce@Fe2:1 and Ce@Fe1:1 can remove 89.5 % and 88.8 % of 10 ppm fluoride, respectively. 

Despite the fact that Ce-Fu MOFs offer effective removal, the Ce used in it considerably 
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increases the cost, which may make large-scale use uneconomical. Contrarily, the amount of 

cerium used in the bimetal MOFs Ce@Fe1:1 is comparatively less and the removal efficiency 

is nearly the same as Ce-Fu MOFs and Ce@Fe2:1 MOFs. As a result, it is more cost-effective 

to employ Ce@Fe1:1 bimetal MOFs rather than Ce-Fu MOFs or Ce@Fe2:1 MOFs. 

 

Figure 4.6. (a) fluoride removal by using different adsorbents, and (b) optimization of the 

molar ratios of Ce and Fe. 

4.3.4. Effect of solution pH 

The pH of the solution has a considerable influence on the absorption of fluoride present in 

water because it affects the surface charge, degree of ionization, and chemical nature of the 

material. The pH effect in the range of 2–13 was examined for fluoride ion (C0: 10 ppm and V: 

20 mL) removal to understand material behaviour by adding the optimum dose of the adsorbent 

(10 mg) for 30 min at temperature 303 K. Figure 4.7a shows, the adsorbents maintained higher 

adsorption in the pH range 2–10 since the adsorbent surface of the composites is positively 

charged. Therefore, the electrostatic attraction between the bimetal MOFs (Ce@Fe1:1, 

Ce@Al1:1, and Ce@La1:1) and the negatively charged F− ions become prominent. Due to the 

strong anion exchange and abundance of surface-active binding sites, the maximum fluoride 
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removal was seen for all samples in the acidic range. Reversely, with the increasing pH of the 

fluoride solution, the % removal of F− ion decreased drastically for all composites. This could 

be because there are target ions competing with the hydroxyl ions for the active sites. The 

decreasing trend of adsorption percentage in a basic pH (10-13) range could be as electrostatic 

repulsion between anionic F− and OH− ions [147,171,172]. In this study, the synthesized 

fluoride solution at 6.5± 0.2 pH was employed for the subsequent investigation of F− ion 

adsorption. 

4.3.5. Effect of MOFs doses 

 

Figure 4.7. (a) effect of pH for fluoride removal, (b) adsorbent dose effect, (c) effect of 

coexisting ions, and (d) effect of coexisting ions at different concentrations on the Ce@Fe1:1. 
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The material dose effect of different bimetal MOFs for the remediation of fluoride (C0: 10 ppm, 

V: 20 mL, and pH: 6.7 ± 0.2) was studied for up to 30 min at ambient temperature. The change 

in the percentage removal of F− ion by changing the material (Ce@Fe1:1, Ce@Al1:1, and 

Ce@La1:1) dosage (0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 g/L) were demonstrated using Figure 4.7b. 

The removal efficiency of the fluoride increased gradually from a material amount of 0.5 mg 

to a material amount of 10 mg. This signifies that an upsurge in the adsorbent dosages gives 

additional active sites due to increased surface area for the fluoride ions.[147,173] 

Consequently, further upsurge in the samples from 1 to 3 g/L in the fluoride solution did not 

significantly enhance the removal of F− ions. After a given concentration of adsorbent, the 

adsorption stabilizes, which may be the result of active sites overlapping at increasing dosages. 

Thus, the optimum adsorbent dose of different composites was 1 g/L used for further study of 

F− ion adsorption.  

4.3.6. Effect of coexisting ions 

Understanding the impact of various co-existing ions on F− ion adsorption is extremely 

important to assess the actual potential of the adsorbent. For this study ions such as NO3
−, Cl−, 

HCO3
−, SO4

2−, Br−, CO3
2−, and PO4

3− with fluoride ions in the contaminated water were studied 

to know the interference created in the fluoride removal. The dosage of the samples 

(Ce@Fe1:1, Ce@Al1:1, and Ce@La1:1) was kept at 0.5 gL−1 having 10 mg/L initial 

concentration of fluoride. The competing ions concentration was 20 mg/L and contact time was 

maintained at 30 min. The presence of Cl− does not demonstrate a significant impact on the 

elimination of fluoride at the lower concentration (Figure 4.7c) [174]. Conversely, it has been 

observed that all three bimetal MOFs experience a slight reduction in their fluoride removal 

efficiency in the presence of ions such as NO3
−, SO4

2−, Br−, and PO4
3−.Whereas, the presence 

of HCO3
− and CO3

2− ions has a notably adverse impact on fluoride adsorption. Additionally, to 
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realize the full potential of the Ce@Fe1:1, the concentrations of co-existing ions were increased 

from 10 mg/L to 40 mg/L to perform the experiment presented in Figure 4.7d, and the initial 

concentration of fluoride was kept constant (10 mg/L). The Ce@Fe1:1 demonstrated a 

reduction in fluoride removal percentage by 10, 8, 9, and 11 %, while introducing these ions 

such as NO3
−, SO4

2−, Br−, and PO4
3− at 10 mg/L, respectively. Additionally, the fluoride 

adsorption was hindered by introducing HCO3
− and CO3

2− ions resulting in a reduction in 

fluoride removal by 35 and 30 %, respectively. The fluoride adsorption phenomenon is 

exacerbated when the ion concentrations are high. In this scenario, NO3
−, SO4

2−, Br−, and PO4
3− 

ions having a concentration of 40 mg/L interfere with the adsorption process using Ce@Fe1:1 

resulting in a further drop in fluoride adsorption by 22, 18, 14, and 17 %, respectively. The 

fluoride adsorption with Ce@Fe1:1 having 40 mg/L concentration of HCO3
− and CO3

2− ions 

result decrease in fluoride elimination by 50 and 45 %, respectively. Whereas, even higher 

concentrations of Cl− do not constitute significant interferents in the fluoride removal reduction 

for all the bimetal MOFs reported here [139]. 

 

Figure 4.8. Stability analysis of bimetal MOFs Ce@Fe1:1 
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4.3.7. Stability analysis of bimetal MOFs 

Studying the stability of bimetal MOFs in water at various pH levels is essential for 

understanding material stability during the fluoride removal process. The water stability of 

bimetal MOFs Ce@Fe1:1 was examined by adding 30 mg of a powder sample in 50 mL water 

maintained at different pH including 2, 5, 8, 11, and 14. Next, these solutions were kept on 

stirring for 2 days then the material was separated and dried in the hot air over for overnight at 

90oC. Therefore, the separated powder was analyzed using XRD to compare the depletion in 

the pick, which explains the stability of the materials, as shown in Figure 4.8. This observation 

highlights that bimetal MOFs maintain their stable crystalline structure when immersed in 

water at various pH levels, indicating their potential suitability for applications in aqueous 

environments. 

 

Figure 4.9. Water static contact angle of bimetal MOFs (a) Ce@Fe1:1, (b) Ce@Al1:1, and (c) 

Ce@La1:1. 

4.3.8. Surface wettability test  

Water molecules are known for their strong polarity and small size, characteristics that are 

advantageous for effective dispersion and adsorption onto various materials [175]. When an 

adsorptive material displays significant hydrophilic properties, the water molecules tend to 

adsorb on its surface, occupying a substantial portion of the adsorption sites. This, in turn, 
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limits the adsorption capacity of other molecules [176]. To investigate how the hydrophilic 

properties of bimetallic MOFs, specifically Ce@Fe1:1, Ce@Al1:1, and Ce@La@1:1, affect 

their adsorption capacities, we conducted contact angle measurements. As depicted in Figure 

4.9, the contact angles for Ce@Fe1:1, Ce@Al1:1, and Ce@La@1:1 were found to be 49.6°, 

36.9°, and 38°, respectively. These results indicate that Ce@Fe1:1 exhibited relatively weaker 

hydrophilic characteristics. In practical terms, when dealing with liquid-phase adsorption 

systems, competitive adsorption between solute and solvent is commonly observed. 

Consequently, the hydrophilic properties of adsorbents can significantly influence their 

adsorption capacity. When employed theses adsorbents for fluoride removal, Ce@Fe1:1 

demonstrated a more efficient prevention of water molecule adsorption compared to other 

reported bimetallic MOFs, leading to a higher fluoride adsorption capacity. 

 

Figure 4.10. Adsorption isotherms of bimetal MOFs (a) non-linear fitting of isotherm models, 

(b) Langmuir linear fittings, (c) Freundlich linear fittings, and (d) Temkin linear fittings. 
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4.3.9. Isotherm study 

 

Figure 4.11. Adsorption isotherms of Ce@Fe1:1 (a) non-linear fitting of isotherm models, (b) 

Langmuir linear fittings, (c) Freundlich linear fittings, and (d) Temkin linear fittings. 

Adsorption isotherm was studied at a constant temperature to understand the adsorption of 

fluoride on the bimetal MOFs surface, which shows the relationship between the equilibrium 

adsorption capacity and equilibrium concentration [124]. The saturated adsorption capacities 

of bimetal MOFs Ce@Fe1:1, Ce@Al1:1, and Ce@La1:1 are described at different initial 

concentrations of fluoride. The results show that as the equilibrium fluoride concentration 

increases, the adsorption capacity also follows the same trend and eventually reaches 
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saturation. To investigate the adsorption process of all bimetal MOFs the experimental data 

were fitted to different adsorption isotherm models such as Langmuir, Freundlich, and Temkin 

(Figure 4.10). The maximum adsorption capacities of Ce@Fe1:1, Ce@Al1:1, and Ce@La1:1 

at an initial concentration of fluoride 100 ppm obtained from the fitting were 98.03, 94.33, and 

90.9 mg/g, respectively (Table 4.1). The isotherm study of the bimetal Ce@Fe1:1 MOFs 

having the highest removal was carried out at various temperatures (288 K, 298 K, and 308 K) 

using both linear and non-linear isotherm models (Figure 4.11).  

Table 4.1. Isotherms parameters obtained from different fittings of bimetallic Ce@Fe1:1, 

Ce@Al1:1, and Ce@La1:1 MOFs. 

Models        Temperature 

 Ce@Fe1:1 Ce@Al1:1 Ce@La1:1 

Langmuir Q0 98.03922 94.33962 90.90909 

Linear KL 0.121284 0.101923 0.078014 

 R2   0.99134 0.99101 0.99734 

Non-linear Q0 98.27265  96.96757 89.45875 

 KL 0.11291  0.08546  0.08027  

 R2   0.98351 0.98884 0.99446 

Freundlich KF 17.99331 15.48699 11.47304 

Linear n 2.421308 2.320186 2.053388 

 R2 0.98259 0.9806 0.94132 

Non-linear KF 21.23304 17.60688  15.30746 
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 n 2.7665  2.56718  2.50445  

 R2 0.98569 0.98081 0.96941 

Temkin B 18.4 18.24 19.02 

Linear K𝑇 1.843034 1.402516 0.864018 

 R2 0.983 0.98 0.99 

Non-linear B 18.4072  18.79545  19.02756 

 K𝑇 1.84274  1.24532  0.86376 

 R2 0.98602 0.98274 0.99814 

Linear and non-linear forms of the aforementioned models are listed in Table 2.2. Different 

parameters obtained from linear and non-linear fittings of isotherm models at different 

temperatures for Ce@Fe1:1 are displayed in Table 4.2 [177]. The study shows that as the 

temperature rises the adsorption capacity of the adsorbent diminishes.[137] This results in the 

exothermic process, where the adsorption capacity of the adsorbent decreases as the kinetic 

energy of the molecules present in the composite rises at a high temperature [90]. The 

correlation coefficient (R2) of Ce@Fe1:1 found from the non-linear fitting of the Langmuir 

model is 0.993 as compared to other fitted isotherms. The R2 obtained from non-linear 

Freundlich and Temkin isotherm models at 288 K are 0.988 and 0.966, respectively. The 

maximum monolayer adsorption capacity of Ce@Fe1:1 is 101.3 mg/g at 288 K obtained from 

the best-fitted non-linear Langmuir isotherm. The equilibrium adsorption capacities derived 

via the Langmuir isotherm adsorption model is 90.3 mg/g at 288 K, which is close to the value 

observed experimentally. Additionally, the maximum monolayer adsorption capacity of 

Ce@Al1:1 and Ce@La1:1 is also best fitted to the Langmuir isotherm adsorption model. 
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Furthermore, 1/n stands for the adsorption capacity index in the Freundlich adsorption model. 

Adsorption is often successful when 1/n is between 0 and 1; when 1/n is more than 2, it is 

challenging to adsorb on the adsorbent. The 1/n values of the Ce@Fe1:1, Ce@Al1:1, and 

Ce@La1:1 are 0.413, 0.431, and 0.487, respectively, indicating the favourable adsorption. 

Table 4.2. Isotherms parameters obtained from different fittings of for Ce@Fe1:1 at difference 

temperatures. 

Isotherm models    Temperature 

 288 K 298 K 308 K 

Langmuir Q0 99.9 98.03 99.4 

Linear KL 0.15 0.12 0.08 

 R2   0.99 0.99 0.99 

Non-linear Q0 101.3 98.7 98.3   

 KL 0.074 0.149 0.11   

 R2   0.99 0.97 0.98   

Freundlich KF 21.7 18.1 12.6 

Linear n 2.6 2.4 2.03 

 R2   0.98 0.98 0.97   

Non-linear KF  25.05 21.2 16.15 

 n 2.99 2.76 2.4 

 R2   0.98 0.98 0.96 

Temkin B 17.7 18.4 20.6 
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Linear KT 2.8 1.8 0.92   

 R2 0.98 0.98 0.98   

Non-linear B 17.7 18.4 20 

 KT 2.8 1.8 0.95 

 R2 0.98 0.98 0.97 

4.3.10. Comparative Assessment of Fluoride Adsorbents 

The bimetal MOFs were compared with other existing adsorbents for fluoride removal, as 

detailed in Table 4.3. Ce@Fe1:1 exhibited notably rapid and higher adsorption capabilities 

across a broad pH range compared to most existing literature. Notably, these bimetal MOFs 

effectively remove fluoride across a wide pH range of 3 to 10. While the highest reported 

adsorption capacity for fluoride removal is 600 mg/g, the equilibrium time for the adsorbent is 

1440 min, significantly longer than the 30 min required to reach equilibria in our case. 

However, bimetal MOFs such as Ce@Fe1:1, Ce@Al1:1 and Ce@La1:1 were able to show 

101.3, 94.3, and 90.9 mg/g in the wide pH range, respectively. 

Table 4.3: The literature comparison of bimetal MOFs with existing adsorbents for F− ions 

adsorption. 

Material Q0 (mg/g)  Equilibrium time (min) pH ref. 

UiO-66 41.36 80 6.8 [89] 

UiO-66-NH2 41.5 30 7 [90] 

CAU-6 24.22 80 6.8 [89] 

UiO-66 (Hf) 33.35 80 6.8 [89] 
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Ce@BTC 4.930 30 7 [98] 

MIL-100(Fe) 23.53 90 4–10 [152] 

Sn (II)-TMA MOFs 30.86 150 3–10 [153] 

MOF-801 40 40 2–10 [154] 

Ce–MIL-96 38.65 240 3–10 [155] 

Fe@BDC 4.90 60 7 [93] 

Fe@ABDC 4.92 30 7 [156] 

AlFu 600 1440 7 [97] 

La-BDC 171.7 180 5 [95] 

La@Fu MOFs 4.92 30 7 [157] 

Fe@Fu MOFs 4.85 30 7 [157] 

Ce@Fe1:1  101.3 30 6.5 Present work 

Ce@Al1:1 94.3 30 6.5 Present work 

Ce@La1:1 90.9 30 6.5 Present work 

4.3.11. Adsorption kinetics  

In this study, we used linear and non-linear forms of PFO and the PSO model listed in 

mentioned in chapter 2. The kinetic investigation was conducted at 10 ppm of initial fluoride 

concentration using all synthesized adsorbents and the best out of the composite was further 

investigated thoroughly (Table 4.4). The kinetic study was conducted at neutral pH using 10 

mg of material in 10 mL of a fluoride solution. The finding reveals bimetal MOFs Ce@Fe1:1 

found to have the highest adsorption capacity, which was targeted for kinetic investigation at 

various fluoride concentrations such as 10, 25, 35, 50, 65, 80, and 100 ppm. The effect of 

contact time at the different initial concentrations for non-linear and linear forms of the 

aforementioned kinetic models is shown in Figure 4.12 and Figure 4.13. The studies show 
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that the adsorption of fluoride using these adsorbents were very quick for the first 10 min. This 

could be because of the combined effect of using adsorbents having a large number of active 

sites and ultrasound as a mediator instead of using conventional shaking methods. The 

comparison study of the ultrasound-assisted method with conventional shaking has been 

already reported in our previous work [163]. The adsorption capacity gradually becomes 

constant after 30 min and the active sites are gradually occupied over time. The correlation 

coefficients obtained from the linear and non-linear fits of each kinetic model are cited in Table 

4.3. 

 

Figure 4.12. (a) non-linear fitting of kinetic models; (b) linearized form of PFO; (c) linearized 

form of PSO; and (d) linearized form of IPD kinetic model. 
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Table 4.4. Kinetic parameters obtained from different fittings of kinetic models for bimetallic 

MOFs (Ce@Fe1:1, Ce@Al1:1 and Ce@La1:1). 

Models    Adsorbents 

 Ce@Fe1:1 Ce@Al1:1 Ce@La1:1 

PFO 𝑄e 9.0 5.6 2.86 

Linear k1 0.12 0.14 0.18 

 R2 0.98 0.86 0.90 

Non-linear 𝑄e 17.5 16.3 14.5 

 k1 0.50 0.34 0.37 

 R2 0.31 0.64 0.80 

PSO 𝑄e 18.07 17.44 15.46 

Linear k2 0.08 0.04 0.05 

 R2 0.93 0.92 0.97 

Non-linear 𝑄e 18.23 17.60  16.6 

 k2 0.06  0.04  0.04  

 R2 0.99 0.99 0.99 

IPD C 15.9 12.2 11.2 

Linear ki 0.33 0.89  0.73 

 R2 0.94 0.98 0.93 

Non-linear C 15.9  12.2  11.2 

 ki 0.32  0.40  0.72 

 R2 0.92 0.98 0.92 
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Figure 4.13. Effect of contact time for removal of fluoride by Ce@Fe1:1; (a) fitting of non-

linear PFO, non-linear PSO, and non-linear IPD; (b) linearized form of PFO; (c) linearized 

form of PSO; and (d) linearized form of IPD kinetic model fitting. 

The R2 value obtained from the linearized PSO model is 0.99 at 10 ppm of C0 and the 

calculated adsorption capacity (Qcal) is adjacent to the equilibrium adsorption capacity 

obtained from the experiment. Therefore, the rate-controlling step for this process is 

chemical adsorption. Additionally, it forecasts the reaction over the entire range of adsorption, 

which may include valency forces via ion exchange between adsorbate and adsorbent material. 

In this case, instead of using the adsorbate concentration, adsorption capacity is used to 

calculate the adsorption rate [135]. The PSO model has a significant benefit since the 

equilibrium adsorption capacity may be calculated directly from the model. The terms for the 
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PSO model were θe and C0/β tends to 1. β and θe are the equivalent concentration of the 

maximum amount adsorbed and the equilibrium surface coverage fraction, respectively [178]. 

The rate of adsorption of the Ce@Fe1:1 is considerably quicker than most of the existing 

literature (Table 4.2), reaching equilibrium in less than 30 minutes. 

Table 4.5. Kinetic parameters obtained from different fittings of kinetic models for Ce@Fe1:1 

at difference concentrations. 

Models       C0 (mg/L) 

  10 25 35  50 65 80 100 

PFO 𝑄e 3.52 9.965 22.39 16.97 54.87 149.01 26.31 

Linear k1 0.140 0.19 0.15 0.084 0.16 0.20 0.07 

 R2 0.98 0.97 0.99 0.94 0.98 0.98 0.84 

Non-linear 𝑄e 17.2 38.6 48.8 59.9 70.3 75.2 84.7 

 k1 22.5 7.9 251.68 371.6 397.8 395.9 423.2 

 R2 -0.25 -0.25 -0.25 -0.25 -0.25 -0.25 -0.25 

PSO 𝑄e 18.16 39.84 52.57 67.07 75.8 85.54 92.16 

Linear k2 0.068 0.040 0.012 0.010 0.009 0.005 0.005 

 R2 0.99 0.99 0.99 0.99 0.99 0.99 0.99 

Non-linear 𝑄e 17.92 39.82 52.673 66.794 76.307 85.21 93.37 

 k2 0.11 0.039 0.012 0.009 0.009 0.006 0.005 

 R2 0.96 0.98 0.99 0.921 0.920 0.94 0.892 

IPD ki 15.43 34.264 38.22 45.84 53.53 50.17 60.15 

Linear C 0.43 0.91 2.24 3.365 3.72 6.02 5.124 

 R2 0.96 0.79 0.89 0.99 0.98 0.97 0.93 
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Non-linear ki 0.43 0.914 2.244 3.368 3.740 6.023 5.124 

 C 15.45 34.26 38.22 45.84 53.52 50.176 60.15 

 R2 0.961 0.79 0.89 0.991 0.981 0.970 0.93 

 

Figure 4.14: (a) Adsorption thermodynamics and (b)Van’t Hoff’s plot. 

4.3.12. Thermodynamic evaluation 

The possibility of the adsorption processes is shown in Figure 4.14 by the thermodynamic 

evaluation.[90] The temperature effect on the fluoride adsorption by adsorbents Ce@Fe1:1, 

Ce@Al1:1, and Ce@La1:1 were studied. The adsorption capacity shows an increased trend 

with the increase in temperature from 288 to 308 K. The standard enthalpy (∆H˚: kJ/mol), 

standard entropy (∆S˚: kJ/mol. K), and standard Gibbs free energy (∆G˚: kJ/mol) were 

calculated using the Van't Hoff plot for fluoride adsorption onto the adsorbent using Eqs. (2.11) 

and (2.12). The linear connection between ln K and 1/T is depicted in Figure 4.14, and the 

related thermodynamic parameters are summarised in Table 4.6. The positive ∆H˚ expresses 

that the reaction is endothermic, which means fluoride adsorption increases at higher 

temperatures. The negative ∆G˚ determined at different temperatures denotes the spontaneous 

nature of the adsorption process. The reductions in the randomness of the adsorption process 
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may be validated by the small value of ∆S˚ [137,138]. Furthermore, thermodynamic 

characteristics can also reflect the adsorption mechanism. Physical adsorption occurs when the 

∆G˚ value is in the range -20 and 0 kJ/mol or the enthalpy is in the range 2.1 and 20.9 kJ/mol. 

At the same time, chemical adsorption occurs when either the enthalpy of the reaction is in the 

range of 80 to 200 kJ/mol or Gibbs free energy is in the range of 80 to 400 kJ/mol. The 

experimentally determined enthalpy and Gibbs free energy of the synthesized adsorbents fall 

within the range of physical adsorption for all temperature ranges taken in this study. 

 

Figure 4.15. (a) adsorbents regeneration profile, (b) elemental analysis obtained from EDX, 

and (c) Schematic diagram of the adsorption mechanism of Ce@Fe1:1. 

Table 4.6. Thermodynamic Parameters Calculated from Van't Hoff Plot. 
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Adsorbent                  ∆G˚(kJ/mol) ∆H˚(kJ/mol) ∆S˚(kJ/mol. K) 

 288 K 298 K 308 K   

Ce@Fe1:1 -5.290739275 -6.77351 -8.029483 -34.185 0.137191 

Ce@Al1:1 -4.97932 -5.855 -7.1290 -25.911 0.107043 

Ce@La1:1 -3.80381 -4.43943 -5.48827 -20.384 0.083761 

4.3.13. Adsorption regeneration test 

Saturated adsorbents being dumped into the environment is a significant solid waste problem 

from both an economic and environmental perspective. Disposal of saturated poisonous and 

hazardous adsorbent increases the operational cost associated with processing a large volume 

of sludge. For the regeneration study, adsorbents were saturated in 10 mg/L of 20 mL fluoride 

solution. Then, the fluoride-loaded adsorbents were separated using centrifugation. Afterward, 

it was thoroughly washed in a sufficient amount of water followed by overnight stirring in 0.1 

M of NaOH solution to eliminate fluoride ions.[179] Centrifugation was used to isolate the 

fluoride-free adsorbents, which were then dried in an oven. The cycle was repeated using 

regenerated mixed-metal MOFs up to 5th consecutive cycles at pH 6.5. The percentage 

desorption was calculated using Eq. (2.13). Ce@Fe1:1 was to remove 98% of the fluoride in 

the second adsorption-desorption cycle and eventually in the 5th cycle it removed 77.9 % of 

fluoride as shown in Figure 4.15a. Other two materials such as Ce@Al1:1 and Ce@La1:1 were 

able to remove 73. 3 and 70.1 % of fluoride in the 5th regeneration cycle, respectively. 

4.3.14. Adsorption mechanism 

In this study, the probable interaction mechanism of Ce@Fe1:1 becomes complex due to the 

incorporation of two metals (Ce and Fe) in the MOFs, as depicted in Figure 4.15c. To enhance 
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understanding, we can break down the entire mechanism into a few distinct phases. Water 

molecules dissociate, giving rise to hydrogen and hydroxyl radicals, which function as Lewis 

sites. Metal salts like Ce(NO3)3 and Fe(NO3)3 break down into metal ions and serve as Lewis 

acids [147]. When these metal ions are introduced into an aqueous solution, they form metal 

aqua ions, which subsequently undergo hydrolysis. The hydrolysis reactions of the metals are 

provided below: 

(NH4)2[Ce(NO3)6]  → Ce3+ + 6NO3
− + 2NH4

+ 

Ce3+ + 3H2O → Ce (HO)3 + 3H+  

(4.1) 

(4.2) 

Similarly, 

Fe (NO3)3. 9H20 → Fe3+ + 3NO3
− + 9H2O 

Fe3+ + 3H2O → Fe (HO)3 + 3H+ 

(4.3) 

(4.4) 

Polycondensation takes place after the creation of Fe(OH)3 and Ce(OH)3 through olation and 

oxolation processes, leading to the formation of hydroxyl and oxo-bridges between tetramer 

units.  

Ce − OH + H2O − Ce → Ce − OH − Ce + H2O 

Ce − OH + OH − Ce → Ce − O − Ce + H2O 

Similarly,  

Fe − OH + H2O − Fe → Fe − OH − Fe + H2O 

Fe − OH + OH − Fe → Fe − O − Fe + H2O 

(4.5) 

(4.6) 

 

(4.7) 

(4.8) 

The hydrolysis of metals yields Fe(OH)3 and Ce(OH)3 attract fluoride ions through protonation 

or deprotonation processes in the aqueous medium, which is influenced by the solution pH. 

This results in the attachment of F– ions to Ce(OH)3 and Fe(OH)3 as follows: 
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Ce (HO)3 + xF− ↔ Ce (HO)3−x Fx + OH− 

Similarly, 

 Fe (HO)3 + xF− ↔ Fe (HO)3−x Fx + OH−   

(4.9) 

 

(4.10) 

In support of this, characterization techniques such as EDX, zeta potential measurement, and 

XPS of all the synthesized adsorbents were collected. These instrumental analyses were 

conducted both before and after fluoride adsorption to determine the corresponding surface 

alterations that took place after fluoride adsorption.  

EDX analysis was executed to confirm that the fluoride was adsorbed on bimetal MOFs 

(Figure 4.15b). The atomic (At) % of Ce and Fe were decreased upon fluoride loading from 5 

and 3.2 to 2.1 and 3.1, respectively. The elemental analysis of the fluoride-loaded sample 

showed an additional peak of fluoride having 7.3 At %, which confirms the fluoride adsorption 

on the Ce@Fe1:1. 

The zeta potential of bimetal MOFs Ce@Fe1:1, Ce@Al1:1, and Ce@La1:1 before and after 

fluoride adsorption were done to predict interactions of fluoride ions on the adsorbent surfaces. 

The positive charge surfaces of the materials such as Ce@Fe1:1, Ce@Al1:1, and Ce@La1:1 

were confirmed by determining the zeta potential values 15.2±0.4, 9.3±0.5, and 6.1±0.4 mV, 

respectively. After the high uptake of fluoride ions on the material, the surface charge shifts to 

the negative region. The zeta potential values of the materials after the fluoride loading are –

8.5±0.3, –3.1±0.4, –1.7±0.6 mV, respectively. Adsorption of fluoride on bimetal MOFs can 

happen via two different interactions, one is hydrogen bonding and the other is through the ion 

exchange. Based on the zeta potential measurement, the point of zero charge (pHpzc) of 

Ce@Fe1:1MOFs was obtained at 9.8 pH. When the pH of the solution is less than the pHpzc, 

the overall surface charge of the material becomes positive as fluoride is electronegative, it 

shows higher adsorption capacity at lower pH via hydrogen bonding [180]. Reversely, If the 
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solution pH is greater than pHpzc, the fluoride removal is very low, this could be because of the 

electrostatic repulsion between the F− ions and the negatively charged surface of the material 

[151]. 

XPS examination was conducted to know the existence states of Ce, Fe, Al, La, C, O, and F 

based on their binding energies in the bimetal MOFs both before and after the fluoride loading, 

illustrated in Figure 4.5 [168]. A peak at binding energy 685.4 eV in the bimetal MOFs after 

fluoride adsorption was visible, which specified that F– ions had been adsorbed on the 

adsorbents. The intensities of the O1s peak in all the adsorbents used after adsorption are 

decreased, this could be because of involvement in the hydrogen bonding with fluoride. The 

intensities of the M–OH peak in all the adsorbents used are slightly decreased because of the 

interaction between metal and fluoride. It is noteworthy to mention, that the peak of the metals 

exhibits a considerable swing to high binding energy, which may be related to the development 

of complexes (M–F) between metals and F– ions through an ion exchange process [98]. Based 

on this research, electrostatic attraction and ion-exchange reaction could be the mechanisms by 

which fluoride is removed by bimetal MOF composites. 

3.6. Conclusions 

In this study, the synthesis of novel nanoporous bimetal MOFs such as Ce@Fe1:1, Ce@Al1:1, 

and Ce@La1:1 with outstanding performance in removing fluoride from water has been 

investigated. Ce@Fe1:1, Ce@Al1:1, and Ce@La1:1 adsorbents exhibited rapid sorption 

kinetics, showcasing impressive maximum fluoride uptake capacities of 101.3, 94.33, and 90.9 

mg/g, respectively. These values significantly surpass the adsorption capacity of Ce-Fu MOFs, 

synthesized with fumaric acid, which reached a maximum of 64.16 mg·g−1. The bimetallic 

MOFs reaches its maximum adsorption capacity in 30 minutes and removes 85% of the fluoride 
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from the solution in 10 minutes, which follows a PSO kinetic model. The emergence of a 

fluoride peak by the EDX and XPS analysis confirmed the successful adsorption of fluoride 

ions on the synthesized bimetal MOFs. The findings from Zeta potential analysis, and XPS 

spectra demonstrated that all the synthesized materials support the electrostatic attraction and 

ligand exchange reaction for the removal of fluoride by adsorption. The existence of Cl− ions 

does not exhibit a substantial influence on the reduction of fluoride removal at lower 

concentrations. On the contrary, it has been noted that when ions such as NO3
−, SO4

2−, Br−, and 

PO4
3− are present, all three nanoporous bimetal MOFs experience a slight decrease in their 

efficiency in removing fluoride. However, it is important to note that the presence of HCO3
− 

and CO3
2− ions significantly hampers the adsorption of fluoride. Examining the stability of 

bimetal MOFs underscores their ability to retain a stable crystalline structure even when 

exposed to water at different pH levels, suggesting their potential suitability for use in aqueous 

environments. Additionally, the contact angles for Ce@Fe1:1, Ce@Al1:1, and Ce@La@1:1 

were found to be 49.6°, 36.9°, and 38°, respectively. These results indicate that Ce@Fe1:1 

exhibited relatively weaker hydrophilic characteristics. The adsorbent maintained its 

adsorption efficiency up to the fifth cycle. The process is exothermic, and spontaneous at the 

adsorbent−solution interface, according to thermodynamic measurements. This work has 

explored several adsorbents for removing fluoride from wastewater, which will be important 

for further studies in the field. 
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CHAPTER 5 

Investigating the Efficacy of Bimetallic Metal-Organic Frameworks 

(MOFs) as Fluoride Adsorbent in Fixed-Bed Adsorption Columns: 

Experimental and Modeling Insights 
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CHAPTER 5 

This research chapter explores fluoride removal from wastewater using a fixed bed adsorption 

column. Various characterization techniques were used to analyze Ce@Fe1:1/PS morphology 

to confirm fluoride capture on it. The experimental design assesses the impact of various 

parameters on FBAC performance. Mathematical models are utilized to analyze breakthrough 

curves and kinetics, offering detailed insights into Ce@Fe1:1/PS effectiveness. The study 

emphasizes the significance of operational parameters in optimizing the FBAC system. 

5.1. Introduction 

While MOF (Metal-Organic Framework) and hybrid materials derived from MOFs have been 

extensively studied for their multipurpose applications, bimetallic MOFs have received limited 

attention as adsorbents in wastewater treatment [108,181,182]. To bridge this research gap, we 

explored the synthesis of bimetallic MOFs in the previous chapter, in which the nodes consist 

of inorganic compounds (Ce, Fe, Al, and La) connected by a fumaric acid linker. The synthesis 

of nanoporous bimetallic MOFs such as Ce@Fe1:1, Ce@Al1:1, and Ce@La1:1 with 

outstanding performance in removing fluoride from water has been investigated. Ce@Fe1:1, 

Ce@Al1:1, and Ce@La1:1 adsorbent exhibited rapid sorption kinetics, showcasing impressive 

maximum fluoride uptake capacities of 101.3, 94.33, and 90.9 mg/g, respectively. The best 

outcome obtained using bimetallic Ce@Fe1:1 MOFs was further implicated in practical 

scenario. Various adsorption techniques is being employed to create a connection between the 

adsorbent and adsorbate including batch, pulsed-bed adsorption methods, continuous fluidized 

bed, continuous moving bed, and continuous fixed-bed [183]. While batch adsorption studies 

are efficacious for optimizing numerous parameters, continuous adsorption studies are 
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instrumental in demonstrating the real-world suitability of adsorbents for wastewater treatment 

[184]. Numerous studies are available using batch operation for the elimination of fluoride, 

whereas the literature lacks sufficient reports on fixed-bed column studies. This scarcity is 

mainly due to the time-consuming nature of the column studies, requiring an extended period 

for optimization [185]. However, the application of mathematical models to the column studies 

can significantly reduce the optimization time for process parameters, making it more effective 

[186]. Additionally, it is challenging to obtain precise scale-up data for fixed bed adsorption 

columns (FBAC) solely from batch results, making it necessary to assess the column operations 

to meet the practical applicability [109].  

To overcome these challenges, we aim to utilize bimetallic MOFs Ce@Fe1:1 having best 

adsorption capacity matrixed with polysulfone (Ce@Fe1:1/PS) to eliminate fluoride from 

drinking water. This bimetallic MOF has not been documented in the existing literature. Batch 

adsorption experiments were studied to get the fundamental information regarding the fluoride 

adsorption performance of adsorbents. This Ce@Fe1:1/PS was characterized through various 

techniques to understand the physio-chemical properties of the material concerning the 

elimination of fluoride from wastewater. The effects of fluoride solution flow rate, the height 

of the bed, and influent initial concentration were evaluated to measure the adsorptive 

behaviour of Ce@Fe1:1/PS. The performance of the column was tested using effluent from the 

Brahmaputra River. Furthermore, several mathematical models were applied to understand the 

data gathered from FBAC experiments to describe breakthrough curves and parameters [187]. 

Regeneration cycles in the column were performed to examine the reusability of Ce@Fe1:1/PS 

to understand the stability and effectiveness of the adsorbent beads. The goal is to enhance 

comprehension of column behaviour, identify performance-enhancing conditions, gain deeper 

visions for material selection, and design fixed-bed adsorption operations. 
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5.2. Experimental 

5.2.1. Materials 

The chemicals used in the synthesis of adsorbent are polysulfone was supplied by Merck Ltd., 

Mumbai, India. The suppers of all the other chemicals used in this work have already been 

mentioned in Chapter 4. 

5.2.2. Methodology to prepare Ce@Fe1:1/PS beads 

The synthesis method Ce@Fe1:1 of bimetal MOFs has been described in chapter 4. 

Ce@Fe1:1/PS beads were fabricated by following the subsequent procedure. To begin, 0.5 g 

of polysulfone was gradually dissolved in 5 ml of DMF by stirring overnight on a magnetic 

stirrer at 100 °C. Subsequently, Ce@Fe1:1 was introduced 0.1 g to the obtained homogeneous 

polymer solution by stirring for another 6 h. Subsequently, the solution was utilized for the 

fabrication of beads using a 1000 μL Microliter variable volume micropipette. The 

Ce@Fe1:1/PS was precipitated in the deionized water at room temperature under continuous 

agitation to prevent bead aggregation. Following this step, the adsorbent was kept immersed in 

the deionized water for 4 h and was subsequently separated and washed with deionized water. 

Subsequently, the beads were separated followed by washing multiple times using deionized 

water. Finally, the resulting beads were dried in an oven at 50 °C for 24 hours, resulting in the 

formation of small beads of bimetal MOF with polysulfone. 

5.2.3. Characterization instruments 

Make and models of all the instruments used in this study have been listed in the previous 

chapters. 
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5.2.4. Mathematical analysis of breakthrough curve 

Breakthrough curves represent a graphical representation of the ratio of fluoride concentration 

at the inlet to the outlet (Ct/C0) over time [31] The shape of the breakthrough curve and the 

time takes to reach breakthrough (tb) are vital for understanding the dynamic behaviour of the 

column. The steepness of this curve also offers insights into the degree to which the adsorbent 

bed can be effectively utilized [32]. The tb is determined when Ct is less than or equal to 1.5 ± 

0.2 mg/L. The calculation of throughput volume (𝑉𝑒𝑓𝑓) was performed using Eq. (5.1),  

𝑉𝑒𝑓𝑓 = 𝑄𝑡𝑒  (5.1) 

where, Q is the flow rate and te is the column exhaustion time and F is the flow rate (L min−1). 

Exhaustion is typically regarded when the effluent concentration remains consistent for an 

extended duration, closely resembling the influent concentration. In this research, exhaustion 

was defined as the point when the Ct/C0= 0.99. The quantity of F− ions in the fixed bed system 

(min, mg) at a given time (t; min) is expressed by Eq. (5.2), 

𝑚𝑖𝑛 = 𝑄𝐶0𝑡  (5.2) 

where, fluoride initial concentration of solution is (C0, mg L−1). The quantity of fluoride at the 

outlet (mout, mg) at a specific time is determined by the area under the dimensionless curve 

times the C0 and Q, as described by the following equation. 

𝑚𝑜𝑢𝑡 =  𝑄 𝐶0 ∫ (
𝐶𝑡

𝐶0
) 𝑑𝑡

𝑡=𝑡𝑜𝑡𝑎𝑙

𝑡=0
   (5.3) 

The quantity of fluoride adsorbed (mads, mg) in FBAC can be calculated by using the given 

equation. 

𝑚𝑎𝑑𝑠 = 𝑚𝑖𝑛 − 𝑚𝑜𝑢𝑡   (5.4) 
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The adsorption capacity at equilibrium (Qe, mg g−1) at saturation time(te) is given by Eq. (5.5), 

𝑄𝑒 =
𝑚𝑎𝑑𝑠

𝑀
=

𝑄 𝐶0 ∫ (1− 
𝐶𝑡
𝐶0

)𝑑𝑡
𝑡𝑒

0

𝑀
   

(5.5) 

where M is the amount of adsorbent used in the fixed bed system in grams. The adsorption 

capacity at breakthrough is given by the Eq. (5.6). 

𝑄𝑏 =
𝑄 𝐶0 ∫ (1− 

𝐶𝑡
𝐶0

)𝑑𝑡
𝑡𝑏

0

𝑀
   

(5.6) 

The overall column efficiency for fluoride elimination from the influent solution is R. 

%R =
𝑚𝑎𝑑𝑠

𝑚𝑖𝑛
× 100  (5.7) 

The difference between the breakthrough time (tb) and te given mass transfer zone is Δt. 

𝛥𝑡 = 𝑡𝑒 − 𝑡𝑏  (5.8) 

The mass transfer zone (MTZ) is intricately linked to the height of the bed (Z), exhaustion time, 

and breakthrough time.       

𝑀𝑇𝑍 = 𝑍 [1 −
𝑡𝑏

𝑡𝑒
]  (5.9) 

Higher values of breakthrough time, saturation time, and removal efficiency specify that the 

Ce@Fe1:1/PS contained within the column possesses a substantial adsorption capacity. 

5.2.5. Column adsorption models 

5.2.5.1. Bed depth service time (BDST) model 

The BDST model is utilized to assess the AC of the column by assuming that the effects of 

external mass transfer resistance and intra-particle diffusion can be disregarded [190]. The 
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derivation of this model is centered around the idea that the uptake rate is predominantly 

governed by the surface chemical reaction between the adsorbate and the untapped site. This 

approach also works well for evaluating the effectiveness of columns running under different 

process factors [191]. For fixed-bed columns, the primary application lies in predicting the 

duration the adsorbent material can effectively remove a specific amount of adsorbate from the 

influent solution before requiring regeneration. The time duration during which the bed can 

effectively operate is referred to as the service time of the bed. Among the various models used 

for studying the adsorption of fluoride on column systems, the BDST model is one of the most 

relevant and widely employed [192]. BDST offers a straightforward and comprehensive 

approach to forecasting the correlation between bed height (Z) and service time (t). Its primary 

objective is to estimate characteristics like the maximum AC and adsorption rate constant 

(KBDST; L mg-1 min-1). However, it is important to note that this model is specifically suitable 

for describing the initial part of the breakthrough curve, covering the region up to the 

breakpoint. Hutchins (1973) made modifications to the Bohart-Adams equation and introduced 

a linear correlation between Z and t. This modified equation necessitates just three experiments 

using fixed beds to obtain the required data and can be expressed as given below. 

𝑡 =
𝑁0𝑍

𝐶0𝑢
−

1

𝐾𝐵𝐷𝑆𝑇𝐶0
 𝑙𝑛 (

𝐶0

𝐶𝑏
− 1)  (5.10) 

Service time at the breakthrough point and saturation concentration are represented as t and N0 

(mg/L). C0 (mg/L), Cb (mg/L), and u (cm/min) are the initial concentration, breakthrough 

concentration, and linear flow rate, respectively. Furthermore, the equation can be reformulated 

into the straight-line equation. 

𝑡 = 𝑚𝑍 − 𝐶  (5.11) 
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𝐶 =
1

𝐾𝐵𝐷𝑆𝑇𝐶0
𝑙𝑛 (

𝐶0

𝐶𝑏
− 1)  (5.12) 

The intercept (C) and the slope (m= N0/C0ν) of the plot of (t) versus Z can be utilized for the 

determination of N₀ and KBDST. 

5.2.5.2. Thomas Model 

Thomas model is considered extremely versatile and commonly applied model in fixed bed 

performance theory [193]. This model is founded on the assumption of Langmuir kinetics of 

adsorption-desorption without any axial dispersion as it follows second-order reversible 

reaction kinetics [194]. A constant separation factor is another assumption made. To analyze 

the breakthrough curves, the Thomas model is employed using the following Equation. 

𝐶𝑡

𝐶0
=

1

1+𝑒𝑥𝑝(
𝐾𝑡ℎ

𝑄
(𝑄𝑒𝑚−𝑘𝑇𝐻𝐶0𝑡))

         (5.13) 

The linear form of this can be expressed as follows, 

𝑙𝑛 (
𝐶0

𝐶𝑡
− 1) =

𝐾𝑡ℎ𝑄𝑒𝑀

𝑄
− 𝐾𝑡ℎ𝐶0𝑡               5.14) 

where, Kth (L mg-1 min-1) is the rate constant and Q0 is the maximum AC in mg g-1. Ct and C0 

are the fluoride concentrations at the outlet and inlet in mg/L, respectively. M and Q are the 

total amount of the adsorbent packed in the column (g) and flow rate (L/min), respectively. The 

volume of fluoride solution flow through the column is expressed as Veff (L). 

5.2.5.3. Yoon-Nelson Model 

The Yoon and Nelson (1984) model presents a relatively simple approach to modeling 

adsorption. One of the significant advantages of the Yoon and Nelson model is its simplicity 

[195]. It is postulated that the reduction in the possibility of uptake for each fluoride is directly 

TH-3368_186107017



Investigating the Efficacy of Bimetallic Metal-Organic Frameworks (MOFs) as Fluoride Adsorbent in Fixed-Bed 

Adsorption Columns: Experimental and Modeling Insights 

 131  

 

proportional to both the uptake of the fluoride and the likelihood of breakthrough on the 

adsorbent [196]. Moreover, it does not necessitate comprehensive data regarding the 

characteristics of the adsorption bed. Yoon and Nelson's equation can be expressed as, 

𝐶𝑡

𝐶0
=

𝑒𝑥𝑝(𝐾𝑦𝑛𝑡−𝜏𝐾𝑦𝑛)

1+𝑒𝑥𝑝(𝐾𝑦𝑛𝑡−𝜏𝐾𝑦𝑛)
            

 (5.15) 

which can be rearranged in the linear to get the question given below. 

𝑙𝑛 (
𝐶𝑡

𝐶𝑜−𝐶
) = 𝐾𝑦𝑛𝑡 − 𝜏𝐾𝑦𝑛  (5.16) 

where, Kyn (min-1), and τ are the rate constant and the time required for 50% adsorbate 

breakthrough (min).  

5.2.5.4. Clark Model 

The Clark model holds particular importance out of the numerous models documented in the 

literature for FBAC. It is investigated due to its capacity to incorporate both equilibrium 

adsorption principles and mass transfer for predicting the characteristics of breakthrough data. 

The key assumptions underlying the Clark model are: (i) mass transfer within the column 

accompanies the Freundlich model and (i) the inflow into the column is of a piston-type nature 

[197]. The Clark model is expressed as, 

𝑙𝑛 (( 
𝐶0

𝐶𝑡
 )

𝑛−1

− 1) = −𝑟𝑡 + ln 𝐴   
(5.17) 

in these equations, C0 and Ct represent the influent and effluent concentrations in mg/L, 

respectively. n represents the Freundlich constant, whereas, r (min⁻¹) and A are Clark model 

constants. 
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5.2.5.5. Yan Model 

Yet another commonly employed model for investigating breakthrough curves in FBAC is the 

Yan model, expressed mathematically as follows: 

𝐶𝑡

𝐶0
 = 1 −

1

1+(
𝑄𝑡
𝑏

)
𝑎

  
  (5.18) 

In the Yan model, the constants a and b are defined as follows: 

𝑎 =
𝐾𝑦𝐶0

𝑄
; 𝑏 =

𝑄𝑒𝑚

𝐶0
   

The final expression after linearizing is derived as follows, 

𝑙𝑛
𝐶𝑡

𝐶0−𝐶𝑡
=

𝐾𝑦𝐶0

𝑄
ln 𝑡 +

𝐾𝑦𝐶0

𝑄
𝑙𝑛

𝐶0𝑄

𝑄0𝑚
   (5.19) 

where, Q (L/min), t (min), Qe (mg/g), Ky (L mg⁻¹ min⁻¹), and m (g) are entitling the flow rate 

at the inlet, duration of flow, adsorption capacity, rate constant and mass of adsorbent in the 

column, respectively. 

5.2.6. Column experiments 

For the study, borosilicate glass columns were constructed with inner diameters of 0.9 cm. The 

dynamic studies were carried out at room temperature. Glass wool was stuffed right above the 

inlet point and near the exit point of the column with a thickness of 0.5 cm to achieve a uniform 

inlet flow, and prevent the adsorbent from floating up throughout the process. Figure 5.1a 

illustrates the schematic diagram of the reactor. The peristaltic pump (NEXQUA, WaterQuality 

Association) was utilized to pump the fluoride solution upward through the column. To prevent 

the flow rate fluctuations, the flow rate was periodically monitored and validated at the outflow 

of the FBAC at specific periods. To eliminate trapped air, the Ce@Fe1:1/PS FBAC was 
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thoroughly soaked with deionized water for 5 hours before commencing the experiments. The 

breakthrough concentration was established at 1.5 mg/L of fluoride solution. The water was 

collected from the Brahmaputra River, Guwahati, India and fluoride was added to make the 

desired concentration. Approximately 60 ± 2 mg of Ce@Fe1:1/PS (Ce@Fe1:1/PS) were loaded 

into the glass column to achieve a bed height of approximately 40 cm. The experiments were 

carried out using three different bed heights such as 30 ± 0.2 cm, 35± 0.2 cm, and 40± 0.2 cm 

while keeping fixed fluoride concentration and flow rate. Additionally, three different flow 

rates (0.3 mL/min, 0.5 mL/min, and 0.7 mL/min) were employed with a constant bed depth 

and fluoride concentration to understand the flow rate effect. Furthermore, variations in the 

initial fluoride concentrations (40 mg/ L, 50 mg/ L, and 60 mg/L) were studied, keeping the 

flow rate of fluoride and the height of the bed unchanged. The solution at the outlet was 

gathered from the upper section of the column, which was periodically collected and measured. 

The experiments were concluded upon reaching bed saturation. Throughout the experiment, 

the following precautions were meticulously observed: (a) the column was positioned 

vertically, (b) there was no occurrence of bed leakage or flow disruption, and (c) the influent 

supply to the column was consistently maintained until the experiment completion. A concise 

overview of the study specifications is presented in Table 5.1. 

5.3. Results and discussion 

5.3.1. Characterization of Ce@Fe1:1/PS 

SEM analysis provides insight into the top surface morphology of Ce@Fe1:1/PS displays wide 

pores within its structure. SEM micrographs depicted in Figure 5.1b reveal an uneven and 

rugged structure characterized by asymmetrical channels and furrows distributed across the 

exterior of the material. The wrinkles or crevices present on the surface of the Ce@Fe1:1/PS 
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could be attributed to a physical adsorption process by allowing contaminant molecules to 

adhere to these recesses. As a result, these findings illustrate that the adsorbent may be able to 

adsorb fluoride from wastewater. 

The XRD analysis was conducted on PS, Ce@Fe1:1/PS, and Ce@Fe1:1 (Figure 5.1c). The 

XRD pattern of Ce@Fe1:1 displayed a semi-crystalline nature and a prominent peak was 

visible at 9.2o, 10.8o, 18.7o, 24.06o, and 34.1o [198]. On the other hand, the XRD spectrum 

exhibits a broad characteristic peak of the PS at 18.4o, indicating the amorphous nature [199]. 

After the incorporation of bimetal Ce@Fe1:1 MOFs into the polysulfone, the mixed matrix 

bead (Ce@Fe1:1/PS) showed a combined characteristic of the raw materials. A broad peak at 

18.4o was visible, which may be because of the presence of polymer in Ce@Fe1:1/PS. The 

appearance of peaks such as at 18.7 o, 24.06 o, and 34.1 o was also seen, which may be because 

of the incorporation of bimetallic MOFs into the polymer. 

Concerning the characterization of the surface, N2 adsorption-desorption study of the 

Ce@Fe1:1 MOFs and Ce@Fe1:1/PS were performed and displayed BET surface areas 594 and 

20 m²/g, respectively (Figure 5.1d). The total pore volume of Ce@Fe1:1 bimetal MOFs and 

Ce@Fe1:1/PS displayed 0.53 and 6.8e-02 cm³/g, respectively. The sample displays a Type II 

isotherm typically indicates a multi-layer adsorption process, which means that after the initial 

monolayer of adsorption, additional layers are formed on the surface. Moreover, as indicated 

by the BJH (Barrett-Joyner-Halenda) analysis, the bimetal MOFs Ce@Fe1:1 and 

Ce@Fe1:1/PS exhibited pore diameters between 4.3 and 13.7 nm, signifying a mesoporous 

structure (with diameters ranging from 2 to 50 nm) according to the IUPAC classification. This 

adsorbent can facilitate the rapid diffusion of fluoride ions within the adsorbent pores due to 

its relatively smaller size.
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Table 5.1. The fluoride adsorption properties using FBAC under different operating circumstances. 

Z 

(cm) 

Q 

(L/min) 

C0 

(mg/L) 
m (g) 

tb 

(min) 

te 

(min) 

Veff (L) 

EBCT 

(min) 

MTZ 

(cm) 

Min 

(mg) 

Mout 

(mg) 

Mads 

(mg) 

%R Qe 

(mg/g) 

30 0.0003 40 4.5 900 1740 0.522 73.33 14.5 20.9 3.5 17.3 83.1 3.8 

35 0.0003 40 5.3 1200 2160 0.648 83.33 15.5 25.9 4.9 20.9 80.9 3.9 

40 0.0003 40 6 1560 2580 0.774 100 15.8 30.9 5.6 25.3 81.8 4.2 

40 0.0005 40 6 1020 2100 1.05 100 20.57 42 18.7 23.3 55.4 3.9 

40 0.0007 40 6 660 1680 1.176 100 24.28 47.0 24.8 22.2 47.2 3.7 

40 0.0003 50 6 1020 2220 0.666 100 21.6 33.3 7.7 25.6 76.9 4.3 

40 0.0003 60 6 780 1920 0.576 100 23.7 34.6 8.4 26.2 75.7 4.4 
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Figure 5.1. (a) The setup for the fixed-bed adsorption column experiment with diaphragm 

booster pump, column, and fluoride ion meter, (b) SEM image of Ce@Fe1:1/PS, (c) XRD 

analysis of polysulfone, Ce@Fe1:1/PS and Ce@Fe1:1, and (d) N2 adsorption-desorption 

cycles.  

5.3.2. Isotherm study 

Adsorption isotherm was studied at a constant temperature to understand the adsorption of 

fluoride on the Ce@Fe1:1/PS MOFs surface, which shows the relationship between the 

equilibrium AC and equilibrium concentration [124,125]. An isotherm study in batch mode at 

298 K was performed to investigate the maximum uptake of F– ions on Ce@Fe1:1/PS MOFs. 

The study was performed in the sonicator (frequency: 50 – 60 Hz and voltage: 110–240 V) 

using a beads dose of 1 g/L at 6.5 pH. The fluoride ion concentration at the inlet was varied up  

TH-3368_186107017



Investigating the Efficacy of Bimetallic Metal-Organic Frameworks (MOFs) as Fluoride Adsorbent in Fixed-Bed 

Adsorption Columns: Experimental and Modeling Insights 

 137  

 

 

Figure 5.2. Non-linear fitting of (a) isotherm models, and (b) kinetic models; Effect of variation 

in (c) bed height, (d) flow rate, and (e) the initial fluoride concentration. 

to 100 mg/L for this study. To investigate the adsorption process of Ce@Fe1:1/PS, the 

experimental data were fitted to non-linear isotherm models such as Langmuir, Freundlich, and 

Temkin (Table 2.2). The correlation coefficient (R2) of Ce@Fe1:1/PS found from the non-
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linear fitting of the Langmuir model is 0.993, which is the highest as compared to other fitted 

isotherms models in this study, making it the best model (Figure 5.2a). The maximum 

monolayer AC of Ce@Fe1:1/PS is 101.3 mg/g at 288 K obtained from the best-fitted non-

linear Langmuir isotherm. The Langmuir model predicts that fluoride ions will uniformly 

distribute all over the active sites of the adsorbent. It also predicts that once the F– ions have 

taken up the whole adsorbent surface, there is no longer any lateral adsorption [124]. 

Furthermore, the n value obtained from the Freundlich adsorption model is 2.6 indicating 

favourable adsorption.  

Adsorption should also be studied from a kinetic perspective to learn more about its operational 

and working aspects [68,133,200]. Here we used linear and non-linear forms of pseudo-first-

order (PFO) and the PSO model, to characterize the adsorption kinetic processes mentioned in 

chapter 2  [28,134]. The kinetic investigation was conducted at 40 ppm of initial fluoride 

concentration (Figure 5.2b). The kinetic study was conducted at neutral pH using 10 mg of 

material in 10 mL of a fluoride solution. The correlation coefficient (R2) obtained from the 

non-linear fit for the PSO model is 0.99 and the calculated AC (Qcal) by this model is adjacent 

to the equilibrium AC obtained experimentally. The found rate constants for PFO and PSO 

kinetic models are k1=0.113 min–1 and k2=21.23 g mg–1min–1, respectively. 

5.3.3. Effect of Bed Height 

An adsorbate solution with a fluoride content of 40 mg/L, pH 6.5, and a flow rate of 0.3 ml/min 

was circulated through the adsorption column while the bed height was changed to examine 

the variation in bed depth on the breakthrough curve.  Figure 5.2c illustrates the breakthrough 

curve performance at bed heights of 30 cm, 35 cm, and 40 cm. As the height of the bed 

increased, the saturation time of the bed and throughput volume also increased, likely because 

of an extended contact time with the adsorbent. A comparatively lesser contact time resulted 
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in a faster exhaustion of the adsorbent. The treated volume ranged from 0.522 to 0.774 L, once 

the height of the bed increased from 30 to 40 cm, respectively. Likewise, fluoride uptakes and 

total fluoride adsorbed quantity have increased with the column height. This may be attributed 

to the enhanced adsorbent surface area, providing additional active spots for adsorption. 

Furthermore, the breakthrough time also improved with the rise in packing height. The 

characteristic 'S' shape profile of the breakthrough curve was accompanied by adsorbates of 

smaller diameter and simpler structure. Increasing the bed height (30 cm, 35 cm, and 40 cm) 

led to an increase in both breakthrough time (tb; 900, 1200, and 1560 min) and saturation time 

(te; 1740, 2160, and 2580 min). The results indicate that the higher values of tb and te are 

favourable for column performance. The data also suggest that beds with greater depth take 

longer to saturate compared to shallower beds, causing the breakthrough curves to shift further 

from the origin. Additionally, with increasing bed height, the breakthrough curve exhibits a 

more pronounced bending nature, contributing to the broadening of the mass transfer zone. 

Table 5.1 illustrates that the AC of Ce@Fe1:1/PS varies from 3.8 to 4.2 mg/g as the bed height 

increases from 30 cm to 45 cm. The greater bed height results in a higher quantity of adsorbent, 

providing more binding spots, which explains the observed variation in adsorption capacity. 

This also leads to an increase in the removal percentages of adsorbate (Table 5.1), indicating 

that the height of the bed significantly affects the adsorption of adsorbate in the FBAC. 

Furthermore, the increased bed height allows for extended contact time for fluoride ion capture, 

resulting in the observed increases in tb and te. Similar findings have been reported by other 

researchers [201,202]. 

5.3.4. Effect of flow rate 

To assess the influence of flow rate on the breakthrough curve, we employed varying flow rates 

of 0.3, 0.5, and 0.7 mL/min for FBAC experiments. The initial concentrations of the adsorbate, 
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the pH of the solution, and the height of the bed were kept constant at 40 mg/L, 6.5, and 40 cm, 

respectively. Figure 5.2d illustrates the flow rate effect on the breakthrough curve under the 

specified operational parameters. The optimal uptake capacity for flow rates of 0.3, 0.5, and 

0.7 mL/min was 4.2, 3.8, and 3.6 mg/g, respectively. The graph demonstrates that lower flow 

rates lead to higher adsorption efficiency. This can be described by the slower diffusion process 

at higher flow rates, which necessitates a longer contact time for the effective binding of the 

fluoride to the adsorbent. Put simply, the solute spends insufficient time within the column at 

higher flow rates to achieve adsorption equilibrium, causing the fluoride solution to exit the 

column before equilibrium is established. The findings demonstrated that the saturation of the 

adsorbent was rapid at higher flow rates, which in turn decreased the fluoride uptake. It can be 

observed from the figure that the saturation occurred after 2580, 2100, and 1680 min for flow 

rates of 0.3, 0.5, and 0.7 mL/min, respectively. 

5.3.5. Effect of fluoride concentration 

Column studies were done to examine the influence of fluoride concentration at the inlet from 

40 to 60 mg/L on the performance of the breakthrough curve. Parameters such as bed height, 

flow rate, and pH were maintained constant at 40 cm, 0.3 ml/min, and 6.5 during these 

experiments, respectively. As the inlet fluoride concentration increase (40, 50, and 60 mg/L), 

the breakthrough time decrease (1560, 1040, and 780 min). This was because the active spots 

turned out to be saturated more rapidly due to the higher concentration of fluoride ions 

competing for adsorbent sites. However, the fluoride removal percentage decreased with the 

rise in fluoride concentration. This suggests that at higher fluoride concentrations, the AC of 

the adsorbent might be reaching its limit, resulting in a lower percentage of fluoride removal 

compared to lower concentrations. As the fluoride concentration at the inlet rose from 40 to 60 

mg/L, the fluoride AC showed an increase from 4.2 mg/g to 4.4 mg/g, respectively. The AC of 
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the adsorbent increased, which could be attributed to the higher driving force provided by the 

elevated inlet fluoride concentration, enabling a faster mass transfer rate. Figure 5.2e illustrates 

that at low fluoride concentrations at the inlet, the breakthrough happened later, and the 

adsorbent surface was saturated with fluoride after a longer period. Reversely, at higher 

fluoride concentrations, the breakthrough occurred more quickly, resulting in a decreased 

saturation time of the adsorbent. The breakthrough curves were flatter at lower fluoride 

concentrations at the inlet, representing a film-controlled process and a relatively wide MTZ. 

Whereas, the breakthrough curves were sharper at higher inlet fluoride concentrations, 

suggesting an intra-particle diffusion-controlled process and a relatively smaller MTZ. Similar 

trends were also observed by other researchers concerning metal ion adsorption [202]. 

 

Figure 5.3. Effect of bed depth (a) Thomas model, (b) Clark model, (c) Yan model, and (d) 

Yoon-Nelson model fitting.
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Table 5.2. Specifications of the packed-bed study. 

Z 

(cm) 

Q 

(mL/min) 

C0 

(mg/L) 

Thomas model Clark model Yan model Yoon-Nelson model 

Kth Qe R2 r A R2 a b Qe R2 Kyn Ꚍ R2 

30 0.3 40 0.00022 3.4 0.99 0.00106 63687572 0.99 8.0 0.38 3.4 0.98 0.0089 1305.7 0.98 

35 0.3 40 0.00018 3.8 0.98 0.00127 86012225.4 0.96 7.2 0.51 3.9 0.95 0.0071 1690.8 0.97 

40 0.3 40 0.00014 4.2 0.96 0.00829 88410385.2 0.94 6.5 0.67 4.5 0.92 0.0056 2105.3 0.94 

40 0.5 40 0.00015 4 0.99 0.0030 2185904 0.96 5.5 0.80 4.3 0.94 0.0060 1595.1 0.99 

40 0.7 40 0.00017 3.7 0.97 0.0008 286963.4 0.94 5.0 0.79 4.1 0.94 0.0070 1175.4 0.97 

40 0.3 50 0.00013 4.23 0.98 0.00975 91640743 0.96 6.5 0.52 4.6 0.96 0.0068 1683.60 0.97 

40 0.5 60 0.00012 4.3 0.96 0.01022 97538392 0.94 7.2 0.41 4.7 0.94 0.0076 1369.68 0.94 
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5.3.6. Column performance indicator 

The breakthrough curves are an important factor in the designing of a FBAC. To achieve a 

successful design of a FBAC, two key aspects need to be predicted: (1) the concentration-time 

profile of the outlet flow and (2) the maximum AC of the material used for adsorption. There 

are several mathematical models available to describe and model fixed-bed adsorption 

processes. In this context, breakthrough curves obtained at different bed heights (Z), flow rates 

(Q), and concentrations were analyzed using these mathematical models: Thomas, Yoon-

Nelson, Clark, and Yan Model models. Each of these models provides valuable insights into 

the behavior and efficiency of the adsorption process in the packed-bed column. Furthermore, 

the BDST model has been used to predict the correlation with the data obtained from FBAC 

experiments.  

Thomas model was utilized in the data obtained from the FBAC studies to examine the 

breakthrough behaviour of fluoride on Ce@Fe1:1/PS. To determine the kinetic coefficients, 

the Thomas model was used to interpret the data by transforming the concentration values (Ct) 

to ln [C0/Ct ‒1] versus time. Linear regression was then accomplished on each set of 

transformed data to obtain the slope and intercept. The assessed values of Kth and q0 under 

various process parameters are provided in Table 5.2. The R2 value obtained in the range of 

0.96 to 0.99 from linear fitting of the Thomas model, gives the best correlation to the 

experimental data (Figures 5.3a, 5.4a, and 5.5a). Therefore, it can be concluded that the 

Thomas model effectively represents the uptake of fluoride on Ce@Fe1:1/PS in FBAC. The 

AC (q0) of the column increases as the bed height (Z) rises, likely because of the greater mass 

driving force resulting from the higher bed height. Conversely, the Kth decreases with an 

increase in Z, possibly due to increased flow resistance, which hampers mass transfer [187]. 

The value of q0 decreases with an increase in flow rate (Q), possibly because of the fixed 
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number of active sites and inadequate contact time between the adsorbate (F-) and the 

Ce@Fe1:1/PS. Whereas, Q0 increases with a rise in the fluoride concentration (C0) at the inlet, 

that is because of the enhancement in the concentration gradient  [189] The maximum fluoride 

uptake capacity (Q0) of Ce@Fe1:1/PS, determined through the Thomas model fitting to the 

data obtained from column studies, which has been compared with reports available in the 

literature (Table 5.6). The results demonstrate that the Q0 of Ce@Fe1:1/PS is competitive and 

efficient compared to other adsorbents.  

 

Figure 5.4. Effect of flow rate (a) Thomas model, (b) Clark model, (c) Yan model, and (d) 

Yoon-Nelson model fitting. 
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The outcomes of the Clark linear model of the breakthrough curves are depicted in Figures 

5.3b, 5.4b, and 5.5b. The Clark parameters A and r determined under various conditions, 

including changes in inlet flow rate, bed height, and initial concentration of fluoride, are listed 

in Table 5.2. These values are assessed from the data obtained from the intercept and slope of 

the linearized Clark model. The model has been investigated with the value of the Freundlich 

constant (n=2.6) obtained from the batch study. The high correlation coefficients (R² > 0.94) 

for the breakthrough curves fitting to the Clark models show a decent fit, suggesting that the 

data obtained from the column study also adhere to the Clark model.  An increase in adsorbent 

fluoride concentration (C0) in the influent and bed height (Z) leads to higher r and A values. 

Conversely, a rise in feed flow rate results in lower values of r and A. This parallel variation in 

r and A is also consistent with findings from other researchers [185]. 

The experimental breakthrough curve for various factors affecting performance is illustrated in 

Figure 5.3c, 5.4c, and 5.5c using the linear Yan model. The degree of correlation between the 

data obtained from FBAC experiments and the Yan model is indicated by the correlation 

coefficient values (R² > 0.92). Table 5.2 demonstrates corresponding fitting parameters and 

also shows that the values of AC obtained from the Yan model and Thomas model are almost 

similar. 

The Yoon-Nelson model was used to examine the breakthrough characteristic of fluoride onto 

Ce@Fe1:1/PS in a FBAC (Figures 5.3d, 5.4d, and 5.5d). The linear plots of ln [Ct/(C0 −Ct)] 

over time (t) were used to establish the model parameters Kyn (rate constant) and τ at different 

variables such as flow rate, initial fluoride concentration, and bed height. The model parameter 

τ represents the treatment time taken by the adsorbent to reach effluent fluoride concentration 

half of its initial concentration (0.5C0). It is evident from the R2 (0.94-0.98) that there is a strong 

association between the Yoon-Nelson model and the experimental data (Table 5.2).  The fitting 
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parameters of the Yoon-Nelson model suggest that a rise in influent concentration leads to an 

upsurge in the Kyn value and a decrease in the τ value. This is possible because of the rapid 

exhaustion of the Ce@Fe1:1/PS beads in the FBAC. Conversely, an increase in the height of 

the bed consequences in a reduction of the Kyn value and an increase in the τ value owing to 

the greater amount of Ce@Fe1:1/PS beads. Additionally, as the bed height (Z) rises, Kyn 

decreases, and τ increases. Similar results have been observed by other researchers [197]. 

 

Figure 5.5. Effect of fluoride inlet concentration on adsorption of fluoride on Ce@Fe1:1/PS a) 

Thomas model, (b) Clark model, (c) Yan model, and (d) Yoon-Nelson model fitting. 

The BDST model was employed to analyse the data obtained from FBAC studies for a better 

understanding of the behaviour of the breakthrough curve. The goal was to evaluate the BDST 
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characteristic parameters KBDST and N0 from the model. Linear relationships between the 

variation of service time and column bed heights of 30, 35, and 40 cm were observed for 5%, 

10%, 30%, and 80% saturation. The flow rate of feed was 0.3 mL/min with the initial 

concentration of fluoride 40 mg/L (Figure 5.6a). The calculated values of KBDST and N0 are 

presented in Table 5.3. The value of R²=0.99 or higher is generally considered very high and 

often indicates an excellent fit of the experimental data to the BDST. The BDST model 

provides a comprehensive and straightforward method for assessing adsorption column tests 

[197]. Additionally, the BDST model suggests the certainty of the service time of FBAC. The 

KBDST values indicate the rate of mass transfer from the fluid to the solid phase. Furthermore, 

as depicted in Figure 5.6a, the increase in bed height corresponds to an extended service time 

for the FBAC. This is attributed to the higher amount of Ce@Fe1:1/PS in the FBAC, 

consequential in an improvement of the service time. 

 

Figure 5.6. (a) BDST model fitting at various bed heights and (b) Reusability study of 

Ce@Fe1:1/PS adsorbent. 

Table 5.3. Parameters of BDST model for adsorption of fluoride on Ce@Fe1:1/PS at the 

diverse range of bed height and saturation percent. 
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BDST parameters 5% 10% 30% 80% 

N0 45.6 45.6 49.4 53.2 

KBDST 0.10 0.11 0.11 0.13 

R2 0.99 0.99 0.99 1 

5.3.7. Adsorbent regeneration and reusability of Ce@Fe1:1/PS in FBAC 

The economic feasibility of the Ce@Fe1:1/PS is evaluated based on its reusability. Sodium 

hydroxide serves as a source of free OH⁻ when dissolved in its aqueous solution. Numerous 

studies have reported the use of NaOH solution as a desorption component for adsorbents 

loaded with F⁻ ions [203]. This is attributed to the similar isoelectric nature and size of OH⁻ 

and fluoride ions, which facilitates the replacement of fluoride ions with hydroxyl ions [204]. 

Therefore, the fluoride-loaded Ce@Fe1:1/PS adsorbent in the column was attempted to be 

regenerated using a 0.1M NaOH solution in this study. The study was examined with an 

exhausted bed having a bed height of 40 cm. This was done under fixed operating conditions, 

including a fluoride concentration of 40 mg/L, a pH of 6.5, and a flow rate of 0.3 mL/min. 

After regeneration, deionized water flowed through the FBAC to eliminate any traces of NaOH. 

This procedure persisted until a noticeable decrease in the alkalinity of the effluent was 

observed. An additional decrease in the alkalinity of the Ce@Fe1:1/PS adsorbent was achieved 

by introducing a dilute 0.1 M sulfuric acid solution at a flow rate of 0.3 mL/min to maintain a 

pH of around 7.5 ± 0.2. Deionized water was once more circulated over the column to confirm 

the effective elimination of chemicals from the Ce@Fe1:1/PS, persisting until the effluent 

attained a pH near 7. After completing these steps, the same methodology of regenerating and 

reusing the Ce@Fe1:1/PS MOF was replicated until a noteworthy drop in the breakthrough 

time (tb) and exhaustion time (te) was observed. The reusability study of the Ce@Fe1:1/PS 

beads is presented in Figure 5.6b. The adsorbent Ce@Fe1:1/PS was able to remove 81.8% of 
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fluoride at the beginning of the reusability tests. As the reusability cycles increased 

consecutively 1st, 2nd, and 3rd, the fluoride removal percentages dropped by 2.6, 9.5, and 13.8 

%. The reduction in exhaustion times (te) of column operation for the 0th, 1st, 2nd, and 3rd cycles 

are 2580 min, 2280 min, 1920 min, and 1440 min, respectively. This shift in breakthrough 

curves to the left (Figure 5.6b) is attributed to the gradual decrease of active spots of 

Ce@Fe1:1/PS with the progression of reusability operations. Additionally, the fluoride 

removal rates for the 0th to 3rd cycles of reuse have decreased from 81.8% to 55.9% (Table 

5.4).  

Table 5.4. Regeneration of Ce@Fe1:1/PS post fluoride adsorption. 

Cycle %R Qe (mg/g) Veff (L) 

0th 81.8 4.2 0.774 

1st 79.2 3.6 0.684 

2nd 69.7 2.6 0.576 

3rd 55.9 1.6 0.432 

5.4. Fluoride adsorption mechanism 

Achieving adsorption equilibrium between the solute in a liquid medium and the solid 

adsorbent within a FBAC is commonly affected by several factors. These factors encompass 

axial dispersion, resistance resulting from intra-particle diffusion (which includes both surface 

and pore diffusion), as well as film resistance. The process can be understood by the subsequent 

adsorption stages [205]: 
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Figure 5.7. (a) EDX analysis of Ce@Fe1:1/PS before fluoride adsorption, (b) EDX analysis 

after column run with fluoride solution, (c) FTIR analysis of Ce@Fe1:1/PS with and without 

fluoride loading, and (d) Effect of co-existing ions. 

(i) Transport to immobile layer: Initially, fluoride ions are conveyed from the bulk phase into 

a stagnant layer of ions adjacent to the Ce@Fe1:1/PS. This transport can occur through either 

advective transport or axial dispersion towards the Ce@Fe1:1/PS. 

(ii) Penetration to Ce@Fe1:1/PS surface: Subsequently, fluoride ions can penetrate through the 

previously mentioned immobile layer, reaching the surface sites of the adsorbent. 
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(iii) Adsorption binding: The adsorption process involves the binding of fluoride ions to 

specific sites on the Ce@Fe1:1/PS surface. 

(iv) Intraparticle diffusion: F- ions can also diffuse into the pores of the Ce@Fe1:1/PS through 

intraparticle diffusion, contributing to the overall equilibrium attainment. 

These stages collectively contribute to the overall adsorption process and equilibrium between 

the adsorbate and the adsorbent within the FBAC. The rate at which Ce@Fe1:1/PS removes 

fluoride is influenced by one or more of the phenomena commonly reported. In batch 

adsorption studies, stages 1 and 2 can often be overlooked due to the vigorous stirring of the 

adsorbent. However, in FBAC studies, both stages 1 and 2 become relevant, particularly for 

columns with greater bed heights. The binding of F- ions to metal can occur through 

electrostatic interactions, pore diffusion, and hydrogen bonding.  

In the EDX spectrum of the adsorbent, there are notable peaks corresponding to carbon (C), 

iron (Fe), cerium (Ce), and oxygen (O) (Figure 5.7a). The appearance of a peak of fluoride (F) 

after scanning the Ce@Fe1:1/PS after water treatment, confirms the fluoride ions adsorption 

by the Ce@Fe1:1/PS adsorbent (Figure 5.7b). 

The FT-IR spectrum of Ce@Fe1:1/PS reveals distinct peaks including C-O, O-H, C=O, and C-

H, groups [205]. The O-H stretching peak is observed in the range 3400-3380 cm-1, attributable 

to both free -OH and M-OH groups existing at the surface of Ce@Fe1:1/PS. Another peak at 

1670 cm-1 corresponds to C=C stretching [198]. Furthermore, peaks in the 550-750 cm-1 region 

correspond to M-O bonds, where M represents the metal ions [184]. The FTIR analysis also 

provides insights into the adsorption mechanism of fluoride onto Ce@Fe1:1/PS, revealing the 

involvement of functional groups present on the adsorbent's surface (Figure 5.7c). The process 

of fluoride adsorption is governed by a combination of electron donor-acceptor attraction, 

hydrogen bonding, and π-π interactions between the fluoride ion and the adsorbent. Moreover, 
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a comparison of FTIR spectra before and post-fluoride uptake reveals the development of 

hydrogen bridges among the fluoride and Ce@Fe1:1/PS. This interaction is responsible for the 

increased intensity of -OH groups (3400-3380 cm-1) observed in the FTIR spectrum. These 

findings collectively shed light on the intricate molecular interactions that underlie the fluoride 

adsorption process onto Ce@Fe1:1/PS. A peak at 1670 cm-1 in the Ce@Fe1:1/PS, diminished 

post-adsorption of fluoride, shows the involvement of the C=C group. The results suggest that 

the electron donor-acceptor mechanism plays a significant role, wherein functional groups 

having oxygen on the surface of the adsorbent behave as electron donors to fluoride [206]. This 

interaction is highlighted by the heightened intensity of the C-O band (1010±2 cm-1) observed 

in the FTIR spectrum post-fluoride loading, a phenomenon also supported by previous studies. 

Furthermore, the intensified C-C vibrations stretching (1585± 2 cm-1) indicate the occurrence 

of π-π interactions. Furthermore, the peak intensities of M-O at 561 and 690 cm-1 are reduced 

post-fluoride loading [207]. The observed changes in the FT-IR spectra are indicative of 

adsorbate interacting with the metal ions, as the M-F binding that typically occurs in the far IR 

regions is not detectable by the FT-IR spectrophotometer [208].  

The breakthrough curve exhibits a steep initial rise, indicating rapid fluoride adsorption before 

the breakthrough, which is attributed to the accessibility of active spots (Figure 5.8). As F⁻ 

ions are attached to the adsorbent available in the bottom layer of the column, the adsorption 

kinetics gradually reduces owing to a reduction in the accessibility of active spots (Figure 5.8). 

Subsequently the breakthrough point, adsorption of fluoride may involve both pore diffusion 

and physisorption. The adsorption process at this point is mainly governed by mass transfer 

including the diffusion of fluoride ions into the pores. This is reflected in the lower rate constant 

values found from breakthrough curves fitting in the column models (Table 5.2).  
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Figure 5.8. Mechanism of fluoride adsorption by FBAD of Ce@Fe1:1/PS Beads. 

5.5. Practical Applicability of Ce@Fe1:1/PS for Water Treatment 

 The Ce@Fe1:1/PS exhibits notable selectivity towards fluoride. The practical applicability of 

the fixed-bed column containing Ce@Fe1:1/PS is tested by introducing a continuous feed 

collected from the Brahmaputra River of Assam, India. The feed was synthesized to make 20 

mg L−1 fluoride in the first run and the second run 100 mg L−1 of co-existing ions including, 

bicarbonates, phosphates, chlorides, nitrates, and sulphates. The feed is introduced into a 40 

cm bed height column at a flow rate of 0.30 mL min−1. The results indicate that the feed 

containing no interfering ions has a longer duration of exhaustion (Figure 5.7d). However, a 

minor reduction in the treated effluent volume, saturation time (te), and column breakthrough 

time (tb) are detected in the presence of co-existing ions. The results indicate that the presence 

of different co-existing ions influences the column performance, tb is reduced to 960 min from 

1440, when compared to the influent without co-existing ions. Similarly, the corresponding te 

is reduced to 1560 from 2100 min (Table 5.5). Additionally, the fluoride removal efficiency 
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of the Ce@Fe1:1/PS slightly diminishes by approximately 6% by using a simulated solution 

containing interfering ions compared to a fed without co-existing ions. Typically, these 

competing ions opt for adsorbent sites, leading to a decrease in fluoride removal efficiency.  

Table 5.5. Parameters of FBAC studies for fluoride adsorption using Ce@Fe1:1/PS beads in 

the presence of interfering ions. 

Influent tb te Veff  Min  Mout Mads %R Qeq  

without co-existing ions 1440 2100 0.63 12.6 2.02 10.6 83.9 1.763 

with co-existing ions 960 1560 0.468 9.36 2.04 7.3 78.1 1.219 

5.6. Comparative evaluation of adsorbents in FBAC research 

Recently, the use of Metal-Organic Frameworks (MOFs) for adsorption has gained prominence 

as a powerful method for removing harmful chemicals and undesirable ions from water. MOFs 

are characterized by their diverse structures, expansive surface areas, numerous active metal 

sites, and substantial pore volumes. In this context, we synthesized novel bimetallic MOFs, 

specifically Ce@Fe1:1. These bimetallic MOFs were then utilized to create beads through the 

incorporation of polysulfone. These beads were designed to efficiently remove fluoride from 

water. The efficiency of these beads was then compared with other adsorbents employed in 

column studies, as outlined in existing literature (Table 5.6).  

Table 5.6. Adsorbents Reported in Literature for FBAC Studies. 

Material pH te (h) 

C0 

(mg/mL) 

Q 

(mL/min) 

Z 

(cm) 

Qe 

(mg/g) 

Ref. 

SAA 6.5 14.5 40  1.5  2.5  6 [197] 

PCZH 6.5 79 10 1 4 25.6 [205] 
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PZH 6.5 135 10 1 4 38.1 [205] 

PFZH 6.5 56 10 1 4 13.7 [205] 

okra stems biochar 2 NA 5 4 8 6 [109] 

magnesia-pullulan 4 NA 10 16 20 16.6 [209] 

rGO/ZrO2 7 84 25 1.6 7.5 45.7 [196] 

kanuma mud 5-7 80 20 5 10 1.5 [186] 

Ce@Fe1:1/PS 6.5 43 40 0.3 40 4.2 This work 

5.7. Conclusions 

The research article focuses on the removal of fluoride ions from wastewater using a FBAC 

with Ce@Fe1:1/PS as the adsorbent. The study employs various characterization techniques 

such as Scanning Electron Microscopy (SEM), Energy Dispersive X-ray Spectroscopy (EDX), 

Brunauer–Emmett–Teller (BET) analysis, Fourier Transform Infrared Spectroscopy (FTIR), 

and X-ray Diffraction (XRD) to analyze the morphology of Ce@Fe1:1/PS and to confirm the 

capture of fluoride by Ce@Fe1:1/PS. The experimental design investigates the impact of 

different parameters on the FBAC process, including fluoride concentration in the influent, 

flow rate of feed, and bed height of adsorbent. The percentage of fluoride removal, exhaustion 

time (te), and breakthrough time (tb) are key indicators of the system's performance. The 

findings suggest that increasing the height of the bed in the column significantly improves 

fluoride removal percentages, exhaustion time, and breakthrough time. Conversely, an increase 

in flow rate and fluoride concentration in the influent leads to a reduction in breakthrough time, 

exhaustion time, and fluoride removal percentage. The optimal performance of the FBAC 

system is reported at specific conditions: a fluoride concentration of 40 mg/L, a flow rate of 

0.3 mL/min, and an adsorbent bed height of 40 cm. Under these conditions, the breakthrough 

time is 1560 minutes, exhaustion time is 2580 minutes, and fluoride removal is 81.8%. To 
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further understand the experimental results, the study employs mathematical models such as 

the Thomas model, Yoon-Nelson model, Clark model, and Yan model to analyze breakthrough 

curves and kinetics. In summary, the research provides insights into the effectiveness of 

Ce@Fe1:1/PS in removing fluoride from wastewater using a Fixed Bed Adsorption Column, 

emphasizing the importance of various operational parameters in optimizing the system's 

performance. 
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CHAPTER 6 

Conclusions and Recommendations for Future Work 
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CHAPTER 6 

A glance of previous chapters are reviewed in this chapter. The salient features and major 

findings that arise from this thesis work with the key outcome of all the experiments have been 

highlighted. Significant characteristics of all the synthesized materials, their application 

towards the removal of fluoride from water have been summarized in this chapter. The future 

line of research is also included in this chapter. 

6.1. Major conclusions 

The major conclusions of the thesis are summarized below: 

• In conclusion, the utilization of ultrasound in both the synthesis of adsorbents and the 

adsorption study proved to be advantageous, enhancing molecular interactions and 

shortening diffusion paths. The sonochemical method, compared to the conventional 

method, demonstrated increased kinetics, reaching equilibrium within 20 minutes and 

showing 80% fluoride removal in just 5 minutes using AC/Ce/Fe-1. The adsorption kinetics 

aligned well with the PSO model, and the as-synthesized adsorbent exhibited a maximum 

capacity of 52.3 mg/g within 20 minutes at 25 °C. AC/Ce/Fe–1 maintained high adsorption 

efficiency over multiple cycles, and thermodynamic data indicated a spontaneous 

exothermic reaction with reduced randomness at the adsorbent-solution interface. The study 

suggests that sonochemical methods increase the active sites on the interior of the adsorbent, 

offering a rapid and efficient fluoride removal process with potential for practical 

applications at a relatively low cost. 

• The subsequent research focused on Ce-based MOFs for fluoride removal, showcasing 

remarkable efficiency. The Ce–Fu MOF exhibited a maximum adsorption capacity of 64.16 

mg·g−1 with good water stability and quick sorption kinetics. The adsorbent removed 85% 
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of fluoride ions within 10 minutes and achieved maximum adsorption capacity in 30 minutes 

across a wide pH range. The adsorption kinetics conformed to the PSO model, and 

thermodynamic measurements indicated an exothermic and spontaneous reaction with 

reduced randomness at the adsorbent-solution interface. Co-existing anions interfered to 

varying degrees, but the adsorbent sustained high efficiency over multiple cycles. The study 

suggested a future application of Ce-based porous frameworks for water purification, 

emphasizing their stability and efficiency in removing fluoride. 

• A further study looked into innovative nanoporous bimetal MOFs, such as Ce@Fe1:1, 

Ce@Al1:1, and Ce@La1:1, which showed quick sorption kinetics and high fluoride 

absorption capabilities. Following the PSO kinetic model, these materials removed fluoride 

efficiently in 30 minutes across a wide pH range. The synthesized MOFs were stable in a 

wide pH range and exhibited varied hydrophilic properties. Over numerous cycles, the 

adsorbents maintained high efficiency, and the process was discovered to be exothermic and 

spontaneous at the adsorbent-solution interface. The study emphasized the potential 

application of these bimetal MOFs for fluoride removal, offering useful insights for further 

research in this field. 

• In the final investigation, FBAC with bimetallic MOFs Ce@Fe1:1 having highest 

adsorption capacity all over the study (Table 6.1) has been matrixed with polysulfone to 

make beads Ce@Fe1:1/PS in order to eliminate fluoride from water.  

Table 6.1 A comparative account on the fluoride removal performance by the as-

synthesised adsorbents conducted under this research study. 

Adsorbents Equilibrium time (min) pH Adsorption capacity(mg/g) 

AC/Ce/Fe-1 30 6.5 52.3 
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Ce-Fu MOF 30 6.5 64.2 

Ce@La1:1 30 6.5 90.9 

Ce@Al1:1 30 6.5 94.3 

Ce@Fe1:1 30 6.5 101.3 

To improve system performance, several factors such as fluoride concentration, flow rate, 

and bed height were studied. Increasing the bed height enhanced fluoride removal 

percentages, breakthrough time, and exhaustion time greatly, but increasing flow rates and 

fluoride concentrations had the reverse effect. The ideal parameters for the FBAC system 

were discovered, resulting in a breakthrough time of 1560 minutes, an exhaustion time of 

2580 minutes, and a fluoride removal rate of 81.8%. Breakthrough curves and kinetics were 

analyzed using mathematical models, revealing the effectiveness of Ce@Fe1:1/PS in 

fluoride removal. The study emphasizes the relevance of operational factors in optimizing 

FBAC system performance and provides useful information for practical use. 

6.2. Recommendation for future work 

Based on the current investigation's findings, the following recommendations for further 

research are made:  

• Continuous packed-bed studies using real industrial wastewater to assess and optimise for 

commercial application. 

• Estimation of kinetic, isotherm, and thermodynamic parameters in multi-pollutant system.  

• To carry out a pilot scale column study to remove multi-contaminants effectively. 

• Experiment with the synthesised adsorbents to remove additional unknown industrially 

relevant heavy metal ions, dyes, and other phenolic chemicals in batch and column mode.  
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• The desorption characteristics of synthesised adsorbents at different temperatures, as well 

as their reuse capacities with the intended pollutant. 

• To make well-informed choices about the future deployment of these material, it is strongly 

advised to carry out a thorough economic evaluation. This evaluation will be crucial in 

assessing the appropriateness and practical uses of the developed MOFs.
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