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ABSTRACT

This study was carried out to evaluate the Equilibrium of the removal of 2-Chlorophenol

from aqueous solution onto bone char and the parameters that were studied were

Concentration, Adsorbent dosage and Time. The bone char was obtained from by calcination

process occurring at 500⁰C for 2hours. This char was characterized by using FT-IR, XRD,

SEM/EDS and BET. Batch adsorption experiment was carried out to investigate the

following variables, pH, Concentration and Adsorbent dosage. The morphology of the bone

char showed fine hexagonal shaped particles and a have homogenous structure with rough

edges also the presence of elements Carbon, Oxygen, Silicon, Phosphorus, Aluminum,

Potassium and Calcium was observed. It was observed that as the concentration increased the

amount adsorbed increased, the pH study showed that the adsorption capacity was highest at

pH 7.3, lowest at acidic condition and followed by the basic condition. It revealed that cow

bone char has good adsorption properties and could be utilized for the treatment of 2-

Chlorophenol in waste water.
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CHAPTER ONE
1.0 INTRODUCTION

1.1 Background of the Study

Pollution has a destructive impact on all levels of the ecosystem. In the modern day, essential human

necessities such as colors and paints, medications, numerous insecticides, germicides, defoliants,

disinfectants, and so on have become damaging to the environment. Halogenated aromatic chemicals

are a very stable class of contaminants. Incurable diseases can be brought on by halogenated

aromatics due to their mutagenic and carcinogenic qualities. (Mahapatra. M.K.et al., 2022)

2-Chlorophenol (2-CP) is a halogenated aromatic compound and has been proactively used in many

industrial sectors such as pesticides, polymer, pharma, petroleum, assorted chemicals, etc.(Huong

P.T. et al., 2016) The United States Environmental Protection Agency (USEPA) has classified 2-CP

as a priority organic pollutant and enacted a permissible limit of 0.1 ppb for drinking water (Pera-

Titus. M. et al., 2022). 2-CP enters the environment by industrial effluents, agricultural runoffs, and

leachates from contaminated sites and landfills (Shen. T. et al., 2021). 2-CP tends to biomagnify

owing to its poor biodegradability. As a potent mutagenic and carcinogenic agent, 2-CP has

devastating effects on the aquatic ecosystem (Barakat, M. A. et al., 2021) Hence, the abatement of 2-

CP is an essential activity in environmental protection (Kumar A. et al., 2022).

Reverse osmosis (RO), oxidation-reduction, adsorption, chemically induced precipitation, and other

techniques have all been used to reduce 2-CP in wastewater. Adsorption has emerged as the most

popular technique among those investigated because of its affordability and superior efficacy in

treating wastewater (Liu T. et al., 2021).

Efforts to identify less expensive replacements for more expensive synthetic adsorbents have

recently increased. Adsorbents generated from waste biomass are gaining popularity as useful

removal methods for harmful pollutants like 2-Chlorophenol .
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An adsorbent is a substance commonly porous in nature and with a high floor vicinity that can

adsorb substance onto its floor with the aid of intermolecular forces (Barrett, E.B et al., 2021)

because solutes may be distributed between the adsorbent surface and a mobile section, adsorbents

are used as stationary levels in gasoline-solid and liquid-solid chromatography.

Adsorption is the collection of substance unto the face of the adsorbent solids. It's a removal

technique in which certain debris is bound to an adsorbent particle surface via either chemical or

physical enchantment and is frequently harassed with absorption wherein the substance being

absorbed penetrates the alternative strong (Joyner, L.G et al., 2002) The solid surface in touch with a

solution tends to collect a surface large to strong molecules because of the distinction of surface

forces. Consequently, this reasons an adsorption to take region, the adsorption results in the

formation 0of a molecular layer of the adsorbate at the surface of the adsorbent. Frequently an

equilibrium awareness is soon formed at the surface and is commonly observed with the aid of slow

diffusion onto debris of the adsorbent (Wayne, T.B et al., 2002)

This phenomenon includes an accumulation of substances at the interface that may either be liquid-

liquid, liquid-gas, fuel-stable, or liquid-strong. The substance appearing in the adsorption (stable,

liquid, fuel, amorphous) is the adsorbent; the adsorbate is a combination of substances or solutions

on which the adsorbent is used. Many strong substances are recognized to possess this strength of

attracting and keeping molecules or ions upon the surface on exposure e.g. Activated clay, fuller's

earth, silica gel, activated carbon, bauxite, and activated alumina, etc.

Animal bones are burned to create animal charcoal, also known as bone black, bone char, or abaiser.

Animals' bodies are made up of part of their bones (the skeletal systems), which essentially provide

them shape and support. It is made up of 80% calcium, 10% magnesium, and other inorganic

components that are present in the bones (Bhargava, D.S. et al., 1991). To draw, animal charcoal is
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employed in the form of fine, compressed, and powdered charcoal (Gao X. et al., 2022). Animal

charcoal has a higher degree of ability to remove coloring substances from solutions.

The process of converting an organic material into carbon or a residue containing carbon via

pyrolysis or destructive distillation is known as carbonization (Julie M. E. et al., 2022). It frequently

refers to the production of coal gas and tar from raw coal in organic chemistry. Activated carbon is a

form of carbon that has been processed to make it extremely porous and thus has a very large surface

area available for absorption or chemical reaction. Though there are many commercially available

activated carbons, these are still quite expensive (Chen, Y.N. et al., 2008). Various researchers

(Wang, H. et al., 2020) have carried out studies for simplified and cost-effective methods of

activation carbon. The advantage of cow Bone Char over other adsorbents comes from its distinctive

features such as cost-effective adsorbent, rejuvenation ability, and alternative fuel usability potential.

Cow bones are considered waste and can be easily accessible due to the high rate of consumption of

cow meat in Nigeria. It can be purchased at very low prices, making the whole adsorption process

cheaper by preparing cost-effective adsorbents. (Kozyatnyk I. et al., 2020)

This study carried out the detailed procedure of BC preparation and its characterization. Parameter

optimization was carried out to achieve the highest abatement on pH, adsorbent dose, adsorbate-

adsorbent contact time, adsorbate concentration, and adsorption system temperature. The

experimental data were modeled with various models about adsorption equilibrium, kinetics, and

thermodynamics to enunciate the characteristics of 2-CP adsorption onto the BC.

1.2 Problem Statement

The primary concern is the increasing contamination of water bodies due to industrial and domestic

waste, leading to the presence of hazardous pollutants like 2-Chlorophenol . This compound is toxic

and persistent, posing a significant threat to aquatic ecosystems and human health. Conventional

wastewater treatment methods often struggle to effectively remove such recalcitrant organic
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compounds, warranting the exploration of alternative and efficient treatment techniques. In this

context, the utilization of adsorption processes, specifically employing bone char as an adsorbent,

has gained attention due to its potential to adsorb organic pollutants.

1.3 Relevance of study

Bone char adsorption can effectively remove the dangerous substance 2-Chlorophenol , which is

frequently present in industrial wastewater. This procedure enhances the extraction of contaminants

while also enhancing the quality of wastewater that is released. The potent adsorption capacity of

bone char makes it beneficial for developing effective remediation strategies. This keeps pollutants

out of water bodies, which is essential for safeguarding aquatic life, ecosystems, and community

well-being. The associated health hazards are diminished by removing this chemical, in compliance

with stringent environmental regulations. Additionally, equilibrium studies aid in determining the

ideal 2-Chlorophenol removal conditions, leading to cleaner water, healthier ecosystems, and

improved public safety. For instance, the efficient removal of 2-Chlorophenol from industrial

effluent by bone char adsorption ensures that dangerous chemicals are not released into the water.

1.4 Scope of study

This study delves into various aspects, including investigating adsorption kinetics to understand how

quickly 2-Chlorophenol attaches to bone char under different conditions. It also employs isothermal

modeling, employing models like Langmuir and Freundlich, to connect equilibrium 2-Chlorophenol

concentrations with the amount adsorbed on bone char. The impact of factors like pH, adsorption

dosage, and initial concentration on adsorption is explored. Optimal conditions encompassing these

factors are determined. The translation of equilibrium behavior to real-world wastewater treatment

scenarios is investigated.
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1.5 AIM AND OBJECTIVES

This research aims to determine the optimal conditions and mechanisms for achieving efficient

removal of the pollutant through adsorption, using bone char obtained from cow bones.

To accomplish this aim the following, objectives were obtained;

1. Investigating the adsorption kinetics to understand how quickly the process occurs under different

conditions.

2. Applying isotherm models (e.g., Langmuir, Freundlich) to establish the relationship between

equilibrium concentrations of 2-Chlorophenol and its adsorption onto bone char.

3. Examining the impact of varying variables such as pH, initial concentration of 2-Chlorophenol ,

and adsorption dosage on the adsorption efficiency.

4. Exploring the molecular-level adsorption mechanisms that occur between 2-Chlorophenol

molecules and bone char.

5. Determining the optimal conditions (e.g., pH, temperature, time) to achieve the highest possible

adsorption efficiency.

6. Understanding how the equilibrium adsorption behavior observed in laboratory settings translates

to dynamic real-world scenarios in wastewater treatment processes.

7. Evaluating the cost-effectiveness of using bone char adsorption in comparison to alternative

treatment methods.
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1.6 LITERATURE REVIEW

1.61 Introduction to Bone Char

Animal bones are carbonized to generate bone char, which is referred to in Latin as carbo animeis.

The method of construction affects its makeup. However, it largely consists of 6–10% calcium

carbonate, 7–10% carbon, and 57–80% tricalcium phosphate (or hydroxyapatite). (J. D. Russell et al.,

2005) mostly utilized for decolorization and filtering. Due to its exceptional qualities, bone char is a

wonderful but sometimes disregarded substance that has been used in a variety of sectors. Bone char

has been used for ages in a variety of applications and is made from the bones of animals, especially

cattle (M. P. Marzocchi et al., 2017). This review explores bone char's production method, chemical

makeup, potential uses, and environmental implications.

1.62 Production Process

Bone char is mainly made from cow and pig bones. To stop the spread of Creutzfeldt-Jakob disease,

however, the skull and spine are no longer used.. Bones are heated up to 500 °C (932 °F) in a closed

container. Oxygen concentration should be kept low during this operation, as it affects product

quality, especially adsorption capacity. Heat is used to remove the majority of the organic matter

present in bones, which was formerly collected as dippel oil. In the finished product, what is not

eliminated is still there as activated carbon. Heating the bone in an oxygen-rich atmosphere yields

chemically quite different bone ash (Jhuma Sadhukhan et al., 2001). Spent bone char can be

regenerated by washing it in hot water to remove impurities and then heating it in a furnace to

500 °C (932 °F) (Lee, C. C et al., 2011) controlled air volume. The calcined bones are finely ground

to create a powder with increased surface area, which improves the material's reactivity and

adsorption capacity. The char is then sieved to ensure a consistent particle size and remove any large

or irregular pieces that might not be suitable for the adsorption process. This improves its

effectiveness as a filtration medium. This helps in maintaining the quality and efficiency of the
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filtration process, ensuring that the bone char particles effectively remove 2Chlorophenol from aqua

(Kinniburgh, D. G. et al., 1987)

1.63 Composition and Structure of Bone Char

Bone char, derived from cow bones, is a substance primarily composed of calcium phosphate

minerals, collagen, and various trace elements. It is known for its diverse applications, ranging from

its use in sugar refining to its utilization in soil improvement. The animal bones are composed of

65%-70% of inorganic substances, mainly hydroxyapatite. The chemical composition of

hydroxyapatite is Ca₁₀(PO₄)₆(OH)₂. The remaining part of bones is composed of organic matter,

mainly fibrous protein collagen (K. Chojnacka et al., 2005)

1.64 Regulation and Safety

Regulation of bone char varies across different applications and regions. In the context of water

purification, for example, regulations exist to ensure that the use of bone char does not introduce

additional contaminants. Additionally, food-grade bone char used in sugar refining undergoes

stringent quality control measures to ensure its safety.

1.65 Conclusion on Bone Char

Bone char, derived from animal bones through a carbonization process, boasts a unique composition

and structure that lend themselves to various applications. Its exceptional adsorption capabilities

have found use in water purification, sugar refining, environmental remediation, and more. However,

environmental considerations and ethical concerns underscore the need for responsible sourcing and

production practices. As industries continue to evolve and address these challenges, bone char's

versatility and utility remain integral to a range of sectors.
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1.66 Introduction to 2-Chlorophenol

Phenol and phenolic compounds with high toxicity in contaminated water resources are considered

the most important pollutants and therefore vital threats to the environment, and human and animal

health (Hamad B.K. et al., 2011) 2-Chlorophenol as a phenolic organic aromatic compound is used

in wastewater of many industries such as plastics, polycarbonate, resins, etc (Buddhika G et al., 2011)

and Larger industries with high concentrations of phenol and its derivatives include oil refineries (6-

500 mg/l), coal furnaces (9-6800 mg/l), petrochemical facilities (2-1220 mg/l), and coking (28-3900

mg/l), such as 2-Chlorophenol (Peter S. et al., 2011) Due to the importance of environmental

pollutants, strict standards are exerted on phenolic compounds in some countries (Zhao J. et al.,

2011)United States Environmental Protection Agency (EPA) has listed phenol and its derivatives as

the priority environmental pollutants. The standard concentration of phenol allowed by EPA in

drinking water is 1 mg/l and in wastewater, industries is 500 mg/l (Chen S. et al., 2010) moreover,

the concentration of chlorophenols allowed by WHO guidelines in drinking water is 1g/1 (Dionysios

D. et al., 2010) Therefore, removing phenolic compounds from contaminated water is considered

necessary and important before discharging wastewater into the environment (Maria G. et al., 2012).

1.67 Physical and Chemical Properties:

Physical properties
A colorless to amber liquid with an unpleasant, penetrating odor. Density 1.265 g / cm3. Sinks in

water and slowly dissolves. Freezing point 7°C (46°F). Boiling point 175°C (347°F).

Very soluble in water

Combustion products pose special risks because they emit harmful chloride vapors.

In fire, it burns and emits harmful and unpleasant fumes. (USCG, 1999)
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Physical data:

Vapor Pressure: 2.2 mm Hg at 68⁰F (20⁰C)

Flash Point: 147⁰F (63⁰C)

Water Solubility: Slightly soluble

Other commonly used name;

O-chlorophenol

Health Hazard

Acute Health Effects

The following acute (short-term) health effects may occur immediately or shortly after exposure to 2-

Chlorophenol:

 Contact can irritate and burn the skin and eyes.

 Breathing 2-Chlorophenol can cause coughing, wheezing, and/or shortness of breath by

irritating the nose, throat, and lungs.

 High exposure can cause headaches, dizziness, fatigue, restlessness, muscle weakness,

tremors, seizures, coma, and even death.

Other Long-Term Effects

2-Chlorophenol may cause liver and kidney damage.
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Chemical properties
2-Chlorophenol is a halogenated aromatic compound with a chlorine atom substituted at the second

position of the phenolic ring. Its chemical properties are influenced by the presence of the chlorine

atom and the phenolic functional group. Here are some key chemical properties of 2-Chlorophenol:

1. Acidity and Phenolic Behavior:

The phenolic hydroxyl group (OH) in 2-Chlorophenol causes the acidic properties of the

compound. It can donate a proton to form a phenolate ion in the presence of a base. This phenolic

behavior contributes to its ability to undergo various types of reactions

2. Substitution Reactions:

The chlorine atom in 2-Chlorophenol makes it susceptible to substitution reactions. It can undergo

electrophilic aromatic substitution reactions, here the chlorine atom is replaced by other substituents.

These reactions are common in organic synthesis and are enhanced by the electron-rich nature of the

phenolic ring.

3. Oxidation Reactions:

2-Chlorophenol can undergo oxidation reactions, primarily at the phenolic group. The hydroxyl

group can be oxidized to form quinones or other oxidation products. These reactions are of interest in

the synthesis of various organic compounds and in understanding the chemical reactivity of phenols.

4. Esterification and Etherification:

The phenolic hydroxyl group can participate in esterification and etherification reactions. It can

react with carboxylic acids to form esters and with alkyl halides to form ethers. These reactions are

utilized in the modification of 2-Chlorophenol chemical structure for various applications. (Carey, F.

A. et al., 2007)
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Overall, the chemical properties of 2-Chlorophenol are diverse and versatile, enabling it to

participate in a wide range of reactions and applications in various industries, including organic

synthesis, pharmaceuticals, and chemical manufacturing. The presence of both the phenolic hydroxyl

group and the chlorine atom makes it a chemically interesting compound for researchers and

practitioners alike.

1.68 Applications of 2-Chlorophenol

2-Chlorophenol , despite its toxicity and potential environmental concerns, finds applications in

various industries due to its unique chemical properties. Here are some of its notable applications,

along with relevant citations:

1. Synthesis of Pharmaceuticals and Agrochemicals:

2-Chlorophenol serves as a versatile building block in the synthesis of pharmaceuticals and

agrochemicals. It can be utilized as a precursor in the preparation of various biologically active

compounds. For example, 2-Chlorophenol has been used in the synthesis of fungicides and

herbicides. (A. F. Pozharskii, et al., 2007)

2. Dye and Pigment Production:

2-Chlorophenol is employed in the manufacturing of dyes and pigments, where it serves as a

precursor for various colorants. It can undergo coupling reactions to produce azo dyes and other

colored compounds. (J. Hunger et al., 2007)

3. Chemical Intermediates:

The compound is used as a chemical intermediate in the synthesis of other compounds with diverse

applications. It can be modified to introduce functional groups and create molecules with desired

properties. (H. P. Gregor et al., 2000)



12

4. Laboratory Reagents:

2-Chlorophenol is utilized as a reagent in organic synthesis and research laboratories for various

chemical transformations. It can be involved in substitution, oxidation, and coupling reactions.(F. G.

Mann et al., 1994)

5.Wood Preservation:

Despite environmental concerns, 2-Chlorophenol has been used historically as a wood preservative

due to its antimicrobial properties. It shields wood from degradation and fungus development. (K. L.

Zadrazil, et al., 2002)

6. Analytical Chemistry:

2-Chlorophenol is employed in analytical methods, including chromatography and spectrometry, as

a reference compound or standard for calibration purposes. (T. Skoog, et al., 2017)

1.69 Conclusion of 2-Chlorophenol

2-Chlorophenol, a chlorinated aromatic compound, has a range of applications in chemical synthesis,

wood preservation, and laboratory work. However, its environmental impact and potential health

risks have prompted regulatory measures and a decrease in some of its uses. As research continues, a

deeper understanding of the compound's properties, effects, and safe handling will guide its

responsible use in various industries while minimizing its adverse impact on the environment and

human health.

1.70 Introduction to Adsorption Studies

These molecules are only found on the water's surface and do not penetrate any deeper. Adsorption is

the word used to describe the concentration of molecular species at the surface of a solid or liquid

rather than in the bulk of the solid or liquid.
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The adsorbate is the molecular species or substance that concentrates or accumulates at the surface,

and the adsorbent is the material on which the adsorption takes place on the surface of which the

adsorption takes place. As previously noted, adsorption is mostly a surface phenomenon. Because

solids, particularly those that have been finely split, have a large surface area, adsorbents such as

charcoal, silica gel, alumina gel, clay, colloids, and metals in solution have a high surface area.a

finely divided state, and others, such as silica gel and alumina gel, are effective.

By attaching to gas or liquid molecules, solid surfaces can hold them. Desorption is the process of

removing an adsorbed substance from a surface on which it has been adsorbed. Adsorption occurs

when a substance is concentrated only on its surface and does not penetrate through it to reach the

bulk of the adsorbent, whereas absorption occurs when the material permeates through it to reach the

bulk of the adsorbent.1.72 Difference between Adsorption and Absorption

If the material is concentrated just on its surface and does not permeate through it to reach the bulk

of the adsorbent, it is called adsorption, whereas in absorption, the substance is uniformly dispersed

throughout the solid’s bulk and is referred to as absorption. A chalk stick dipped in ink will, for

example, retain the colour of the ink due to adsorption of coloured molecules on the surface, but the

ink’s solvent will penetrate deeper into the stick due to absorption of the ink’s solvent. In rare cases,

adsorption and absorption can occur simultaneously. In the scientific literature, these processes are

referred to as sorption.

1.71 Types of Adsorption

In general, there are two types of adsorption on solids.

Physical Adsorption (Physisorption): Physisorption is a type of adsorption where weak van der

Waals forces, such as London dispersion forces, are responsible for the interaction between the

adsorbate and the adsorbent. This type of adsorption occurs at relatively low temperatures and is
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usually reversible. The adsorption isotherm for physisorption typically follows the Freundlich or

Langmuir equation. (Atkins, P. et al., 2010).

Chemical Adsorption (Chemisorption): Chemisorption involves stronger chemical bonds forming

between the adsorbate and the adsorbent. Covalent or ionic bonds are often created during this

process, leading to a more stable and specific adsorption. Chemisorption usually requires higher

activation energy and can lead to irreversible adsorption. (Balzhiser, R. E. et al., 1967)

1.72 Applications of Adsorption

1. Gas Purification and Separation:

Adsorption is extensively used to purify gases by removing impurities, such as removing CO2

from natural gas. It's also employed in air separation processes to extract nitrogen or oxygen from air

using adsorbents like zeolites. (Ruthven, D. M. et al., 1984).

2.Water Treatment:

Adsorption is employed in water treatment to remove contaminants like heavy metals, organic

pollutants, and dyes. Activated carbon and other adsorbents are used to adsorb and remove these

impurities from water.(Crittenden, J. C et al., 2011)

3. Catalysis:

Many heterogeneous catalytic reactions involve chemisorption of reactant molecules onto a

catalyst surface. The formation of strong bonds between reactants and catalysts enhances reaction

rates and efficiency. (Chorkendorff, I. et al., 2017)
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4. Gas Storage and Delivery:

Adsorption is used in gas storage applications, such as storing hydrogen for fuel cells. Porous

materials like metal-organic frameworks (MOFs) are used to adsorb and release gases efficiently.

(Yaghi, O. M. et al., 2003)

5. Chromatography:

Chromatographic techniques like gas chromatography and liquid chromatography rely on the

differential adsorption of components in a mixture onto a stationary phase. This separation process is

widely used in analytical chemistry. (Skoog, D. A. et al., 2013)

1.7.3 Conclusion on Adsorption

Adsorption can occur in the presence of physical forces or chemical bonds. Usually, it is reversible

(the reverse process is referred to as desorption); therefore, it is responsible not only for the removal

of compounds, but also for the release of substances. In the majority of circumstances, this process is

characterised at equilibrium by a set of equations that quantify the amount of substance attached to

the surface given the concentration of the substance in the fluid present in the fluid. Isotherms (the

most renowned of which are the Langmuir and Freundlich equations) are used to describe the

behaviour of adsorption equations because their parameters are dependent on temperature, which is

one of the most important environmental elements that affect adsorption. Adsorption must be

considered for ecological systems to function properly. It regulates exchanges between geospace and

the hydrosphere as well as between atmosphere and water, accounts for the transport of substances in

the ecosystem, and triggers Ionic exchange and enzymatic activities are examples of crucial

processes.
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1.7.4 Introduction to Equilibrium Study

Equilibrium study is a fundamental concept in chemistry and physics that seeks to understand the

balance between opposing forces or processes in a system. It involves observing how different

properties within a system, such as concentrations, pressures, or temperatures, reach a state of

balance over time. Equilibrium is a crucial concept in various scientific disciplines, and its study

provides insights into chemical reactions, physical processes, and even economic systems. (Guldberg,

C. M., et al., 1864)

1.7.5 Equilibrium in Chemical Reactions

In the context of chemical reactions, equilibrium is governed by the Law of Mass Action, which

states that the rate of a chemical reaction is proportional to the product of the concentrations of the

reactants, each raised to the power of its coefficient in the balanced chemical equation. The

equilibrium constant (K) quantifies the position of the equilibrium for a given reaction.

For a generic reaction aA+bB⇌cC+dD, the equilibrium constant expression is given by:

K=(A)a(B)b ÷(C)c(D)d​

1.7.6 Analytical Techniques for Equilibrium Study

1. Spectroscopy: Peering into Concentrations and Absorbance

Spectroscopic techniques, such as UV-Vis spectroscopy, infrared spectroscopy (IR), and nuclear

magnetic resonance (NMR), allow researchers to monitor changes in concentrations and interactions

within a system. Absorbance spectra provide valuable information about the distribution of species

and their concentrations.(Skoog, D. A. et al., 2017).

2. Chromatography: Separating and Quantifying Components
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Chromatographic techniques, including gas chromatography (GC) and liquid chromatography (LC),

excel at separating and quantifying components within a mixture. These methods are invaluable for

analyzing complex mixtures, identifying species, and understanding equilibrium dynamics. (Skoog,

D. A. et al., 2017).

3. Electrochemical Methods: Probing Redox Equilibria

Electrochemical techniques, such as cyclic voltammetry and potentiostatic methods, are essential for

studying redox equilibria and electrochemical reactions. These methods offer insights into electron

transfer processes and the behavior of ions in solution.( Newman, J. et al., 2012).

4. Mass Spectrometry: Unraveling Molecular Structures

Mass spectrometry (MS) techniques, including gas chromatography-mass spectrometry (GC-MS)

and liquid chromatography-mass spectrometry (LC-MS), provide information about molecular

structures, compositions, and fragmentations. These techniques aid in identifying species and

understanding equilibrium changes. (Skoog, D. A. et al., 2017).

5. Nuclear Magnetic Resonance (NMR): Characterizing Molecular Environments

NMR spectroscopy offers insights into molecular environments and interactions. By analyzing

chemical shifts and coupling constants, researchers can deduce molecular structures and dynamic

equilibria.(Levitt, M. H., 2008).

1.7.7 Applications of Equilibrium Study

1. Chemical Engineering: Optimizing Reaction Conditions

Equilibrium concepts guide chemical engineers in designing optimal reaction conditions for

industrial processes. By understanding how different factors influence equilibrium, engineers can

tailor reaction conditions to achieve desired product yields and efficiencies.(Fogler, H. S. 2015).
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2. Environmental Chemistry: Unraveling Complex Systems

Equilibrium studies play a crucial role in environmental chemistry, shedding light on chemical

equilibria in natural systems. Understanding processes like acid-base equilibria and metal ion

speciation is essential for addressing environmental challenges such as pollution and ecosystem

health.( Baird, C. et al., 2012).

3. Biological Systems: Deciphering Molecular Interactions

Equilibrium studies reveal the intricate dance of molecular interactions in biological systems. From

enzyme-substrate equilibria to protein-ligand binding, equilibrium concepts help us understand the

dynamics that underpin biochemical processes. (Cooper, A. et al., 2000)

4. Atmospheric Chemistry: Understanding Gaseous Equilibria

Equilibrium principles play a vital role in atmospheric chemistry, especially in understanding

gaseous equilibria and reactions that impact air quality and climate. Equilibrium constants help

predict the behavior of pollutants and greenhouse gases. (Seinfeld, J. H. et al., 2016).

1.7.8 Calculations in Equilibrium Study

Equilibrium study isn't just about observing a delicate balance; it involves rigorous quantitative

analysis to uncover insights into the dynamic interplay between reactants and products.

1. Equilibrium Constant (K): Quantifying Balance
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The equilibrium constant (K) is a numerical value that describes the equilibrium position of a given
reaction. It's calculated using the concentrations of reactants and products at equilibrium (Atkins, P.
et al., 2010). For a generic reaction aA+bB⇌cC+dD the equilibrium constant expression is:

K=(A)a(B)b÷ (C)c(D)d​
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2. Reaction Quotient (Q): Snapshot of the System

The reaction quotient (Q) is similar to the equilibrium constant but is calculated using concentrations

at any point in the reaction, not just at equilibrium. Q helps assess the direction in which a reaction

will shift to achieve equilibrium. The reaction is in equilibrium if Q = K.. (Atkins, P. et al., 2010).

3. Calculating Equilibrium Concentrations: ICE Tables

ICE (Initial, Change, Equilibrium) tables are used to calculate equilibrium concentrations when

given initial concentrations and the reaction's stoichiometry. These tables help determine the changes

in concentrations as the reaction progresses and reach equilibrium. (Atkins, P. et al., 2010).

4. Le Chatelier's Principle: Predicting Shifts

Le Chatelier's principle is often used to predict the effect of changes in conditions on equilibrium. By

considering the impact of concentration, pressure, and temperature changes, one can anticipate the

direction in which the equilibrium will shift to counteract the change. (Levine, I. N. 2017).

5. Equilibrium Calculations with Partial Pressures: Gaseous Reactions

For gaseous reactions, equilibrium calculations can be based on partial pressures instead of

concentrations. The equilibrium constant expression is modified to use partial pressures, often

denoted as Kp (Atkins, P. et al., 2010)

6. Equilibrium Calculations Involving Solubility: Precipitation and Dissolution

Solubility equilibrium involves calculating the concentration of ions in a saturated solution.

Equilibrium constants, like the solubility product constant (Ksp​ ) are used to describe these

equilibrium processes. (Levine, I. N. 2017).
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7. Equilibrium Calculations in Acid-Base Reactions: pH and pOH

Equilibrium calculations are essential in acid-base equilibria. The pH and pOH of a solution can be

calculated using concentrations of hydrogen ions (H+) and hydroxide ions (OH-), which are affected

by the ionization of water and any acid or base present. (Skoog, D. A. et al., 2017).

1.79 Adsorption Isotherm Studies

Langmuir Isotherm: Monolayer Adsorption

The Langmuir isotherm describes the adsorption of molecules onto a solid surface forming a
monolayer. It assumes that adsorption occurs on specific sites and that once a site is occupied, no
further adsorption can take place on that site. (Atkins, P. et al., 2010). The Langmuir equation is
given by:

where:

θ is the fractional surface coverage,

C is the equilibrium concentration of the adsorbate,

K is the Langmuir adsorption equilibrium constant.

Freundlich Adsorption Isotherm: Multilayer Adsorption

The Freundlich adsorption isotherm is used for systems where multiple layers of adsorbate molecules

can form on the surface. It accounts for non-uniform adsorption energies and is often used for

heterogeneous surfaces.

Equation:
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q=K⋅Cn

where:

q is the amount of adsorbate adsorbed per unit mass of adsorbent,

C is the equilibrium concentration of the adsorbate,

K and n are Freundlich constants.
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CHAPTER TWO

MATERIALS AND METHODS

2.1 Materials

The materials were obtained from the Department of Chemistry, University of Benin, Edo State.

1. Bone char adsorbent

2. 2-Chlorophenol ( 98% pure )stock solution

3. UV-Vis spectrophotometer

4. Magnetic Stirrer

5. Weighing balance

6. Filtration setup

7. pH meter

8. Muffle Furnance

9. Safety equipment (lab coats, gloves, safety goggles, fume hoods)

Table 1: List of Instruments

Type of Analysis Model

X-ray Diffraction (XRD) XDS 2400H X-ray diffractometer equipped

with MiniFlex2 goniometer and detector

Scanning Electron Microscopy (SEM) SEM, Hitachi SU 3500

FTIR Spectra Infrared Spectrometer Varian 660 MidIR Dual

MCT/DTGS Bundle with ATR

UV-Visible Spectrophotometer UV-6300PC Double Beam Spectrophotometer

Brunauer-Emmett-Teller (BET) ASAP 2023 V4.02(V4.02 H)

pH meter HANNA pHeP pocket-sized pH meter
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2.2 Method

2.3 Preparation and Characterization of Adsorbent

Fresh cow bones was obtained from Government Slaughter House at Ikpoba Hills, Ikpoba Okha

LGA, Benin City,Edo State. The bones were carefully washed with water severally, cleaned from the

meat, broken and later washed again repeatedly to remove impurities on the surfaces. The bones

were rinsed with de-ionized water and transferred to the oven at 105◦c to dry. The dried bones were

crushed and ignited at 500◦c for 2 hours. The bone char produced was further reduced using mortar

and pestle. Finally the average particle size of 45µm was used and was obtained using the 45µm

sieve size. The XDS 2400H X-ray diffractometer was used to determine the crystal structure,

crystalline size and strain of the bone char. The SEM, Hitachi SU 3500 was used to imagine the

microstructure and morphology of the bone char. The Infrared Spectrometer Varian 660 MidIR Dual

MCT/DTGS was used in identifying the types of chemical bonds (functional groups) present in the

bone char, while the BET ASAP 2023 V4.02(V4.02 H) was used in generating the specific surface

area of the bone char expressed in m²/g.

2.4 Adsorbate

The 2-Chlorophenol stock solution (98% pure) used in the study was obtained from The sample was

stored in a 100ml dark bottle and was transported and stored in laboratory away from the influence

of light on the sample. The wavelength of the stock solution of 2-Chlorophenol was determined

using UV-6300PC Double Beam Spectrophotometer.

2.5 Batch Study

The batch adsorption experiment was carried out at 27◦c.
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Preparartion of Calibration curve
A standard solution of 0.97M was prepared from the stock solution and used to prepare the working

solutions of 0.09M, 0.08M, 0.07M, 0.06M, 0.05M, 0.04M and 0.02M, using the dilution formula

C1V1 = C2V2

Where: V1 = Volume of stock solution

C1 = Concentration of stock solution.

V2 = Final volume of new solution.

The wavelength of the stock solution was determined using the UV-6300PC Double Beam

Spectrophotometer which produced a result of 299nm. The Absorbance of the working solutions was

determined using the wavelength of the stock solution which result (see result in Table 2.0) was used

to produce the calibration curve (see figure 11.0)

Effect of Contact Time
0.5g of the bone char was weighed and poured into a 100ml glass beaker, 10ml of 0.06M 2-

Chlorophenol was poured into the glass beaker and stirred at a rate of 45rpm at 1min, 3mins, 5mins,

10mins, 15mins, 30mins, 45mins, 60mins, 90mins, 120mins, 180mins and 240mins. After each time,

the solution was filtered using the Whatmann 1 filter paper and the absorbance of the filterate was

read and recorded (see result in Table 3.0). A graph of qe against Contact time was plotted (see

figure 5.0) to get the optimum time.

Effect of pH
0.5g of the bone char was weighed and poured into a 100ml glass beaker, 10ml of 0.06M 2-

Chlorophenol was poured into the glass beaker and stirred at a rate of 45rpm at varying pH (3, 5, 7, 9

and 11). 0.5M NaOH and 0.5M HNO3was used to regulate the pH of the solution. The solution after
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40mins was filtered and the absorbance was determined (see result in Table 4.0). A graph of qe

against pH was plotted (see figure 6.0) and the optimum pH was determined.

Initial Concentration
0.5g of the bone char was weighed and poured into a 100ml glass beaker, 10ml of 0.06M 2-

Chlorophenol was poured into the glass beaker and stirred at a rate of 45rpm at a pH of 7.3 at

concentrations (0.09M, 0.08M, 0.07M, 0.06M, 0.05M, 0.04M and 0.02M). After 40mins the solution

was filtered and the absorbance was determined (see result in Table 5.0). A graph of qe against initial

concentration was plotted (see figure 7.0) and the optimum concentration was determined.

Absorbent Dosage
Different weights (0.9g, 0.7g, 0.5g, 0.3g and 0.1g) were weighed and poured into the 100ml glass

beaker and stirred at the rate of 45rpm at a pH of 7.3. 40mins after each weights the solution was

filtered and the absorbance was determined (see result in Table 6.0). A graph of qe against weight in

grams was plotted (see figure 8.0) and the optimum weight was determined.

2-Chlorophenol sorption
The experiments were carried out in 100 ml volumetric flasks, each using 0.5g of bone char

and 10ml of 0.06mol/L 2-Chlorophenol . The flasks were placed on a magnetic stirrer

running at 300 rpm, 30°C for 40mins. Adsorption of 2-Chlorophenol was determined by

using UV/VIS Spectrophotometer. The amount of 2-Chlorophenol adsorbed by the bone char,

(qe), was calculated for each run by the following equation:

�� = ��−��
�

� (1)
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Equilibrium adsorption isotherms

The Langmuir isotherm model.
The Langmuir isotherm model equation was:

�� = ��������
1+����

(2)

where q (mg/g) was the amount of 2-Chlorophenol adsorbed onto the unit mass of the bone char; KL

was the Langmuir equilibrium constant which is related to the affinity of binding sites; Ce was the

equilibrium 2-Chlorophenol , and qmax was the maximum adsorption capacity (theoretical

monolayer saturation capacity) (Aksu, Z. et al., 2000). The main characteristics of the Langmuir

equation, constants KL and qmax, could be determined from a linearized form of the Langmuir

equation as follows:

��
��

= 1
������

+ ��
����

(3)

Therefore, a plot of Ce/qe versus Ce gave a straight line with slope of 1/qmax and intercept of

1/(KL.qmax). The Langmuir isotherm was used to describe observed sorption phenomena. The

Langmuir isotherm applies to adsorption on completely homogenous surfaces with negligible

interaction between adsorbed molecules (Ozsoy, H. D. et al., 2006).

The Freundlich isotherm model.
The Freundlich isotherm model was based on adsorption on a heterogeneous surface, developed an
empirical equation (4):

�� = ����1/� (4)

where qe is the adsorption (mg/g); Ce was the concentration of adsorbate in the solution (mg/L); KF

and n were empirical constants that are characteristics of the system, indicating the adsorption



28

capacity and the adsorption intensity, respectively. The above equation can be linearized as the

following form, also used to confirm the applicability of the model (5):

���� = ��� + 1
�

���� (5)

where KF denoted sorption capacity and 1/n denoted sorption intensity. The plot of ln qe versus ln Ce

had a slope with the value of 1/n and an intercept magnitude of ln KF.
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CHAPTER THREE

3.0 RESULTS AND DISCUSSIONS.

3.1 Characterization Result

X-ray diffraction (XRD).
The XRD pattern of the bone char was used to identify the amorphous phases. Fig. 1a, indicates

several distinct peaks at 2θ intervals corresponding to the diffraction planes.

XRD DIFFRACTION PARTERN OF SAMPLE

Sample 01: BG

Peak 2θ/degree Plane Intensity

I/I0

d-Valve

(A˚)

% Composition

1 11.56 0 0 1 4.34 7.7208 1.98

2 20.86 1 0 0 14.42 4.2530 6.57

3 26.52 1 0 1 79.21 3.3618 36.14

4 36.58 1 1 0 8.11 2.4563 3.70

5 39.50 0 0 2 12.19 2.2815 5.56

6 40.27 1 1 1 7.84 2.2394 3.58

7 42.51 2 0 0 7.92 2.1267 3.61

8 45.92 2 0 1 5.82 1.9762 2.66

9 50.19 1 1 2 11.80 1.8178 5.38

10 54.98 0 2 2 8.14 1.6701 3.71

11 60.00 1 2 1 8.20 1.5418 3.74

12 62.38 2 1 1 7.23 1.4949 3.29

13 64.09 1 1 3 4.31 1.4529 1.96

14 68.23 0 2 3 4.60 1.3746 2.09
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15 73.54 1 0 4 4.53 1.2879 2.06

16 75.80 3 0 2 8.02 1.2550 3.65

17 77.52 3 1 1 4.51 1.2314 2.05

18 79.98 2 1 3 5.97 1.1996 2.72

19 81.26 1 1 4 6.05 1.1839 2.76

20 84.00 2 0 4 5.94 1.1521 2.71

Figure 1a: XRD of bone char

. X-ray diffractogram of the adsorbent confirms the presence of hydroxyapatite as shown by a sharp

peak at about 33o 2Ɵ. Also, the presence of well-defined peaks observed between 25o and 60o on

the 2Ɵ axis are characteristic of the apatite phase (12). Furthermore, the presence of carbonates and

silicon groups on the surface of the adsorbent suggest possible ionic substitution which may further

influence the crystalline nature of the apatite phase

Figure 1b: XRD pattern of bone char
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Fourier-transform infrared (FTIR) spectroscopy:
Figure 2, shows the surface functionalities of the bone char. Results indicate the presence of

hydroxyl groups, 3708.25 cm-1, which may be attributed to the presence of water molecules

or hydroxyapatite (Ca10(PO4)6(OH)2) (Manalu J. L. et al., 2015). 2710.01cm-1 related C-H

stretching vibrations in aromatic structures which indicates the presence of an alkene. Also at

wavelength 2600 cm-1 C=O stretching vibration is observed indicating the presence of a

carboxylic group. The presence of anime group was indicated at peak 1240.55cm-1..

Figure 2: FTIR Spectra of bone char

Brunauer-Emmett-Teller (BET) surface area.
The observation of the result of samples shows the idea about the texture of the bone char. It is

observed that the values of specific surface area of the bone char is 50.54 m2/g having a Molecular

Cross Sectional Area: 0.1600 nm2
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Figure 3: Langmuir surface area plot of bone char.

Scanning Electron Microscopy (SEM/EDS):
The characterization of the bone char by SEM showed a maginified image of 500nm

indicating the large surface area, with fine irregular shaped particles and homogenous

structure of the bone char. EDS measurement confirms the presence of the major elements

Carbon, Oxygen, Silicon, and trace elements Phosphorus, Aluminium, Potassium and

Calcium in the bone char.
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Figure 4.0: Scanning Electron Microscopy (SEM/EDS) image

3.2 Batch adsorption studies of the Bone Char:

Equilibrium studies including:

Preparation of Standard and Working Concentrations:
A standard concentration of 0.946M was prepared from the stock solution

Effects of solution pH:
Increasing adsorbent dosage and increasing 2-Chlorophenol concentration were conducted to

evaluate the adsorption potential of the bone char. The results of the influence of varying pH

on the adsorption is shown in Figures 6.00
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.

Figure 5.0: A plot of qe against pH

It was observed that maximum adsorption occurred at pH 7.3. At lower pH 2-Chlorophenol will exist

primarily in its molecular form. However as the pH increases, 2-Chlorophenol undergoes

deprotonation, forming negatively charged ions. At higher pH, the surface of the Bone Char is

negatively charged, which adsorbs the deprotonated, negatively charged form of 2-Chlorophenol.

This implies that the pH of the solution can affect the adsorption of 2-Chlorophenol onto Bone Char

by influencing the charge of both the adsorbent (Bone Char) and the adsorbate (2-Chlorophenol).

Adsorbent Dosage:
The Bone Char displayed a high adsorption potential with maximum adsorption at 0.5 g where

almost all the 2-Chlorophenol molecules at the concentration under consideration were removed

from the system. The corresponding increase in adsorption may be attributed to the availability of

adsorption sites by which the 2-Chlorophenol adhere. A gradual decrease in adsorption was observed

as the concentration of the 2-Chlorophenol was increased. This is attributed to the gradual filling of
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the adsorption sites as the concentration of the 2-Chlorophenol increased. The result of the influence

of Adsorbent dosage on adsorption is shown in figure 8.0

Figure 6.0: A plot of qe against Adsorbent Weight in grams

At 0.06M 2-Chlorophenol solution, saturation point is reached where the driving force of the 2-

Chlorophenol started decreasing and the surface of the adsorbent might have been completely filled

at this threshold. Increase in adsorption at different adsorbent dosages may be attributed to

availability of sorption sites.

Initial Concentration
It was observed that as the concentration of 2-Chlorophenol increases, the adsorption capacity of

bone char increases as shown in Figure 7.0. The optimum concentration observed is 0.06mol/L. Also,

the efficiency of the adsorption capacity decreased after equilibrium was reached due to saturation.

The significant differences in adsorption potentials at different adsorbate concentrations may be

attributed to a shift in equilibrium
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Figure 7.0: A plot of qe against Initial Concentration in mol/L

Adsorption isotherm:
To investigate the adsorption capacity as a function of aqueous concentration of the 2-Chlorophenol ,

adsorption isotherms are widely employed for fitting the data using representation of the adsorption

(expressed as mg metal adsorbed per g of bone char) versus concentration of the 2-Chlorophenol at

equilibrium Ce. Adsorption isotherm for 2-Chlorophenol on different concentrations are shown in

Figure 8.0.
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Figure 8.0: Adsorption Isotherm for 2-Chlorophenol on Bone Char

In batch adsorption processes, the initial 2-Chlorophenol concentration provided an important

driving force to overcome the mass transfer resistance between the aqueous solution and the bone

char surface. As a result, the amount of 2-Chlorophenol adsorbed was expected to be higher with a

higher initial concentration, hence improving the adsorption process (Nita I et al., 2007). From

Figure 8.0, It is observed that when the initial Chlorophenol concentration increased from 0.320 to

1.061 mg/L, the uptake capacity of the bone char from 92.563 to 210.834 mg/g. This could be

explained from two aspects. Firstly, the higher initial 2-Chlorophenol concentration increased the

driving force to overcome the mass transfer resistance of 2-Chlorophenol between the aqueous and

solid phases. Secondly, the increase 2-Chlorophenol uptake capacity of the bone char with increasing

initial concentration might also be attributed to a more intense interaction between the adsorbate ions

and the absorbant (Nita I et al., 2007).
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Langmuir Model:
The Langmuir equation has been frequently used to give the sorption equilibrium. According to

the Langmuir model, metal ion absorption happens on a homogeneous surface via monolayer

adsorption with no interaction between the deposited ions. All surface sites are alike and can

only accommodate one adsorbed molecule, the ability of a molecule to be adsorbed on a given

site is independent of its neighboring sites occupancy, adsorption is reversible, and the adsorbed

molecule cannot migrate across the surface or interact with neighboring molecules (L Anah et al.,

2018). To get the equilibrium data, initial 2-Chlorophenol concentrations were varied while the

adsorbent mass in each sample was kept constant (Shanmugapriya A et al., 2011). The linearized

Langmuir isotherm allows the calculation of adsorption capacities and Langmuir constant by

Equation (3) The adsorption constants of the Langmuir isotherm model parameters, qmax and

KL, were calculated from the intercept and slope of Ce/qe against Ce using Equation (3) and

were found to be 212.76mg/g related to adsorption capacity and 0.00273 1/mg related to the rate

of adsorption, respectively. The correlation coefficient of Langmuir isotherm (R2) was 0.9834

(Figure 9.0), which shows correlation or linear relationship. With R2 levels closer to one, the

relationship becomes more linear. Thus, it was found that adsorption of 2-Chlorophenol onto

bone char correlated well with Langmuir equation (Nita I et al., 2007).
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Figure 9.0: The Langmuir adsorption isotherm for 2-Chlorophenol adsorption by bone char

Freundlich Model
The Freundlich isotherm was originally of an empirical nature, but was later interpreted as

sorption to heterogeneous surfaces or surface supporting sites of varied affinities. It is assumed

that the stronger binding sites are occupied first and that binding strength decreases with

increasing degree of site occupation. The Freundlich isotherm can describe the adsorption of

organic and inorganic compound on a wide variety of adsorbents (L Anah. et al., 2018). On

average, a favorable adsorption tends to have Freundlich constant, n, between 1 and 10. Larger

value of n (smaller value of 1/n) implies a stronger interaction between the adsorbent and the

adsorbate while 1/n equal 1 indicates linear adsorption leading to identical adsorption energies

for all sites. Linear adsorption generally occurs at a very low solute concentration and low

loading of the adsorbent (L Anah. et al., 2018). The value of n of this model fell in the range of

1–10, indicating favorable biosorption. The numerical value of 1/n <1 suggested that at lower

equilibrium concentrations, adsorption capacity was only modestly suppressed. This isotherm

did not anticipate adsorbent saturation by adsorbate. Freundlich isotherm model parameters KF

and n, calculated according to Equation (7), were 26.728 for adsorption capacity and 0.7474 for



40

intensity of the adsorption. The correlation coefficient of Freundlich isotherm (R2) was 0.174

(Figure 10.0).

The Freundlich isotherm model depicts multilayer adsorption, in which adsorbate molecules are

maintained at more than one adsorption site on the adsorbent's surface. The linear and non-linear

mathematical expressions of this model are given in equations 6 and 7 respectively. The low

correlation coefficient of the isotherm suggests that the mechanism of removal is more of a

monolayer adsorption than adherence of dye molecules to a multiple adsorption site. The slope

of the graph represented by the value of 1/n (Table 2) indicating moderate non-linearity.

(Markandeya, A. et al., 2015).

�� = ����

1
� (6)

���� = ���� + 1
�

���� (7)

Where:

qe is the amount of adsorbate adsorbed per unit mass of adsorbent (mg g-1)

kL is the Langmuir constant related to the adsorption capacity (L g-1),

Ce is the concentration of adsorbate in the solution at equilibrium (mg L-1),

qm is the maximum uptake per unit mass of adsorbent (mg g-1),

Co is the highest initial concentration of adsorbate

Where KF (mg g-1) (L mg-1) n and 1/n are the Freundlich constants related to adsorption

capacity and sorption intensity, respectively.
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FIGURE 10.0: Freundlich Isothermal model for 2-Chlorophenol adsorption by bone char

Table2: Isotherm parameters for the adsorption of 2-Chlorophenol onto activated bone char.

Isotherm Parameters Value

Langmuir qmax (mg/g) 212.76

KL (L/mg) 0.0027

RL 0.9998

R² 0.9963

Freundlich KF (mg-1-1/n L1/n g-1) 26.728

n 1.3380

R² 0.1740

1/n 0.7474

Table 2 shows the properties of the Langmuir and Freundlich equations. In Table 2, Langmuir

model seems to fit the experimental data well. The R² value is low at 0.1740, suggesting that this

model does not describe the data accurately. 1/n is approximately 0.7474, representing a degree

of non-linearity in this model (Gad H. M. H. et al., 2014)
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CONCLUSION
This study revealed that cow bone char has good adsorption properties and could be utilized for the

treatment of 2-Chlorophenol in waste water before discharge into the environments, also the

Langmuir model appears to be better fit for the adsorption of 2-Chlorophenol onto bone char due to

its higher correlation coefficient, 0.9963 compared to Freudlich model of correlation coefficient

0.174.
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